Role of nuclear transport receptor KPNB1 in the

pathophysiology of spinocerebellar ataxia type 3

Dissertation

zur Erlangung des Grades eines

Doktors der Naturwissenschaften

der Mathematisch-Naturwissenschaftlichen Fakultat
und
der Medizinischen Fakultat

der Eberhard-Karls-Universitat Tubingen

vorgelegt

von

Mahkameh Abeditashi

aus Teheran, Iran

2025






Tag der mundlichen Prifung:

Dekan der Math.-Nat. Fakultat:

Dekan der Medizinischen Fakultat:

1. Berichterstatter:
2. Berichterstatter:

Prufungskommission:

28.07.2025

Prof. Dr. Thilo Stehle
Prof. Dr. Bernd Pichler

PD Dr. Thorsten Schmidt
Prof. Dr. Ludger Schdls
PD Dr. Thorsten Schmidt
Prof. Dr. Ludger Schdls
Prof. Dr. Olaf Rie

Prof. Dr. Stefan Liebau






Erklérung / Declaration:

Ich erklare, dass ich die zur Promotion eingereichte Arbeit mit dem Titel:

“Role of nuclear transport receptor KPNB1 in the pathophysiology of spinocerebellar ataxia
type 3”

selbstandig verfasst, nur die angegebenen Quellen und Hilfsmittel benutzt und wértlich oder
inhaltlich Gbernommene Stellen als solche gekennzeichnet habe. Ich versichere an Eides
statt, dass diese Angaben wahr sind und dass ich nichts verschwiegen habe. Mir ist bekannt,
dass die falsche Abgabe einer Versicherung an Eides statt mit Freiheitsstrafe bis zu drei
Jahren oder mit Geldstrafe bestraft wird.

| hereby declare that | have produced the work entitled “Role of nuclear transport receptor
KPNBT1 in the pathophysiology of spinocerebellar ataxia type 3”, submitted for the award of a
doctorate, on my own (without external help), have used only the sources and aids indicated
and have marked passages included from other works, whether verbatim or in content, as
such. | swear upon oath that these statements are true and that | have not concealed anything.
| am aware that making a false declaration under oath is punishable by a term of imprisonment
of up to three years or by a fine.

I o1 o = o TR = o P
Datum / Date Unterschrift /Signature






In memory of my beloved mother






Table of contents

Abbreviations v
Abstract viii
1. Introduction 1
1.1 Spinocerebellar ataXia tYPE 3. . e aaa e e 1
1.2 Mechanisms of SCA3 pathOgENESIS.....cciiiiiie i 10
1.3 NucleocytoplasmiC tranSPOrt ........ueiieiieeieee et e e e e e e e e e e e e e e e enare e reaeeeeees 21
1.4 AIM Of the thesSis co.eeeiieiee e 31
2. Materials and Methods 33
2.1 Cell culture and transfeCtion .........c.oooiiiiiiiiii e 33
2.2 HEK 293T CellS TreatmMent ....cc..eiiiiiiee ettt s 37
2.3 Protein @NalYSES ceceeeeiiiei it e e e e e e e e e e e e e e e naarrraaaaaaees 38
2.4 Mass SPECLIOMELIY (IMS) ...ttt e e et e e e e e e e e e e e e aaae e e e e e eanneeas 45
P SN VN =To [UT=] o ol [ ¥ - PP 46
P R\, [ 1Yol U] =T ol UoY o |1 =R 48
AT [ Yo T =To [N L] o ol T o TP 52
2.8 ANIMAI FESEATCR ..ottt s e e e sane e e 54
2.9 Statistical @NAIYSIS cooevieei e 54
2.10 Kits, compounds, and SOFtWare.........eeeeeieeiiiiii i 55
3. Results 56

3.1 Wild-type and polyQ-expanded ataxin-3 interact with nuclear transport receptors... 56
3.2 KPNB1 modulation does not alter the subcellular localization of wild-type and polyQ-
eXPANAEA ALAXIN-3.....uiiiiiiiiiiiiiee e e e e e e e e e e e rr e e e e e aaaaaeaeeeeaaennnnnnes 57
3.3 KPNB1 overexpression decreases wild-type and polyQ-expanded ataxin-3 protein levels
aNd eNhanCES ItS ClEAVABE....cviii i e e e e e e e e e e e e e e e e e nnnnees 63
3.4 KPNB1 overexpression reduces protein levels of endogenous ataxin-3, and its effect is
] o Y=o 1 1 oA UUPUPUPR 67
3.5 CloNing Of KPNBZL I178D ......ueeiiiiieiieeiieeiie et ettt site e st e st e st e s bt e saeeesneeesneeesaneesnneeeas 68
3.6 KPNB1 overexpression lowers wild-type and polyQ-expanded ataxin-3 protein levels

independent of its nuclear transport funNction.............ccccciiiiiiiei e, 70



3.7 Knockdown or pharmacological inhibition of KPNB1 elevates protein levels of wild-type
and polyQ-expanded ataXin-3.........ccoo oo e e e e e e e e e e e e e annees 72

3.8 KPNB1 overexpression decreases the stability of wild-type and polyQ-expanded ataxin-

3.9 Ataxin-3 cleavage products induced by KPNB1 overexpression are not mediated by the
activation of caspases Or CalPaINS ...t 77

3.10 KPNB1 overexpression gives rise to fragments independent of proteolytic pathways

3.11 KPNB1 overexpression decreases polyQ-expanded ataxin-3 aggregates and rescues
oY | IRVZ T o1 11 8 2P UPUUUUR 84
3.12 KPNB1 knockdown or pharmacological inhibition promotes the aggregation of polyQ-
eXPANAEA ALAXIN-3.....uiiiiiiiiiiiiiee e e e e e e e e e e e rr e e e e e aaaaaeeeeeeaaaannnnnes 88
3.13 RNA sequencing indicated modulation of some canonical pathways upon KPNB1
Lo ) =T =) o =TT (o] o O PSP PPPPPPR PPt 90
3.14 Mass spectrometry revealed activation of the mitochondrial protease CLPP in KPNB1-
OVEIrEXPIrESSING CEIIS ..uvriiiiiiiiieeee e rrrr e e e e e e e e e e e e s eeesesnnnnnes 92
3.15 Knockdown of mitochondrial protease CLPP rescues protein levels of ataxin-3 in
KPNB1-0VEereXpressing CeII...... . iiiiiiiiiiieeeee et e e e e e e e e e e e e e e e e aaaeeeeees 98

3.16 Modulation of mitochondrial protease CLPP alters the protein levels of ataxin-3.. 101

3.17 KPNB1 and CLPP protein levels are reduced in SCA3 models .......ceeeeeeeeeiieicccnnnnnns 103
3.18 SUMMArY Of fINAINGS .eeeeeiieiiieeee e e e e e e e e e e e naneees 106
. Discussion 107

4.1 KPNB1 modulates ataxin-3 levels and cleavage, whereas it does not affect its subcellular

FoTor] 1=} [ o PP PPPTP 108
4.2 The nature of KPNB1-induced ataxin-3 fragments..........ccooeeeeciciiiiiiieeeeeeee e, 113
4.3 KPNB1 modulates the aggregation of ataxin-3 ........ccccccoiiiiiiiiiiiiieee e, 114

4.4 KPNB1 influences ataxin-3 levels and fragmentation via the mitochondrial protease

O N 116
4.5 Dysregulation of KPNB1 and CLPP in SCA3 MOdEIS ...ccieviricreerineriinnnscsnensssnenssnesssnnnnes 119
5. Conclusion 121
References 122
Acknowledgments 143



Statement of contributions 145
Appendix A: RNA sequencing 147
Appendix B: Mass spectrometry 152






Abbreviations

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

AR Androgen receptor

ASO Antisense oligonucleotide

BafAl Bafilomycin Al

CaMKII Calcium-calmodulin-dependent kinase Il
CAS Cellular apoptosis susceptibility

Chk1 Checkpoint kinase 1

Cl-111 Calpain inhibitor llI

CK2 Serine-threonine casein kinase 2

CLPP Clp protease proteolytic subunit

COA7 Cytochrome C oxidase assembly factor 7
CRM1 Chromosome region maintenance 1 protein
DRPLA Dentatorubral-pallidoluysian atrophy
DUB Deubiquitinating enzyme

EPO External progressive ophthalmoplegia
ER Endoplasmic reticulum

ERAD Endoplasmic reticulum-associated degradation
esiRNA Endoribonuclease-prepared siRNA

FDR False discovery rate

FTD Frontotemporal dementia

GFP Green fluorescent protein

GSK3p Glycogen synthase kinase-33

GST Glutathione S-transferase

GWAS Genome-wide association study

HD Huntington's disease

HDAC Histone deacetylase

HEK Human Embryonic Kidney

Hsp Heat shock protein

Abbreviations



Abbreviations

HTT
IM

IPA
iPSC
IPTG
IPZ

D
KPNA2
KPNA3
KPNB1
Lac
LC3
LDS
LLPS
MBNL1
MDC1
miRNA
MJD
MS
mtDNA
NES
NLS
NPC
NUP
p53
PCR
PD

PE

PKI
PNA
PNKP

Vi

Huntingtin

lonomycin

Ingenuity Pathway Analysis

Induced pluripotent stem cell
Isopropyl B-D-1-thiogalactopyranoside
Importazole

Josephin domain

Karyopherin a-2

Karyopherin a-3

Karyopherin -1

Lactacystin

Autophagosomal microtubule-associated protein light chain 3
Lithium dodecyl sulfate

Liquid-liquid phase separation
Muscleblind-like 1

Mediator of DNA damage checkpoint protein 1
MicroRNA

Machado-Joseph disease

Mass spectrometry

Mitochondrial DNA

Nuclear export signal

Nuclear localization signal

Nuclear pore complex

Nucleoporin

Tumor protein 53

Polymerase chain reaction

Parkinson’s disease
Phosphatidylethanolamine

Protein kinase inhibitor

Peptide nucleic acid

Polynucleotide kinase 3’-phosphatase



PolyQ
PTM

Ran
RanGAP1
RanGEF
REAP
ROS
SBMA
SCA3
SDHB
SDS-PAGE
shRNA
SNP
Sv40
TDP-43
TRIM29
UiM
UPR™
UPS

VCP

Polyglutamine

Post-translational modification

Ras-related nuclear protein

RanGTPase activating protein-1

Ran guanine nucleotide exchange factor

Rapid, Efficient And Practical

Reactive oxygen species

Spinobulbar muscular atrophy

Spinocerebellar ataxia type 3

Succinate dehydrogenase (ubiquinone) iron-sulfur subunit
Sodium dodecylsulfate polyacrylamide gel electrophoresis
Short hairpin RNA

Single nucleotide polymorphism

Simian virus 40

TAR DNA-binding protein of 43 kDa

Tripartite motif containing protein 29
Ubiquitin-interacting motif

Mitochondrial unfolded protein response
Ubiquitin-proteasome system

Valosin-containing protein

Abbreviations

Vii



Abstract

Abstract

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD), is the
most common form of autosomal dominant hereditary ataxias and characterized by a
pathological expansion of the polyglutamine (polyQ) tract within the ataxin-3 protein. Ataxin-
3 is mainly a cytoplasmic protein, although polyQ-expanded ataxin-3 accumulates in the
nucleus of affected neurons and forms intranuclear aggregates, leading to neurotoxicity and
cell death. Unravelling the underlying mechanisms in the nuclear localization of polyQ-
expanded ataxin-3 and its involvement in neurotoxicity can provide insight into the
pathogenesis of this disease and the development of novel therapeutic strategies. In this
respect, investigation of the nucleocytoplasmic transport machinery and its implication for
the pathogenesis of SCA3 and other polyQ diseases has gathered attention. Our lab has
previously indicated the critical importance of karyopherin a-3 (KPNA3), a nuclear transport
receptor, in the nuclear transport of ataxin-3 and its implication in the pathogenesis of SCA3.
Since KPNA3 functions as an adaptor protein for karyopherin B-1 (KPNB1) in the nuclear
transport of protein cargos, we aimed to explore the role of KPNB1 in the pathogenesis of

SCA3 as well.

Here, we report on SCA3 cell model-based analysis of the nuclear transport receptor KPNB1
and its implications for the pathogenesis of SCA3. We figured out that KPNB1 interacts directly
with both wild-type and polyQ-expanded ataxin-3. However, modulating KPNB1 levels did not
change the subcellular distribution of ataxin-3. Interestingly, KPNB1 overexpression reduced
protein levels and aggregation of ataxin-3 and promoted its cleavage, whereas its knockdown
and pharmacological inhibition led to an increase in soluble and insoluble levels of ataxin-3.
Our data revealed that modulation of ataxin-3 was apparently based on protein
fragmentation, independent of the classical SCA3-associated proteolytic pathways. Label-free
guantitative proteomics and knockdown experiments indicated mitochondrial protease CLPP
as a potential mediator of the ataxin-3-degrading effect induced by KPNB1 overexpression.
We confirmed a reduction of KPNB1 protein levels in SCA3 by analyzing two SCA3 transgenic
mouse models and induced pluripotent stem cells (iPSCs) derived from SCA3 patients. Our
findings suggested a yet undescribed regulatory function of KPNB1 in modulating ataxin-3,

thereby highlighting a new potential target of therapeutic value for SCA3.

viii



Introduction

1. Introduction

1.1 Spinocerebellar ataxia type 3

Neurodegenerative diseases are sporadic or hereditary disorders that characterized by
progressive degeneration of the structure and function of selective populations of neurons
(Dugger and Dickson, 2017; Reith, 2018). Spinocerebellar ataxia type 3 (SCA3), also known as
Machado-Joseph disease (MJD), is a hereditary neurodegenerative disease and the most
prevalent autosomal dominant ataxia in the world (approximately 1:50,000—100,000)
(Hersheson et al., 2012; Klockgether et al., 2019; McLoughlin et al., 2020). It impacts males
and females equally and prominently degenerates the central nervous system (CNS) (Fan et

al., 2014).

For the first time, a heritable ataxia was recognized in several Portuguese families of Azorean
ancestry in the 1970s and considered independent diseases (Coutinho and Andrade, 1978).
Two of the affected families were descended from William Machado and Antone Joseph,
leading to the disease designation Machado-Joseph disease. Two decades later, the
responsible mutation for the disease was identified and mapped to the long arm of
chromosome 14 (14924.3-q32.45) by Takiyama and colleagues. The mutation was present in
all affected people of a pathologically confirmed MJD family, and the discovery led to the
unification of MJD and SCA3 (Diirr et al., 1996; Kawaguchi et al., 1994; Takiyama et al., 1993).
A worldwide haplotype-based study of SCA3 patients suggested that the disease may be
evoked by two main founder mutations, one occurring in Asians with an estimated age of
5,800 years and another in Portuguese individuals that occurred almost 1,400 years ago. Even
though it is believed that the prevalence of SCA3 is attributed to the Portuguese descent
(Gaspar et al., 2001).

1.1.1 Classification and epidemiology of SCA3

SCA3 belongs to the class of spinocerebellar ataxias (SCAs) that represent autosomal
dominantly inherited diseases. SCAs are remarkebly heterogeneous, with a complex
genotype-phenotype spectrum, and more than 40 distinct genetic subtypes of SCA have been
identified. SCAs are numbered in the chronological order in which their genetic loci were

discovered (Klockgether et al., 2019). The clinical feature of all SCAs is a progressive loss of
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balance and coordination known as ataxia, which arises from the progressive degeneration of
the cerebellum accompanied by visual and speech problems (Sullivan et al., 2019). The age at
onset is usually in mid-adulthood; however, manifestations in childhood and old age can occur
(Durr, 2010). In general, SCAs are considered rare diseases, with prevalence estimates of
about 0.3-2.0 per 100,000 (van de Warrenburg et al., 2002). SCA3 is the most common SCA
in the world (20-50% of all types of SCAs) and shows geographical and ethnic variability (Table
1.1), which can be mainly explained by founder effects (Klockgether et al., 2019; Sequeiros et
al., 2012).

Table 1.1 Overview of the prevalence of SCA3 in different countries, which is the most common SCA
worldwide (Klockgether et al., 2019).

Country % SCAS3 to all SCAs
Portugal 58-74%
Brazil 69-92%
Singapore 53%
China 48-49%
The Netherlands 44%
Germany 42%
Japan 28-63%
USA and Canada 21-24%
France 20%
Mexico 12%
Australia 12%
India 5-14%
South Africa 4%

Italy 1%

Genetically, the SCAs fall into three major categories: 1) polyglutamine ataxias, which are
caused by dynamic CAG repeat expansion mutations coding for a pure repeat of amino acid
glutamine in the disease proteins; 2) non-coding repeat ataxias, which are caused by repeat
expansions outside of the coding region of the respective disease genes; and 3) ataxias caused
by conventional mutations (non-repeat mutations) in specific genes (Soong and Paulson,

2007).



Introduction

1.1.2 The group of polyglutamine diseases

Seven spinocerebellar ataxias (SCA1, SCA2, SCA3, SCA6, SCA7, SCA17, and dentatorubral-
pallidoluysian atrophy; DRPLA) belong to the class of polyglutamine (polyQ) diseases, along
with Huntington's disease (HD) and spinobulbar muscular atrophy (SBMA) (Table 1.2), that
are a major cause of neurodegeneration worldwide (Klockgether et al., 2019; Zoghbi and Orr,

2000).

Table 1.2 Characteristics of polyglutamine (polyQ) diseases. They are a group of nine hereditary
neurodegenerative diseases that are caused by a CAG repeat expansion, coding for an abnormally long
polyQ tract in the respective disease proteins. Modified from Shao and Diamond, 2007; Lieberman et
al., 2019; Klockgether et al., 2019.

Disease Protein Normal Pathogenic Affected brain regions
repeat repeat
HD Huntingtin 6-35 36-121 Striatum, cerebral cortex
SBMA Androgen receptor 636 38—<70 Anterior horn and bulbar
neurons, dorsal root ganglia
DRPLA  Atrophin-1 3-38 49-88 Cerebellum, cerebral cortex,
basal ganglia, Luys body
SCAl Ataxin-1 6-34 38-85 Purkinje cells, dentate nucleus,
brainstem
SCA2 Ataxin-2 14-31 36-100 Purkinje cells, brain stem,
frontotemporal lobes
SCA3 Ataxin-3 12-40 60-87 Dentate neurons, basal ganglia,
brain stem, spinal cord
SCA6 Voltage-dependent 4-18 21-33 Purkinje cells, dentate nucleus,
P/Q-type calcium inferior olive
channel subunit
alpha-1A
SCA7 Ataxin-7 7-18 38-200 Cerebellum, brain stem,
macula, visual cortex
SCA17  TATA box binding 25-43 45-63 Purkinje cells, inferior olive
protein

PolyQ diseases are developed by a dynamic expansion of a CAG trinucleotide repeat in the
causative genes, coding for an abnormally long repeat of amino acid glutamine in the
respective disease proteins (Bauer and Nukina, 2009; Klockgether et al., 2019; Shao and
Diamond, 2007). SBMA, also known as Kennedy disease, was the first CAG trinucleotide

repeat disease described in 1991, which is caused by a CAG repeat expansion in the androgen
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receptor (AR) gene (La Spada et al., 1991). Apart from SBMA, which is X-linked, all polyQ
diseases are dominantly inherited (Gatchel and Zoghbi, 2005). PloyQ diseases present
anticipation, which is defined as a decreasing age of onset from generation to generation

(Rudnicki and Margolis, 2003).

Despite the common mutation, the neuronal toxicity and clinical features are remarkably
heterogeneous among polyQ diseases, which can be explained by the unique protein context
of each disease. PolyQ diseases are mainly late-onset, relentlessly progressive, give rise to
neurological and physical impairments in the patients, and are ultimately fatal (Rudnicki and
Margolis, 2003). These diseases share some similarities in clinical, pathological, and genetic
features that propose common mechanisms of pathogenesis amongst them. A common
pathological hallmark of polyQ diseases is the accumulation of the polyQ-expanded protein
in large inclusions, most often within the nuclei of the neurons, which plays a critical role in
their pathogenesis (Cummings and Zoghbi, 2000). Additionally, proteolytic cleavage,
impairment of protein degradation, mitochondrial dysfunction, and transcription
dysregulation are implicated in the pathogenesis of polyQ diseases (Stoyas and La Spada,

2018).

1.1.3 Clinical features of SCA3

The average age at onset is 30-50 years, and the mean survival time is considered around 21
years for patients with SCA3 (Bettencourt and Lima, 2011). The prominent clinical hallmark of
SCA3 is progressive ataxia which is due to the dysfunction of cerebellum and brainstem and
affects gait, balance, speech, and gaze. However, the phenotypic presentation of this polyQ
disease is highly pleomorphic and varies greatly among patients, even within the same family.
SCA3 patients usually manifest the symptoms in the early to mid adult years with slow
progression over the years. Whithin a few years, a wide range of clinical features might be
developed, including speech difficulties, abnormal gait, nystagmus, jerky ocular pursuits,
disconjugate eye movements, and external progressive ophthalmoplegia (EPO). Eventually, in
the advanced stages of disease, patients are wheelchair-bound and have severe dysarthria
and dysphagia and may present facial and temporal atrophy, dystonia, spasticity and
amyotrophy (Paulson, 2007). There is also evidence for nonmotor symptoms in affected

people, including sleep problems (such as restless leg disorder), mildly depressed mood, and
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mild cognitive impairment in executive function and memory (Kawai et al., 2004; Lopes et al.,
2013; Schols et al., 1998). According to the manifestations of the disease and neurological
signs, four SCA3 subtypes have been defined (Paulson, 2012). Moreover, Sakai and Kawakami
reported two siblings that presented spastic paraplegia without cerebellar ataxia and

proposed the fifth type for SCA3 (Table 1.3) (Sakai and Kawakami, 1996).

Table 1.3 Overview of the age at onset and manifestations of five different subtypes of SCA3 (Paulson,
2012; Sakai and Kawakami, 1996).

SCAS3 subtype Age at onset Manifestations

Type | 10-30 years Bradykinesia, spasticity, rigidity, minimal ataxia

Type ll 20-50 years Upper motor neuron signs, progressive ataxia

Type llI 40-75 years Ataxia, peripheral neuropathy, amyotrophy, generalized
areflexia

Type IV Variable onset Parkinsonism

Type V Spastic paraplegia without cerebellar ataxia

Like other polyQ diseases, there is no effective treatment available for SCA3. Current
pharmacologic therapeutics are only able to offer symptomatic relief to promote the quality
of life for patients. To date, only a few clinical trials have been carried out; however, the
outcomes have not been very impactful. Given that dysfunction of the CNS of individuals
carrying mutation begins many vyears before the manifestation of symptoms, the
development of approaches to delay or prevent disease onset is beneficial (Da Silva et al.,
2019; Duarte-Silva and Maciel, 2018). Therefore, unravelling the key molecular players
implicated in the neuropathology of SCA3 is essential for the development of efficient

therapeutic strategies.

In general, current potential therapeutic strategies for SCA3 can be divided into two
categories, including: (1) those that target and eliminate the underlying cause of the disease
(expanded ataxin-3) directly, such as gene silencing, promotion of protein clearance,
inhibition of proteolytic cleavage and aggregation formation, and stabilization of native
conformation of proteins; and (2) those that mitigate the downstream toxic effects of the
expanded ataxin-3, such as mitochondrial dysfunction and oxidative stress, the impairment
of autophagy and ubiquitin-proteasome system, transcriptional dysfunction, and activation

of neuronal cell death (Duarte-Silva and Maciel, 2018; Wang, 2018).
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1.1.4 Neuropathological features of SCA3

The pattern of widespread neuronal loss of the CNS in SCA3 patients demonstrates the
heterogeneity of disease manifestations. The motor impairments in SCA3 patients are mainly
due to neuronal dysfunction and death in multiple neuronal systems, such as the
somatosensory and motor nuclei of the striatum, thalamus, brainstem, cerebellum, and spinal
cord. Particularly, neurodegeneration occurs in the dentate nucleus of the cerebellum with
relative preservation of the Purkinje cells of the cerebellar cortex, as well as subregions of the
basal ganglia, including the globus pallidus, subthalamic nuclei, the substantia nigra, and the
motor nuclei. Additionally, neurodegeneration also affects the medial longitudinal fasciculus,
vestibular nucleus, various pontine nuclei, superior and middle cerebellar peduncles, anterior
horn cells, posterior columns, and posterior root ganglia. The cerebral cortex, olivary nuclei,
and corticospinal tracts are often spared in SCA3 (Da Silva et al., 2019; Raj and Akundi, 2021;
Rib et al., 2008).

Neuroimaging using magnetic resonance imaging (MRI) has been considered a promising tool
for the study and diagnosis of SCA3. An MRI of SCA3 patients showed atrophy and abnormality
of the basal ganglia, pontocerebellar atrophy, midbrain, brainstem, and medulla oblongata
with a dilated fourth ventricle. The degree of abnormalities correlates with the CAG repeat
length, and patients with longer repeats are more likely to show progressive atrophy on MRI
(Paulson, 2012; Tokumaru et al., 2003). Moreover, magnetic resonance spectroscopy (MRS)
studies of SCA3 patients have indicated neurochemical alterations in SCA3 patients and

premanifest mutation carriers (Adanyeguh et al., 2015; Joers et al., 2018).

1.1.5 Genetic features of SCA3

SCA3 is caused by a CAG repeat expansion in the coding region of thre ATXN3/MJD1 gene,
leading to the elongation of the polyQ tract in ataxin-3 protein (Schéls et al., 2004). The
ATXN3/MJD1 gene spans almost 48 kb and is constituted of 11 exons, and 56 alternative
transcript variants for this gene were identified (Bettencourt et al., 2010). The CAG repeat
resides in exon 10 and encodes a polyQ tract close to the C-terminal of ataxin-3 protein
(Ichikawa et al., 2001). Normal populations carry 12—40 CAG repeats in the ATXN3/MJD1
gene, while in affected individuals, the CAG repeat ranges between 60 and 87. Intermediate

repeats between 45 and 59 are rare with incomplete penetrance and are associated with
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milder manifestations of the disease (Klockgether et al., 2019; Maciel et al., 2001; Takiyama
et al.,, 1995). Homozygote SCA3 patients with two mutant alleles have more severe

manifestations than heterozygote ones (Carvalho et al., 2008).

As in all polyQ diseases, the age at onset differs widely in SCA3 patients, and there is an
inverse correlation between the age at onset and the CAG repeat length; larger expansions
tend to cause earlier disease onset (Maciel et al., 1995). Moreover, it is anticipated that the
age at onset decreases by approximately 10 years from generation to generation due to the
tendency of expanded repeats to get larger in subsequent generations, a phenomenon
referred to as “genetic anticipation”, which is a shared characteristic of all polyQ diseases
(Friedman, 2011; Takiyama et al.,, 1995). The size of repeat expansion also affects the
progression of disease and severity of neuropathy in SCA3 patients; larger repeats cause a
broader range of manifestations. The affected people with type | typically have larger repeats
than those with types Il and Ill of SCA3, whereas the so-called type IV with parkinsonism does
not easily conform to a specific repeat range. It is believed that the largest CAG repeats are
often associated with pyramidal signs and dystonia, even though the smallest repeats with
peripheral neuropathy (Jardim et al., 2001; Schéls et al., 1996). Indeed, the phenotypic
variance of SCA3 is partially (less than 50%) explained by the size of the CAG repeat, and it
appears that other modifying factors are involved (van de Warrenburg et al., 2005). A
genome-wide association study (GWAS) indicated nine additional modifying factors that
influence the age at onset in SCA3 patients. The strongest signals were identified in genes
implicated in vesicle transport, olfactory signaling, synaptic pathways, and DNA repair, such
as recombination activating genes (RAG1 and RAG2), and tripartite motif containing protein

29 (TRIM29) (Ak¢imen et al., 2020).

1.1.6 Structure of the ataxin-3 protein

The protein context and aberrant function of disease proteins play a pivotal role in the
pathogenesis of polyQ diseases. Therefore, understanding the disease protein is important to
unravel the underlying mechanisms involved in the pathogenesis of these neurodegenerative
diseases (La Spada and Taylor, 2003). The ATXN3/MJD1 gene encodes for the ataxin-3 protein
(UniProt ID P54252). The most common form of ataxin-3 has 361 amino acids with an

estimated molecular weight of 42 kDa for normal individuals. It is an evolutionarily conserved
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protein that is ubiquitously expressed in neuronal and non-neuronal tissues. Ataxin-3 is
widely expressed throughout the brain at different protein levels for subpopulations of
neurons and is not limited to the affected regions (Trottier et al., 1998). Given the ubiquitous
expression of ataxin-3 throughout the body, the restricted neuropathology of SCA3 cannot be
explained by cellular expression of the disease protein, and various factors are involved

(Ichikawa et al., 2001; Paulson et al., 1997a).

Ataxin-3 has two structural features, including a globular N-terminal Josephin domain (JD)
(amino acid residues 1-182) with highly evolutionarily conserved amino acids and
deubiquitylase activity and a more flexible and unstructured C-terminal tail that harbors two
or three ubiquitin-interacting motifs (UIMs) and also comprises a polyQ tract (Figure 1.1) (Da
Silva et al., 2019). Ataxin-3 is subjected to different post-translational modifications (PTMs),
comprising ubiquitination at K117, phosphorylation, and SUMOylation, which affect and
regulate its stability, subcellular localization, and cellular function (Mueller et al., 2009; Todi

et al., 2009; Zhou et al., 2013).

Josephin
| |

N E{ E’I[:JL"MH]UIMZ[: NLS | Q [N uIv3 e

Figure 1.1 Schematic representation of the ataxin-3 protein. The most common form of the ataxin-3

protein has 361 amino acids. It is composed of a globular N-terminal, termed the Josephin domain
(JD), that contains two nuclear export signals (NES), and an unstructured C-terminal tail that contains
three ubiquitin-interacting motifs (UIMs), a nuclear localization signal (NLS), and a polyglutamine
(polyQ) repeat. Two UIMs are located upstream, and the third UIM, which is isoform-specific, is
located downstream of the polyQ repeat. Q = polyQ. Created with BioRender.com. Modified from
Evers et al., 2014.

Different isoforms of ataxin-3 have been identified in which the C-terminal region is mainly
variable (Bettencourt et al., 2013; Goto et al., 1997). At least two major isoforms of ataxin-3
(ataxin-3al (long) and ataxin-3c) are generated through alternate splicing with a difference in
the number of UIMs. Furthermore, the third isoform of ataxin-3 (ataxin-3aS (short)) is the
result of a stop SNP in the ATXN3/MJD1 gene that introduces a premature stop codon in exon
10 of the ataxin-3alL isoform. Each of these isoforms differs in its stability, subcellular

localization, enzymatic deubiquitination activity, and interaction with proteins. Notably,
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ataxin-3c appears to be the most abundant isoform expressed in the human and murine

brains (Harris et al., 2010; Weish&upl et al., 2019).

1.1.7 Functions of the ataxin-3 protein

Ubiquitination is a protein post-translational modification process in which poly-ubiquitin
chains are added to the e-amino group of lysine residues of proteins and determines the fate
of proteins, such as proteasomal degradation. It is a cascade of processes composed of E1
activating enzymes, E2 ubiquitin carrier/conjugating enzymes, and E3 ubiquitin ligases.
Cysteine proteases known as deubiquitinating enzymes (DUBs) are considered regulators of
the ubiquitin-proteasome system (UPS). They are involved in the disassembly of poly-
ubiquitin chains and recycling of ubiquitin, which are believed to be critical for protein
degradation, endocytosis, transcriptional regulation, cell cycle progression, and maintenance
of cellular homeostasis (Burnett et al., 2003; Chung and Baek, 1999; Thrower et al., 2000).
Mutations in the regulators of UPS are linked to various neurodegenerative diseases

characterized by protein aggregation (Sherman and Goldberg, 2001; Taylor et al., 2002).

The exact physiological role of ataxin-3 is still not well appreciated. Ataxin-3 belongs to the
family of cysteine proteases, and functions as a DUB in the UPS, and is proposed to be
implicated in the proteasomal degradation of ubiquitylated proteins and protein quality
control. It binds to K48/K63-linked (preferentially for K63) poly-ubiquitin chains (containing
four or more ubiquitin molecules) of the substrates through its UIMs and cleaves the ubiquitin
chains. Notably, mutations in the UIMs inhibit the ubiquitin binding of ataxin-3. Having UIMs
can restrict the type of chains that can be cleaved, and this DUB enzyme can bind to
excessively long and also particular types of poly-ubiquitin chains and functions on heavily
ubiquitinated substrates, whereas most DUBs do not have any UIMs (Chai et al., 2004;
Winborn et al., 2008). It has been shown that mutation of catalytic cysteine 14 in the active
site of ataxin-3 results in the loss of deubiquitinating activity of this protein (Burnett et al.,
2003; Costa Mdo and Paulson, 2012). Moreover, there is an increase in the ubiquitinated
protein level in ataxin-3 knockout mice, verifying the DUB function of ataxin-3 in vivo (Schmitt

et al.,, 2007).

Ataxin-3 interacts directly with parkin, which is an E3 ubiquitin ligase and mutated in

autosomal recessive juvenile parkinsonism (AR-JP) (Durcan et al., 2012; Kitada et al., 1998;
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Shimura et al., 2000). It has been indicated that parkin is able to ubiquitinate ataxin-3, and
ataxin-3 can deubiquitinate parkin. Additionally, polyQ-expanded ataxin-3 promotes the
autophagic degradation of parkin and increases its turnover, which might be responsible for
the parkinsonian phenotype observed in some SCA3 patients (Durcan and Fon, 2011; Tsai et

al., 2003).

Moreover, ataxin-3 binds to the valosin-containing protein (VCP/p97), probably via the
VCP/p97 binding domain that has been mapped prior to the polyQ tract. They form a multi-
functional complex involved mainly in endoplasmic reticulum-associated degradation (ERAD),
a cellular process that regulates the degradation of misfolded proteins in the endoplasmic

reticulum (ER) (Boeddrich et al., 2006; Zhong and Pittman, 2006).

The function of ataxin-3 extends beyond the UPS, and it is shown to be implicated in other
cellular processes including transcriptional regulation, aggresome formation, cytoskeletal
organization, DNA damage repair, and the maintenance of genome integrity (Burnett et al.,

2003; Costa Mdo and Paulson, 2012; Li et al., 2002).

1.2 Mechanisms of SCA3 pathogenesis

Despite a mass of significant knowledge, the precise physiological mechanism by which
expanded ataxin-3 elicits neurotoxicity is still far from clear. However, accumulating evidence
indicates that the expanded polyQ tract induces dysfunction in the different cellular processes
and evokes the formation of intranuclear aggregates, inhibition of protein degradation,
susceptibility to proteolytic cleavage, destabilization of functional conformation, leading to
abnormal protein-protein interactions, transcriptional dysregulation, RNA toxicity,
mitochondrial dysfunction, and ultimately activation of cell death programs (Figure 1.2)

(Costa Mdo and Paulson, 2012).
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Figure 1.2 Schematic representation of cellular pathogenesis in SCA3. The expanded polyQ tract
leads to conformational changes and the abnormal folding of ataxin-3. PolyQ-expanded ataxin-3 can
be proteolytically cleaved, giving rise to the formation of aggregation-prone fragments. Full-length
and cleavage products of polyQ-expanded ataxin-3 form insoluble aggregates, both in the nucleus and
in the cytoplasm of the neurons. Other cellular pathogenesis of SCA3 include impaired autophagy and
proteasomal degradation, mitochondrial dysfunction, transcriptional dysregulation, and RNA toxicity.
Created with BioRender.com. Modified from Evers et al., 2014.

1.2.1 Ataxin-3 misfolding and aggregation

Dysfunction in protein homeostasis results in the accumulation of aberrant proteins as toxic
aggregates in the cells; particularly, post-mitotic cells, such as neurons, are the most affected
ones (Hipp et al., 2019). The formation of intraneuronal inclusions containing the expanded
and misfolded proteins, most commonly in the nuclear compartment, is the histopathological
hallmark of SCA3 and other polyQ diseases (Ross and Poirier, 2004; Taylor et al., 2002). The
expansion of polyQ tract causes the abnormal and non-native conformation of proteins and
the formation of toxic oligomers and SDS-resistant aggregates, leading to neurodegeneration
by still unclear mechanisms (Breuer et al., 2010). The propensity of expanded proteins to

aggregate is attributed to the polyQ repeat length, and longer tracts tend to accumulate
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intensely, both in vitro and in vivo, and show faster aggregation kinetics (Teixeira-Castro et
al., 2011; Yushchenko et al., 2018). Intracellular aggregates constitute mainly the expanded
proteins and recruit some other proteins, including molecular chaperones, ubiquitin, heat
shock proteins, proteasome subunits, transcription factors, and non-expanded wild-type
ataxin-3. It is believed that the sequestration of regulators involved in protein quality control
into aggregates may contribute to the pathogenesis of SCA3 and other polyQ diseases (Alves-

Rodrigues et al., 1998; Cummings et al., 1998; Perez et al., 1998).

The distribution of intraneuronal inclusions is associated rather poorly with the affected brain
regions in polyQ diseases. Histopathological examinations of the post-mortem brains of SCA3
patients displayed protein aggregates in the nucleus of neuronal cells of the affected brain
regions, even though is not always accompanied by significant inclusions. Moreover, the
aggregates were also detected in the brain regions that are spared from neurodegeneration
(Paulson et al., 1997b; Schmidt et al., 1998; Yamada et al., 2001). The formation of aggregates
is not restricted to the nucleus. Widespread axonal aggregates have been observed in the
brains of SCA3 patients. These axonal aggregates can be detrimental to axonal transport,
leading to the disruption of normal cell functions and neuronal death (Seidel et al., 2010). An
increased understanding of the mechanisms implicated in the structural changes and
aggregation of expanded proteins and their effects on neuronal survival may offer new and

effective therapeutic leads.

1.2.2 Ataxin-3 proteolytic cleavage and formation of toxic fragments

The involvement of proteolytic pathways has been suggested extensively in the pathogenesis
of various neurodegenerative diseases with abnormally aggregated proteins, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and polyQ diseases (De Strooper, 2010;
Weber et al., 2014; Xilouri et al., 2013). In 1997, Wellington and Hayden introduced the so-
called “toxic fragment hypothesis”, which predicts that proteolytic cleavage of polyQ-
expanded protein initiates the aggregation process and formation of intracellular inclusions
and is a prerequisite for the manifestation of polyQ diseases (Wellington and Hayden, 1997).
Several investigations display proteolytic cleavage as a source of the generation of cytotoxic
and aggregation-prone soluble fragments of polyQ-expanded proteins, which have been

detected in all polyQ diseases (Haacke et al., 2006; Wellington et al., 1998). Proteolytic

12



Introduction

processing of polyQ-expanded proteins, which are predominantly cytoplasmic, results in the
generation of small truncated proteins that are able to enter the nucleus and promote nuclear

accumulation and dysfunction (Havel et al., 2009).

Ataxin-3-derived C-terminal fragments were detected both in the brains of SCA3 patients and
in a transgenic SCA3 mouse model and were displayed to be enriched in the affected brain
regions of SCA3 patients, such as the cerebellum and substantia nigra (Goti et al., 2004).
PolyQ-expanded protein-derived fragments are highly susceptible to aggregation and able to
induce cellular toxicity to a greater extent than full-length polyQ-expanded proteins (Ross et
al., 1999). Proteolytic processing of ataxin-3 is thought to generate aggregation-prone
fragments, primarily in the nucleus, which favors cytotoxicity (Simdes et al., 2012; Weber et

al., 2017).

Proteolytic cleavage of polyQ-expanded proteins, mainly by two families of proteases,
caspase and calpain enzymes, leading to the generation of potentially toxic fragments, has
been proposed to be implicated in the pathogenesis of polyQ diseases, such as HD and SCAs
(Berke et al., 2004; Hibener et al., 2013; Ona et al., 1999). The caspase family are cysteine
proteases that are able to cleave proteins after C-terminal aspartate residues and play a
critical role in apoptosis and inflammatory pathways (Earnshaw et al., 1999; Li and Yuan,
2008). The involvement of caspases in the cleavage of ataxin-3 is controversially discussed,
and there is no conclusive evidence for that, whereas increasing evidence points to the
calpains as responsible proteases for the generation of ataxin-3 cleavage fragments (Haacke
et al., 2007). Calpains are calcium-dependent cysteine proteolytic enzymes that are involved
in a variety of cellular functions, such as remodeling of cytoskeletal, signal transduction
pathways, and apoptosis. The best-characterized members of this family consist of calpain-1
and calpain-2, which are activated by calcium (Goll et al., 2003; Hiibener et al., 2013). It has
been indicated that pharmacological inhibition of calpains using N-acetyl-L-leucyl-L-leucyl-L-
norleucinal (ALLN) or calpeptin resulted in the disappearance of expanded ataxin-3
aggregates in induced pluripotent stem cell (iPSC)-derived neurons (Koch et al.,, 2011).
Conversely, overexpression of calpastatin, the endogenous inhibitor of calpains, can abolish
the proteolytic cleavage, nuclear localization, and aggregation formation of expanded ataxin-
3 both in vitro and in vivo (Haacke et al., 2007; Simdes et al., 2012). Of interest, four calpain

cleavage sites (main sites at amino acids D208 and S256) have been identified in ataxin-3
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protein, and mutation at cleavage sites can prevent ataxin-3 proteolysis (Weber et al., 2017),

confirming a key role for this proteolytic enzyme in SCA3 pathology.

1.2.3 Impaired protein degradation in SCA3

Maintenance of proteostasis is achieved by the degradation of misfolded or defective
proteins in all eukaryotic cells (Matyskiela and Martin, 2013). Disruption of protein
homeostasis and impairment of protein quality control pathways, including the ubiquitin-
proteasome system, chaperone-mediated protein folding, and autophagy, have been
implicated in SCA3 and other polyQ diseases (Klockgether et al., 2019). The aggregated
pathological proteins are usually highly ubiquitylated and in many cases associated with
components of the ubiquitin-proteasome system, which displays an attempt at their
clearance. Moreover, it has been demonstrated that various components of the proteasomal
machinery can be sequestered in intraneuronal aggregates in SCA3 patients and mouse
models, which has a profound effect on ubiquitin signaling in the neurons (Chai et al., 1999;

Paulson et al., 1997b; Seidel et al., 2010).

Additionally, chaperone-mediated protein folding has a critical role in cellular protein quality
control and modulation of these misfolded and aggregated proteins. However, in SCA3 and
other polyQ diseases, there is an imbalance between the production of misfolded proteins
and the degradative capacity of the cells, which promotes toxicity (Sakahira et al., 2002).
Some co-chaperones and ubiquitin ligases, such as CHIP (C-terminus of Hsp70-interacting
protein), link the chaperone-mediated protein folding to the ubiquitin-dependent protein
quality control in the cells. An in vivo study using an SCA3 transgenic mouse model
demonstrated that genetic reduction of CHIP enhances the disease phenotype and results in
the remarkable accumulation of ataxin-3 microaggregates (Williams et al., 2009). In general,
overexpression of numerous chaperons is accompanied by mitigation of disease features in

SCA3 models (McLoughlin et al., 2020).

In recent years, a link between autophagy and polyQ diseases has emerged. The impairment
of the autophagy pathway, in which cellular components and proteins are degraded through
lysosomal machinery, has been suggested in SCA3. Sequestration of components involved in
the autophagy pathway, such as beclin-1, which is a key protein, has been demonstrated in

ataxin-3 aggregates in SCA3 patients (Nascimento-Ferreira et al., 2011). Furthermore, polyQ-
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expanded ataxin-3 binds to beclin-1 as well as wild-type ataxin-3, which appears to facilitate
its degradation via the proteasome, leading to reduced levels of beclin-1 (Ashkenazi et al.,
2017). Dysregulation of various autophagy proteins has been observed in the post-mortem
brains of SCA3 patients, implying the perturbation of autophagy in this disease (Sittler et al.,
2018).

1.2.4 Mitochondrial dysfunction in SCA3

Mitochondria play a critical role in different metabolic processes like cellular energy
metabolism, cellular signaling, and apoptotic pathways (Chandel, 2015; Kroemer and Reed,
2000). Accordingly, mitochondrial dysfunction and alteration of mitochondrial bioenergetics
are the commonality of neurodegenerative diseases and aging (Lin and Beal, 2006; Osiewacz

and Bernhardt, 2013).

Indeed, regulation of mitochondrial proteostasis is crucial for the integrity and homeostasis
of mitochondria, and mitochondrial proteases, or mitoproteases, function as key regulatory
components in this process. Apart from the quality control and degradation of damaged
proteins, these proteases are implicated in mitochondrial biogenesis, mitophagy, and
apoptosis (Quirds et al., 2015). It has been demonstrated that the impairment and
dysregulation of mitoproteases are linked to aging, neurodegenerative diseases, cancer, and

metabolic syndromes (Bulteau and Bayot, 2011; Rugarli and Langer, 2012).

Reactive oxygen species (ROS) are mainly produced in the respiratory chain of mitochondria
and have strong reactivity against other molecules, leading to tissue damages, especially in
the central nervous system. Under normal physiological conditions, 1-2% of the consumed
02 is converted to ROS, and there is a balance between its generation and elimination (Emerit
et al., 2004). The accumulation of oxidative products has been verified to be a contributory
factor in the progression of various neurodegenerative diseases, such as polyQ diseases,
inducing defects in the morphology and function of mitochondrial and CNS energy
metabolism. Notably, the level of ROS in mitochondria increases in Huntington's disease,
leading to oxidative damage and eventually neuronal cell death (Browne and Beal, 2006; Evers
et al., 2014; Miyata et al., 2008). Several investigations have shown that polyQ-expanded

proteins can impair mitochondrial trafficking in mammalian neurons. Moreover,
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mitochondrial-mediated activation of caspases and cell death plays a role in the pathogenesis

of polyQ diseases (Choo et al., 2004; Trushina et al., 2004; Tsai et al., 2004).

Wild-type and expanded ataxin-3 have been found in mitochondria, and some of the
mitochondrial resident proteins, including cytochrome C oxidase subunit NDUFA4 (NDUFA4),
succinate dehydrogenase (ubiquinone) iron-sulfur subunit (SDHB), and cytochrome C oxidase
assembly factor 7 (COA7), are ataxin-3 interaction partners (Kristensen et al., 2018; Pozzi et
al., 2008). Like other neurodegenerative diseases, mitochondrial dysfunction has been
identified in SCA3 (Harmuth et al., 2022). Mitochondrial DNA (mtDNA) damage and alteration,
including a decrease in copy number and deletion, have been observed in the initial stages of
the disease in an SCA3 transgenic mouse model (Kazachkova et al., 2013). In addition,
expanded ataxin-3 is able to decrease the energy supply and the activity of antioxidant
enzymes, such as catalase, glutathione reductase, and superoxide dismutase, and it can
promote mtDNA damage and depletion in vitro, implying the impairment of mitochondrial
function (Yu et al., 2009). Moderate disruption of mitochondrial respiratory chain complex I
activity has been displayed in SCA3 cell and mouse models as well as in human SCA3

peripheral cells (Laco et al., 2012).

1.2.5 DNA damage and apoptosis in SCA3

Accumulation of damaged or improperly repaired DNA in neurons is a central feature of aging,
even though it has been observed in neurodegenerative diseases, such as AD, PD, and HD
(Ferlazzo et al., 2014; Milanese et al., 2018; Shanbhag et al., 2019). Several lines of evidence
suggest the contribution of dysregulated DNA damage response pathways and apoptosis to
SCA3 pathogenesis. Indeed, increased DNA damage has been observed both in SCA3 patients
and SCA3 mouse models (Chatterjee et al., 2015; Kazachkova et al., 2013). Aberrant polyQ
expansion of ataxin-3 leads to a reduction in DNA repair efficiency, impairment in multiple
DNA repair processes and accumulation of DNA damage, activation of pro-apoptotic signaling
and vulnerability to neuronal death, although the exact mechanism is still unclear (Liu et al.,

2016).

Consistently, many studies have reported that wild-type ataxin-3 has a principal role in DNA
damage response proper function and interacts with several DNA damage response

regulators, including polynucleotide kinase 3’-phosphatase (PNKP), the mediator of DNA
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damage checkpoint protein 1 (MDC1), checkpoint kinase 1 (Chk1), Huntingtin (HTT), Ku70,
DNA-PKcs, 53BP1, and p97. PNKP is a nucleotide-processing enzyme implicated in the DNA
strand break repair process. Wild-type ataxin-3 interacts directly with PNKP and stimulates its
activity, leading to enhanced DNA repair, whereas expanded ataxin-3 inhibits the 3'-
phosphatase activity of PNKP, presumably by its recruitment into ataxin-3 aggregates, and
enhances the accumulation of DNA damage (Figure 1.3a) (Chatterjee et al., 2015; Gao et al.,

2015; Singh et al., 2019; Tu et al., 2020).
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Figure 1.3 PolyQ-expanded ataxin-3 triggers neuronal apoptosis. (a) Expanded ataxin-3 inhibits the
3'-phosphatase activity of polynucleotide kinase 3’-phosphatase (PNKP), resulting in the activation of
the apoptosis pathway mediated by tumor protein 53 (p53) and protein kinase C (PKC) after prolonged
accumulation of DNA damage. (b) Expanded ataxin-3 also has a higher deubiquitinase activity toward
p53, leading to the enhanced stability of this protein and p53-mediated neuronal apoptosis. Created
with BioRender.com. Modified from Tu et al., 2020.

DNA damage response signaling pathways guarantee genome integrity and are orchestrated

by two DNA kinases, ATM (ataxia-telangiectasia mutated) or ATR (ATM-and Rad3-Related)
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kinase. Wild-type ataxin-3, as a DUB, stabilizes the ATR or ATR downstream targets, such as
Chk1 and tumor protein 53 (p53), which regulate checkpoint signaling and promote DNA
repair. Wild-type ataxin-3 regulates the stabilization and pro-apoptotic function of p53,
whereas an in vivo study demonstrated that polyQ-expanded ataxin-3 has a higher affinity for
p53, which results in the prolonged activation of p53 and promotion of p53-dependent

apoptosis (Figure 1.3b) (Liu et al., 2016; Maréchal and Zou, 2013; Tu et al., 2017).

1.2.6 Transcriptional dysregulation in SCA3

Beside the role of ataxin-3 in protein degradation, ataxin-3 can bind to DNA and several
transcriptional factors and is implicated in modulating the transcriptional process. It has been
strongly proposed that expanded ataxin-3 can disrupt gene expression and induce
transcriptional dysregulation, which might be implicated in the pathogenesis of SCA3 (Riley
and Orr, 2006). In addition, transcription factors can be sequestered into intranuclear
aggregates in polyQ diseases, resulting in the disruption of their functions (Perez et al., 1998).
An altered pattern of gene expression has been identified both in SCA3 mouse and cell
models, particularly in genes involved in neurotransmission, calcium signaling, cell surface-
associated proteins, neuronal survival and differentiation, and inflammatory processes (Chou
et al., 2008; Evert et al., 2001). Wild-type ataxin-3 represses transcription via interaction with
histone deacetylase 3 (HDAC3) and deacetylation of histones, although expansion of the
polyQ tract disrupts this function, leading to increased acetylation of total histone H3 and

aberrant activation of gene transcription (Evert et al., 2006).

1.2.7 RNA toxicity in SCA3

Rising evidence indicates that, in addition to the contribution of protein toxicity in the
pathogenesis of polyQ diseases, RNA toxicity may play an important role as well (Birman,
2008; Li et al., 2008). Numerous investigations have postulated that RNA toxicity induced by
expanded CAG might occur through different mechanisms functioning as alternative splicing,
bidirectional transcription, involvement of the RNA interference pathway, and repeat-
associated non-ATG-initiated translation (Evers et al., 2014), however, the exact mechanism

remains elusive.
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Notably, RNA molecules containing expanded CAG/CUG repeats can form stable RNA hairpin
structures, which can sequester RNA splicing factors, such as muscleblind-like 1 (MBNL1) in
the intranuclear RNA foci, leading to alternative splicing aberrations (Mykowska et al., 2011).
Li and colleagues demonstrated the upregulation of MBNL1 in a Drosophila model of SCA3
and suggested this RNA splicing factor as a modifier of polyQ degeneration. Additionally, they
showed that interruption of CAG repeats by CAA triplets within the polyQ-encoding region
can reduce the toxicity and alleviate the phenotype in the Drosophila model of SCA3 (Li et al.,

2008).

MicroRNAs (miRNAs) are small, non-coding single-stranded RNA molecules that seem to play
an essential role in the modulation of gene expression, and their involvement in the
pathogenesis of polyQ diseases has been proposed (O'Brien et al., 2018). In one study, it was
revealed that 54 miRNAs are dysregulated in the post-mortem brains of HD patients, which
may contribute to the toxicity observed in this polyQ disease (Sinha et al., 2012). Furthermore,
inhibition of MiRNA processing can boost toxicity induced by expanded ataxin-3 in both

Drosophila and human cells (Bilen et al., 2006).

1.2.8 Nuclear localization of ataxin-3 as a pathological mechanism
in SCA3

The preferential accumulation of polyQ-expanded proteins in the nucleus of the neurons and
the formation of intranuclear inclusions is a common pathological feature in all polyQ
diseases, leading to neuropathology (Havel et al., 2009). Nevertheless, the role of nuclear
accumulation in the pathology of polyQ diseases is not well characterized. It is evident that
nuclear accumulation of polyQ-expanded proteins induces aberrant interaction with nuclear
proteins, such as transcription factors, and could also sequester them, leading to
transcriptional dysregulation and disruption of nuclear function (Friedman et al., 2007; Li et
al., 2007). It has been suggested that the intrinsically low activity of the neuronal nuclear
ubiquitin-proteasome system may account for the nuclear accumulation of polyQ-expanded
proteins (Tydlacka et al., 2008). Moreover, it was shown that the efficient nuclear export of
polyQ-expanded proteins is disrupted in polyQ diseases, implying a defect in the

nucleocytoplasmic transport of expanded proteins (Cornett et al., 2005; Taylor et al., 2006).
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Indeed, ataxin-3 is a ubiquitous protein and is normally found in both the cytoplasm and
nucleus of cells; however, in neurons, it is predominantly located in the cytoplasm (Tait et al.,
1998; Trottier et al., 1998). Even though mounting evidence points to the nucleus as a
preferential site of aggregation, cellular toxicity, and pathology of expanded ataxin-3,
suggesting that some nuclear functions are perturbed in SCA3 (Schmidt et al., 1998; Yang et
al., 2002). It is believed that the nuclear presence of expanded ataxin-3 plays a prominent role
in the manifestation of symptoms, although the involved mechanisms and molecular
determinants for the nucleocytoplasmic transport of ataxin-3 have remained enigmatic.
Intriguingly, inhibition of nuclear localization of expanded ataxin-3 alleviates many disease
features, and promotion of nuclear localization has the opposite effects (Bichelmeier et al.,
2007). Live-cell imaging demonstrates that the dynamics of polyQ-expanded ataxin-3 are
slower than those of the wild-type, which contributes to a defect in the nuclear export of
expanded ataxin-3 (Chai et al., 2002). Furthermore, the concentration of expanded ataxin-3
has an important implication for aggregation formation, which tends to be higher in the cell

nucleus compared to the cytoplasm (Pozzi et al., 2008).

Ataxin-3 possesses a putative nuclear localization signal (NLS) located upstream the polyQ
tract (amino acids 282-285), although it has been shown that mutation or deletion of this
region has no impact on subcellular localization of ataxin-3, thus questioning its importance
in the cellular distribution of this protein. Additionally, six potential nuclear export signals
(NESs) have been identified in ataxin-3, of which two, within the Josephin domain (amino
acids 77-99 and 141-158), were shown to be active and facilitate the nuclear export of ataxin-
3 through nuclear pore complexes (NPCs) (Albrecht et al., 2004; Antony et al., 2009; Breuer
et al., 2010). An in vitro study has shown that nuclear shuttling of ataxin-3 is an active process
mediated by the classical transport pathway, and inhibition of nuclear export receptor CRM1
leads to the accumulation of ataxin-3 in the cell nucleus, suggesting the implication of this
nuclear export receptor in the nuclear export of ataxin-3 (Macedo-Ribeiro et al., 2009). In
addition, karyopherin a-3 (KPNA3) was identified as being implicated in the nuclear
localization and aggregation of ataxin-3. It was demonstrated in vitro and in vivo that
knockout of this nuclear transport receptor ameliorates the molecular, neuropathological,
and behavioral disturbances of SCA3 by reducing nuclear localization of expanded ataxin-3

(Sowa et al., 2018).
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Interestingly, the subcellular localization of ataxin-3 can also be influenced by post-
translational modification. It is known that ataxin-3 is subjected to phosphorylation by two
kinases, serine-threonine casein kinase 2 (CK2) and glycogen synthase kinase-3 (GSK3B). It
seems that phosphorylation of serines 236, 340, and 352 by CK2 implicates a role in the
nuclear localization of ataxin-3, and pharmacological inhibition of CK2 mitigates the nuclear
inclusions, even though phosphorylation of other serines has less effect (Fei et al., 2007;

Mueller et al., 2009).

1.3 Nucleocytoplasmic transport

The transport of macromolecules, including proteins and RNAs, between the cytoplasm and
the nucleus is a tightly regulated process. It plays a critical role in various cell physiological
and pathophysiological processes, such as regulation of gene expression, RNA processing,
signal transduction, cell cycle progression, and oncogenesis (Jeffries and Capobianco, 2000;
Takizawa and Morgan, 2000). Nuclear transport, including import and export, proceeds
through large proteinaceous structures perforating the nuclear envelope called nuclear pore
complexes (NPCs), which limit the traffic of macromolecules. Although NPCs allow passive
diffusion of small molecules (< ~40 kDa), such as small proteins, ions, salts, and nucleotides,
between the cytoplasmic and nuclear compartments, large substrates are shuttled by an
active process that is highly selective and bidirectional (Kim et al., 2017; Patel et al., 2007).
The main components implicated in nuclear transport are NPCs, RanGTPase, and nuclear

transport receptors known as karyopherins (importins and exportins).

1.3.1 Nuclear pore complexes (NPCs)

Nuclear pore complexes (NPCs) are the main gateways connecting the nucleus and cytoplasm
of cells. Structural studies have revealed that NPCs have a cylindrical structure with an
octagonal symmetry, and their architecture seems to be highly conserved across all
eukaryotes. The NPCs are large multiprotein assemblies with an estimated molecular mass of
125 MDa in mammalian cells. The main structure of NPCs is composed of the inner pore ring,
nuclear and cytoplasmic rings, nuclear and cytoplasmic baskets, and a central aqueous
channel (~30 nm in diameter and ~50 nm in length) that connects between the nucleoplasm
and cytoplasm (Ryan and Wente, 2000; Stoffler et al., 1999; Wente and Rout, 2010). NPCs
consist of proteins termed nucleoporins (NUPs). Proteomic analysis displayed that each NPC
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includes multiple copies of 30-50 different NUPs. NUPs are involved in the regulation of
nuclear permeability, and most of them are functionally conserved from yeast to mammals
(Cronshaw et al., 2002). A subset of NUPs contains domains or repeats rich in the
phenylalanine-glycine amino acids (FXFG, FG, or GLFG), which serve as docking sites for
nuclear transport receptors. These repeating sequences line the central channel of NPCs and
facilitate the trafficking of cargo across the nuclear envelope (Balasundaram et al., 1999; Ryan

and Wente, 2000).

1.3.2 RanGTPase

Cargo uptake and release are modulated by the interaction of transport receptors with Ran,
a Ras-related GTPase that binds to GTP or GDP. The RanGTP-RanGDP gradient across the two
faces of the nuclear membrane is the key determinant of the directionality of
nucleocytoplasmic transport and allows the accumulation of cargos against their activity
gradients. The concentration of RanGTP is almost 100-fold higher in the nucleoplasm than in
the cytoplasm because of the localization of the RanGTPase activating protein-1 (RanGAP1)
predominantly in the cytoplasm. Indeed, RanGAP1 catalyzes the hydrolysis of GTP in the
cytoplasm (Figure 1.4). Furthermore, Ran guanine nucleotide exchange factor (RanGEF), also
called RCC1 in human cells, converts RanGDP into RanGTP in the nucleus and plays an
essential role in the regulation of the nucleotide-bound state of Ran (Figure 1.4) (Bischoff et
al., 1995; Bischoff and Ponstingl, 1995; Conti and Izaurralde, 2001; Kalab et al., 2002). In vitro
binding studies demonstrate that RanGTPase interacts directly with the karyopherin/cargo
complex and regulates its association and dissociation. Binding of RanGTPase to importins
leads to the dissociation of cargos, whereas its interaction with exportins promotes cargo
binding and moves the complex out of the nucleus (Floer et al., 1997; Rexach and Blobel,

1995).
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Figure 1.4 The nuclear and cytoplasmic RanGTP-RanGDP gradient. The RanGTPase activating protein-
1 (RanGAP1) is mainly cytoplasmic and causes Ran to hydrolyze its GTP to GDP. The Ran guanine

Nucleus

nucleotide exchange factor (RanGEF), also known as RCC1, is a chromatin-bound protein that converts
RanGDP to the GTP-bound form (RanGTP) in the nucleus. Therefore, nuclear Ran is predominantly in
the GTP state, and cytoplasmic Ran is in the GDP state. Created with BioRender.com. Modified from
Harel and Forbes, 2004.

1.3.3 Nuclear transport receptors (karyopherins)

Translocation of cargos between the nucleus and cytoplasm is mediated by soluble transport
receptors known as karyopherins that shuttle through NPCs. There are different classes of
nuclear transport receptors that are able to bind to both NUPs and cargos and modulate their
traffic through NPCs. Generally, karyopherins are classified into karyopherin a and

karyopherin B families (Cautain et al., 2015).

Karyopherin a, also known as importin a, was first identified as an adaptor protein linking
NLS-bearing cargos with karyopherin B. Seven isoforms of karyopherin a have been identified
in humans, which are classified into three subfamilies known as al, a2, and a3, based on their
primary amino acid sequences. These subfamilies display distinct cargo specificities (Table
1.4) (Kohler et al.,, 1999; Pumroy and Cingolani, 2015). Karyopherin a orthologues are
characterized by an N-terminal importin B-binding (IBB) domain for binding to karyopherin §,

a conserved architecture consisting of 10 helical armadillo (ARM) repeats of a relatively
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hydrophobic sequence of approximately 42—-43 amino acids that recognize the nuclear
localization signal (NLS) of cargos, and a C-terminal region that binds to the export factor
chromosome segregation 1 like (CSE1L/CAS) (Oka and Yoneda, 2018; Pasha et al., 2021;

Pumroy and Cingolani, 2015).

Table 1.4 Overview of all known members of the human karyopherin o which are categorized into 3
subfamilies and some of their specific cargos. TDP-43 = TAR DNA binding protein 43; NF-kB = nuclear
factor-kB; RCC1 = nuclear regulator of chromosome condensation 1; STAT1 = signal transducer and
activator of transcription 1; STAT2 = signal transducer and activator of transcription 2; n/a = not
applicable. Modified from Pumroy and Cingolani, 2015; Pasha et al., 2021.

Subfamily Human karyopherin o Example of known cargo(s)
al Importin a-1/Karyopherin a-2 TDP-43, NF-kB (p65)
Importin a-8/Karyopherin o-7 n/a
a2 Importin a-3/Karyopherin o-4 TDP-43, NF-kB (p50/p65; p52), ataxin-3,
a1ACT, RCC1
Importin a-4/Karyopherin o-3 TDP-43, NF-kB (p50/p65; p52), RCC1,
ribosomal protein S3a
a3 Importin a-5/Karyopherin a-1 TDP-43, NF-kB (p50/p65; c-Rel; p52; RelB),
STAT1, STAT2
Importin a-6/Karyopherin o-5 TDP-43, NF-kB (p50/p65; c-Rel; p52; RelB)
Importin a-7/Karyopherin o-6 TDP-43, NF-kB (c-Rel; RelB)

The largest class of nuclear transport receptors belongs to a conserved family of proteins
known as the karyopherin B superfamily, which accounts for most of the nuclear trafficking.
In mammals, it has been identified that 11 karyopherin Bs are implicated in the import or
bidirectional transport of cargos, which are termed importins or transportins, and 8
karyopherin Bs play a role in the export of cargo called exportins (Fried and Kutay, 2003;
Pemberton and Paschal, 2005). The karyopherin B family has been categorized into 15
subfamilies according to the evolutionary analysis, and most members recognize their own
specific cargos (Table 1.5), although there are some redundancies (Chook and Blobel, 2001;
Muhlh&dusser et al., 2001; Wente and Rout, 2010). Furthermore, some transport receptors
have a tissue- cell-specific expression that regulate the shuttling of distinct cargos (Jans et al.,
2000). The direction of nuclear shuttling by Karyopherin Bs is controlled by their association
with RanGTP. Generally, importins recognize and associate with the cargos in the cytoplasm

and release them in the nucleus upon interaction with RanGTP. Conversely, exportins bind to
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their cargos in the nucleus, in the presence of RanGTP, and release them in the cytoplasm
upon hydrolysis of GTP. Both importins and exportins are recycled to allow another round of

nucleocytoplasmic transport of cargos (Gorlich and Kutay, 1999; Mattaj and Englmeier, 1998).

Table 1.5 Overview of all known members of the human karyopherin B superfamily, which are
categorized into 15 subfamilies and some of their specific cargos. SREBP-2 = sterol regulatory element-
binding protein 2; n/a = not applicable. Modified from Harel and Forbes, 2004; Chook and Suel, 2011.

Subfamily Human karyopherin Example of known cargo(s)

IMB1 Importin B/Karyopherin p-1 Imports via importin a adaptor proteins with
NLS; Imports via snurportin the UsnRNPs;
with no adaptor, Cargos: SREBP-2, HIV Rev,
HIV TAT, cyclin B

IMB2 Karyopherin B-2/Transportin-1 PY-NLS proteins, mRNA-binding proteins,
histones, ribosomal proteins

IMB3 Importin-5/RanBP5/ Karyopherin -3  Histones, ribosomal proteins

IMB4 Importin-4/RanBP4 Transition Protein 2, histones, ribosomal
protein S3a

IPO8 Importin-7/RanBP7 Smad, ERK, GR, ribosomal proteins

Importin-8/RanBP8 SRP19, Smad

IMB5 Importin-9 Histones, ribosomal proteins

KA120 Importin-11 n/a

TNPO3 Transportin-SR1/-SR2/-3/TNPO3 SR proteins, HUR

Importin-13 Imports UBCY, Y14; exports elF1A

XPO4 Exportin-4 Imports SOX2, SRY; exports Smad3, elF5A

XPO5 Exportin-5 Exports pre-miRNA

XPO6 Exportin-6 Exports profilin, actin

XPO7 Exportin-7/RanBP16 Exports p50-RhoGAP

XPOT Exportin-t/Xpo-t Exports tRNAs

XPO1 CRM1/Exportin-1 Exports proteins with leucine-rich NES, 60S
ribosomal subunits (via NMD3 adaptor), 40S
ribosomal subunits

XP0O2 CAS Importin as

Karyopherin Bs are able to consort with various adaptor proteins ranging from karyopherin a
members to snurportin or other karyopherin B members to shuttle certain cargos (Harel and
Forbes, 2004). They possess a similar molecular weight (90—-150 kDa) and an acidic isoelectric
point (Pl = 4.0-5.0), although the sequence identity is low among the family members (10—

20%) (Chook and Blobel, 2001). Karyopherin Bs have a middle NPC-binding domain that
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interacts with the FG-Nups transiently, and they share a binding domain for RanGTPase at
their N-terminal, which has the most amino acid similarity between the karyopherin Bs and
drives active nucleocytoplasmic transport (Macara, 2001; Quimby and Dasso, 2003). High-
resolution structural studies of karyopherin Bs revealed that they all have a similar overall
architecture consisting of multiple tandem helical repeats termed HEAT (huntingtin,
elongation factor 3, the A subunit of protein phosphatase 2A, and the yeast PI3-kinase TOR1)
repeats located in the C-terminal region. Each HEAT repeat is composed of almost 40
hydrophobic amino acids, which are folded into two antiparallel helices A and B connected by
a short turn (Figure 1.5). These HEAT repeats are responsible for binding to importin a and

cargos (Andrade and Bork, 1995; Conti and Izaurralde, 2001; Di Francesco et al., 2018).

Importin-a

RanGTP binding
binding

a-helix A

a-helix B

Nucleoporin Nucleoporin
binding site binding site

Figure 1.5 The structure of karyopherin B and its binding domains. (a) Structure of karyopherin p (1-
462) bound to RanGTP, which is shown in blue and yellow, respectively. (b) Structure of karyopherin
B (1-442) bound to FxFG cores of nucleoporins, which are shown in blue and red, respectively. (c)
Karyopherin B consists of 19 tandem HEAT repeats. Each HEAT repeat consists of two a-helices, A and
B. Created with BioRender.com. Modified from Harel and Forbes, 2004; Weis, 2003.
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1.3.3.1 Nuclear transport receptors as cytoplasmic chaperones

Nuclear transport receptors fulfill a dual function, and aside from their canonical role as
central players in the transport of cargos, they are also able to act as cytoplasmic chaperones
for the exposed basic domains. Numerous importins are involved in the shielding of basic
patches on the cargos, such as histones, ribosomal proteins, and FG-Nups. In fact, they can
suppress the cytoplasmic aggregation of these proteins in the presence of polyanionic

macromolecules (Jakel et al., 2002; Milles et al., 2013).

In terms of neurodegenerative diseases, it has been suggested that importins not only serve
as nuclear transporters for the RNA-binding protein FUS, which is involved in the pathology
of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), but also have a
chaperone-like activity and prevent cytoplasmic aggregation of this protein (Fallini et al.,
2020; Mikhaleva and Lemke, 2018). Several independent studies, both in vitro and in vivo,
have indicated that karyopherin B-2/Transportin-1 (TNPO1) interacts with FUS protein and
abrogates its liquid-liquid phase separation (LLPS) and fibrillization. Moreover,
overexpression of TNPO1 decreases the number of cytoplasmic FUS foci (Guo et al., 2018;
Hofweber et al., 2018; Yoshizawa et al., 2018). Additionally, it was shown that the karyopherin
o/B complex can mitigate fibrillization of TAR DNA-binding protein of 43 kDa (TDP-43)
remarkably by binding to its NLS (Guo et al., 2018).

1.3.4 Nuclear transport signals

Nuclear transport mediated by karyopherins is a highly specific process and restricted to
cargos bearing intrinsic import or export signals, which are referred to as nuclear localization
signals (NLSs) or nuclear export signals (NESs), respectively. Each karyopherin is able to
recognize a set of NLSs or NESs (Pemberton et al., 1998). Most transport signals cannot be
categorized into a well-defined consensus, although general properties, such as length,
charge, and hydrophobicity of the sequences are considered important (Fried and Kutay,
2003). The first defined NLS sequences are the classical NLS (cNLS) motifs, which contain
monopartite or bipartite signals that can be recognized and bound by importin as.
Monopartite signals are a single stretch of basic amino acids, such as lysine (K) and/or arginine
(R), and usually on the surface of the proteins (Dingwall and Laskey, 1991). The first
characterized monopartite NLS is the simian virus 40 (SV40) large-T antigen NLS (PKKKRKV)
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(Kalderon et al., 1984; McLane and Corbett, 2009). Many proteins carry bipartite NLSs, which
are more complex and constitute of two clusters of positively charged amino acids separated
by 10-13 non-conserved amino acids (Dingwall et al., 1988). Nonclassical NLSs have various
amino acid sequences, such as proline-tyrosine NLS (PY-NLSs), that can be recognized directly
by different members of the karyopherin B family (Chook and Siel, 2011; Soniat and Chook,
2015). NESs are highly diverse and usually contain four to five hydrophobic amino acids, such
as leucine. They were first identified in HIV-1 Rev and heat-stable protein kinase inhibitor (PKI)

(Fischer et al., 1995; Wen et al., 1995).

1.3.5 Classical import and export pathways

The classical import pathway is mediated by the importin o and importin B families and is well
described. In the first step of an import cycle, importins recognize the NLSs of cargos and form
an importin(s)/cargo complex in the cytoplasm where the RanGTP level is low. Importin a is
an adaptor protein that recognizes the classical NLS of cargo, and then interacts with importin
B via its N-terminal (importin B binding domain). However, importin B is able to bind and
import proteins with extended basic stretches, such as ribosomal proteins, independently of
an adaptor protein. In the next step, the resulting trimeric complex consisting of
cargo/importin a/importin B can translocate into the nucleus via recruitment of importin  to
the NPCs. Upon arrival in the nucleus, RanGTP binds to importin B in the trimeric complex,
which causes the release and dissociation of the cargo/importin a complex. In the absence of
importin B binding, the affinity of importin a for cargo reduces, leading to the release of cargo
in the nucleoplasm (Figure 1.7a). Finally, the RanGTP bound to importin B is recycled back to
the cytoplasm through NPCs for further rounds of import. Importin a recycling is mediated by
the exportin CAS and RanGTP. Thus, at least two GTP molecules are hydrolyzed per classical
import pathway (Chook and Blobel, 2001; Gérlich and Kutay, 1999; Pemberton et al., 1998;
Weis, 2003).

An analogous process is involved in the export pathway, which is facilitated by exportins. In
the nucleoplasm, exportins recognize NES-bearing cargos and form a complex with RanGTP,
which increases the affinity of the exportins to the cargos. The exportin/cargo/RanGTP
complex interacts with the NPCs and ferries through them. The GTP bound to Ran is

hydrolyzed by RanGAP1, which is more abundant in the cytoplasm, leading to the dissociation
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of cargo, and RanGDP is shuttled to the nucleoplasm (Figure 1.7b) (Kau et al., 2004; Kim et al.,
2017). Chromosome region maintenance 1 protein (CRM1) is the most versatile exportin and
implicated in the nuclear export of various proteins with NES, including cycle regulators,

transcription factors, and RNA-binding proteins (Fornerod et al., 1997; Fried and Kutay, 2003).

a 7 b
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Figure 1.6 Nucleocytoplasmic transport of protein cargos. (a) Nuclear import of cargos containing a
nuclear localization signal (NLS) is mediated by the importin a/B heterodimer or importin Bs alone. An
importin/cargo complex is formed in the cytoplasm and imported into the nucleus via the transient
interaction of importin B with nucleoporins (Nups) within the nuclear pore complex (NPC). In the
nucleus, RanGTP binds to importin B, leading to the release of cargo. (b) Cargos that possess a nuclear
export signal (NES) bind to exportins in the presence of RanGTP in the nucleus. The
exportin/cargo/RanGTP complex is exported into the cytoplasm through an NPC. The cargo is released
from the complex after the hydrolysis of GTP to GDP, facilitated by RanGAP1, leading to the
dissociation of the nuclear export complex in the cytoplasm. Created with BioRender.com. Modified
from Sekimoto and Yoneda, 2012.

1.3.6 Nucleocytoplasmic transport and neurodegeneration

The appropriate subcellular localization of proteins and transcripts is extremely essential for
their physiological functions and the maintenance of cellular homeostasis (Ding and
Sepehrimanesh, 2021). Dysregulation of nucleocytoplasmic transport machinery has

detrimental effects on cells and is associated with several diseases. Recently, a large body of
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evidence supports the involvement of defective nucleocytoplasmic transport in aging and
neurodegenerative diseases, including ALS (Aizawa et al., 2019; Burk and Pasterkamp, 2019),
FTD (Zhang et al., 2015), AD (Eftekharzadeh et al., 2018), HD (Gasset-Rosa et al., 2017; Grima
et al., 2017), PD (Chen et al., 2020), SCA (Zhang et al., 2020), and dystonia (Ding et al., 2021).
Nonetheless, the molecular mechanisms by which impaired nucleocytoplasmic transport

contributes to the pathogenesis of neurodegenerative diseases are poorly understood.

An impairment of nucleocytoplasmic transport interferes with the normal distribution of
proteins and RNAs, leading to their mislocalization in the cells, particularly in the neurons.
Alteration of the subcellular distribution of the local protein reservoir results in abnormal
protein-protein interactions, which further stimulates the formation of protein aggregates
(Figure 1.8). On the other hand, these protein aggregates can sequester the components of
nucleocytoplasmic transport machinery, such as nucleoporins, driving further aggregation
and defects in neuronal functions (Tamburrino and Decressac, 2016; Woerner et al., 2016). In
this regard, evaluation of nucleocytoplasmic transport machinery and its involvement in the
process of neurodegenerative diseases has focused attention in recent years. For example, it
has been demonstrated that aggregation of TDP-43 or poly-dipeptides encoded by C9orf72
repeat expansion in ALS/FTD and tau protein in AD leads to disruption of nucleocytoplasmic
transport (Burk and Pasterkamp, 2019). It has been displayed that tau can directly interact
with nucleoporin Nup98, leading to its mislocalization, failure of nuclear transport, and
alteration in Ran localization (Eftekharzadeh et al., 2018). Growing evidence indicates that
dysregulation of nucleocytoplasmic transport is implicated in the pathophysiology of HD.
Cytoplasmic mislocalization of Ran, which is due to disruption of NPCs and abnormal protein-
protein interactions between expanded HTT and nucleocytoplasmic transport components,
such as RanGAP1, has been detected in HD (Grima et al., 2017; Hosp et al., 2015). Alteration
in the localization of multiple components of the nuclear transport machinery, including
NUP98 and NUP62, has been indicated in an SCA1 mouse model, which highlights deficits in
nucleocytoplasmic trafficking (Zhang et al., 2020). Beside the recruitment of nucleoporins into
aggregates and perturbed Ran gradient, modulation in the protein levels and/or
mislocalization of karyopherins appear to be linked to impaired nucleocytoplasmic transport
in neurodegenerative diseases. For instance, nuclear depletion and cytosolic accumulation of

karyopherin B-1 (KPNB1) have been observed in the spinal motor neurons of ALS patients and
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in an SCA1 mouse model (Aizawa et al., 2019; Kinoshita et al., 2009; Zhang et al., 2020).
Additionally, nuclear depletion and reduction of karyopherin a-4 (KPNA4) protein levels have

been reported in the frontal cortex of FTD patients (Solomon et al., 2018).
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Figure 1.7 Linkages between impaired nucleocytoplasmic transport and neuronal toxicity.
Impairment of nucleocytoplasmic transport results in protein and RNA mislocalization, disruption of
the homeostasis of local protein reservoirs, and abnormal protein-protein interactions, leading to
protein aggregation and neuronal toxicity. NCT = nucleocytoplasmic transport. Created with
BioRender.com. Modified from Ding and Sepehrimanesh, 2021.

1.4 Aim of the thesis

Spinocerebellar ataxia type 3 (SCA3) is an autosomal dominant neurodegenerative disease
that belongs to the class of polyglutamine (polyQ) diseases (Hersheson et al., 2012;
Klockgether et al., 2019; Zoghbi and Orr, 2000). It is caused by a CAG trinucleotide expansion
in the coding region of the ATXN3/MJD1 gene, leading to a polyQ expansion in the ataxin-3
protein (Kawaguchi et al.,, 1994; Schols et al.,, 2004). PolyQ diseases are progressive
neurodegenerative diseases that principally affect the CNS and lead to neurological and

physical impairments (McLoughlin et al., 2020; Rudnicki and Margolis, 2003).
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A common pathological feature of polyQ diseases is the nuclear accumulation of disease
proteins as intraneuronal aggregates, which is due to the failure to adopt their native and
functional conformation. It is believed that these intraneuronal aggregates perturb crucial
cellular functions and compromise cellular homeostasis, leading to neurotoxicity and the
manifestation of the disease. Elucidating the mechanisms behind the nuclear localization of
polyQ-expanded proteins and its contribution to neurotoxicity could provide insight into the
pathogenesis of these diseases and the development of effective therapeutic strategies
(Havel et al., 2009; Klockgether et al., 2019). Like other polyQ diseases, aggregation of polyQ-
expanded ataxin-3 occurs mainly in the form of intranuclear inclusions; however, cytoplasm
is its primary site of location. The accumulation of expanded ataxin-3 in the nuclei of neurons
is evident in both SCA3 patients and animal models (Bichelmeier et al., 2007; Schmidt et al.,
1998; Yang et al., 2002). It has been shown that inhibition of nuclear localization of expanded
ataxin-3 alleviates the disease symptoms (Bichelmeier et al., 2007). Accumulating evidence
revealed that dysregulation of nucleocytoplasmic transport machinery is associated with
several neurodegenerative diseases and can be an explanation for the nuclear accumulation

of polyQ-expanded proteins (Cornett et al., 2005; Ding and Sepehrimanesh, 2021).

An in vitro study indicated that nuclear shuttling of ataxin-3 is mediated by the classical
transport pathway (Macedo-Ribeiro et al., 2009). Previously, our group reported that
karyopherin a-3 (KPNA3) is a key player in the nuclear transport of ataxin-3 and implicated in
the pathogenesis and progression of SCA3 (Sowa et al., 2018). KPNA3 functions as an adaptor
protein for KPNB1 in the nuclear transport of various cargos, and this raises the possibility
that KPNB1 could be implicated in the modulation of ataxin-3 as well. Accordingly, the current
study focused on three main aspects: (1) What is the impact of KPNB1 dysregulation on
ataxin-3 modulation in an SCA3 cellular model? What are the impacts of KPNB1
overexpression as well as KPNB1 knockdown and pharmacological inhibition on wild-type and
polyQ-expanded ataxin-3 protein levels, subcellular localization, and aggregates formation?
(2) What are the upstream regulators or pathways implicated in the modulation of ataxin-3
via KPNB1 overexpression? (3) Is there any alteration of KPNB1 protein levels in SCA3

transgenic mouse models?
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2. Materials and Methods

2.1 Cell culture and transfection

2.1.1 Culture and maintenance of HEK 293T cells

Wild-type HEK 293T (ATCC: CRL-11268) as well as ATXN3 KO HEK 293T cells previously
generated in our lab (Weishaupl et al., 2019), were maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic (all Gibco, Thermo Fisher Scientific) in a mycoplasma-free and humidified
incubator at 37 °C and 5% CO.. The cells were split once or twice a week. The cell culture
medium was discarded, and the cells were washed using 5 ml of pre-warmed Dulbecco’s
phosphate-buffered saline (DPBS; Gibco, Thermo Fisher Scientific). Afterward, cells were
incubated with 1-2 ml of pre-warmed TrypLE Express (Gibco, Thermo Fisher Scientific) at
room temperature for 2 min. When ~90% of the cells detached, 9-8 ml (at least twice the
volume used for the dissociation reagent) of pre-warmed medium was added into the flask
to inactivate TrypLE Express, and the cells were totally detached from the flask by pipetting
over the cell layer several times. 1 ml of cell suspension was kept, and 9 ml of medium was

pipetted into the flask and returned to the incubator.

2.1.2 Generation of induced pluripotent stem cells from fibroblasts

Fibroblasts of three SCA3 patients and three healthy, age- and gender-matched individuals
were reprogrammed to induced pluripotent stem cells (iPSCs) (Hayer et al., 2018). Briefly, the
skin biopsies were left undistributed in a medium consisting of Dulbecco’s modified Eagle
medium (DMEM) high glucose supplemented with 10% fetal calf serum (FCS) (all Gibco,
Thermo Fisher Scientific, Karlsruhe, Germany) at 37 °C and 5% CO2 for 10 days. To expand the
cells, the medium was changed every 2-3 days. For reprogramming, the cells were
electroporated (Nucleofector 2D, Lonza) with 1 mg per plasmid carrying hOCT4, hSOX2,
hKLF4, hLMYC, and hLIN28 genes and cultured for 1 further day. After a period of 2 days of
cultivation in medium supplemented with 2 ng/l FGF-2 (Peprotech), fibroblasts were
transferred to Essential 8 (E8) medium supplemented with 100 uM sodium butyrate (Sigma-

Aldrich, St. Louis, MO, US). 3—4 weeks after reprogramming, the iPSC colonies were picked
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and further expanded. At passage 5, iPSCs were harvested for analysis or frozen in E8 medium
with 40% KnockOut Serum Replacement (KOSR; Gibco, Thermo Fisher Scientific) and 10%
DMSO (Sigma-Aldrich).

2.1.3 Transient transfection of HEK 293T cells with TurboFectin 8.0

Transient transfection of cells with constructs was carried out using TurboFectin 8.0 (OriGene
Technologies, Rockville, US) transfection reagent according to the manufacturer’s
instructions. Briefly, cells were seeded at a density of 400,000 cells/well in a 6-well plate at
37 °C for 24 h prior to transfection. 1 pg DNA construct was added to 250 ul serum-free
medium or Opti-MEM | Reduced Serum Media (Gibco, Thermo Fisher Scientific), and then was
mixed with 3 ul TurboFectin 8.0 transfection reagent. The complex was incubated for 15 min
at room temperature and subsequently added to the cells in a drop-wise manner. Before
returning the plate to the incubator, it was swirled in a = shape to ensure that the distribution
of complexes was even. The cells were harvested for further assessments 72 h post-

transfection.

2.1.3.1 Plasmid preparation

A specimen from a bacterial glycerol stock (stored at —80 °C) was taken and inoculated with a
culture of 7.5-10 ml of autoclaved Luria-Bertani (LB) medium (DB Difco) containing the
appropriate selective antibiotic. Dependent on plasmid resistance, 7.5-10 ul (1:1000)
ampicillin (100 mg/ml), kanamycin (50 mg/ml), and/or tetracycline (10 mg/ml) were applied.
The bacteria were grown at 37 °C for 16 h with vigorous shaking. All used plasmids are listed

in Table 2.1.

Plasmid preparation was performed using the QlAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions, and all steps were carried out at room
temperature. The bacterial cells were harvested by centrifugation at 4000 rpm for 5 min at
4 °C. The pelleted bacterial cells were resuspended in 250 ul Buffer P1 (supplemented with
RNase A) and transferred to a fresh 1.5 ml reaction tube. 250 pul Buffer P2 was added and
mixed thoroughly by inverting the tube 4—6 times (the lysis reaction should not proceed for
more than 5 min). Afterwards, 350 ul Buffer N3 was added, and the tube was immediately
inverted 4-6 times. It was followed by centrifugation for 10 min at ~17,900xg, and 800 pul
supernatant was applied to a QlAprep 2.0 Spin Column by pipetting. The QlAprep 2.0 Spin
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Column was centrifuged at ~17,900xg for 30-60 s, and the flow-through was discarded.

Subsequently, it was washed using 750 pl Buffer PE (supplemented with ethanol) and

centrifuged at ~17,900xg for 30-60 s, and the flow-through was discarded. To remove the

residual of wash buffer, the QlAprep 2.0 Spin Column was centrifuged at ~17,900xg for 1 min

(Residual ethanol from Buffer PE may inhibit subsequent enzymatic reactions). Eventually,

the QlAprep 2.0 Spin Column was placed in a fresh 1.5 ml reaction tube, and maximum 50 pl

buffer EB (10 mM Tris-Cl pH 8.5) was added to the center of it. After 1 min, it was centrifuged

at ~17,900xg for 1 min. The concentration of plasmids was measured using a BioPhotometer

(Eppendorf) at 260 and 280 nm, and the ratio of Axs0/A280 Was used to analyze DNA purity.

Table 2.1 Expression constructs. Kana = kanamycin; Amp = ampicillin; Tet = tetracycline.

Plasmid Promoter  Resistance Provider/Company
pcDNA3.1/Xpress cMmv Amp Thermo Fisher Scientific,
Karlsruhe, Germany
pcDNA3.1/Xpress-MJD15Q (@\Y/\Y) Amp Internal
pcDNA3.1/Xpress-MID77Q (@\Y/\Y) Amp Internal
pcDNA3.1/Xpress-MJD148Q (@\Y/\Y) Amp, Kana, Tet Internal
pCMV6-Entry/myc-DDK-CLPP cMmv Amp OriGene Technologies,
Rockville, US
pCMV6-XL5-KPNA2 cMmv Amp OriGene Technologies
pCMV6- XL5 -KPNA3 cMmv Amp OriGene Technologies
pCMV6-XL5-KPNB1 cMmv Amp OriGene Technologies
pPEGFP-N2 (@\Y\Y] Kana Clontech, Mountain View, CA,
us
pEGFP-N2-MJD15Q (@)\Y\Y) Kana Internal
pPEGFP-N2-MJD148Q (@)\Y\Y) Kana Internal
pGEX-6P-1 Tac Amp GE Healthcare, Munich,
Germany
pGEX-6P-1-MJD15Q Tac Amp Internal
pGEX-6P-1-MJD77Q Tac Amp Internal
pTRE-MJD15Q - Amp Gossen and Bujard, 1992
pTRE-MIJD77Q - Amp Gossen and Bujard, 1992
pTET-RCA2 - Amp Gossen and Bujard, 1992
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2.1.4 Transient transfection of HEK 293T cells with Attractene

Transient transfection of cells with endoribonuclease-prepared siRNAs (esiRNAs) was
conducted using Attractene (Qiagen) transfection reagent according to the manufacturer’s
instructions. Cells were plated at a density of 400,000 cells/well in a 6-well plate at 37 °C for
24 h prior to transfection. 1.2 ug DNA construct was added to 100 ul serum-free medium or
Opti-MEM | Reduced Serum Media, and then was mixed with 4.5 pl Attractene transfection
reagent. The complex was incubated for 15 min at room temperature followed as mentioned

above. All used esiRNAs are listed in Table 2.2.

Table 2.2 Endoribonuclease-prepared siRNAs (esiRNAs). LUC = Renilla luciferase.

esiRNA Company

esiRNA-CLPP (MISSION esiRNA EHU011941) Sigma-Aldrich, St. Louis, MO, US
esiRNA-KPNA3 (MISSION esiRNA EHU038741) Sigma-Aldrich

esiRNA-KPNB1 (MISSION esiRNA EHU043151) Sigma-Aldrich

esiRNA-LUC (MISSION esiRNA EHURLUC) Sigma-Aldrich

2.1.5 Cell viability assay

The PrestoBlue Cell Viability Reagent is a resazurin-based reagent that is blue and can
irreversibly convert into pink-colored resorufin during aerobic respiration. Cell viability was
evaluated using the PrestoBlue assay (Thermo Fisher Scientific) according to the
manufacturer’s instructions. In brief, cells were seeded at a density of 400,000 cells/well in a
6-well plate at 37 °C and transfected for 48 h. Afterwards, the cells were transferred into a
96-well plate containing fresh medium and further cultured for 24 h. The cell medium was
removed, and fresh medium containing PrestoBlue reagent in a ratio of 1:10 was added to
the cells at 37 °C and 5% CO, for 30 min. Fluorescence signals were measured at 535 nm
(excitation) and 620 nm (emission) using an EnVision Multimode Plate Reader and the

EnVision Manager software version 1.13.3009.1401 (both PerkinElmer).
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2.2 HEK 293T cells treatment

2.2.1 Importazole treatment

Importazole (IPZ; a 2,4-diaminoquinazoline) (Figure 2.1) is a specific and reversible inhibitor
of karyopherin B function, likely via altering the interaction of karyopherin § with RanGTP
(Soderholm et al., 2011). To inhibit the function of KPNB1, cells were seeded at a density of
400,000 cells/well in a 6-well plate and transfected for 72 h and maintained under standard
culturing conditions. Cells were incubated with 16 uM IPZ (Sigma-Aldrich) for 48 h prior to

harvesting. DMSO-treated cells were applied as control.

Figure 2.1 The chemical structure of importazole (a 2,4-diaminoquinazoline). Modified from
Soderholm et al., 2011.

2.2.2 Bafilomycin Al treatment

Bafilomycin Al (BafAl) blocks the fusion of autophagosomes with lysosomes in the cells
(Mizushima et al., 2010). To inhibit autophagy and analyze its effect, cells were seeded at a
density of 400,000 cells/well in a 6-well plate at 37 °C and 5% CO: and transfected for 72 h.
Cells were treated with 50 nM vacuolar H* ATPase inhibitor bafilomycin Al (InvivoGen,

Toulouse, France) for 24 h prior to harvesting. DMSO-treated cells were used as a control.

2.2.3 Lactacystin treatment

To inhibit proteasomal degradation and analyze its effect, cells were seeded at a density of
400,000 cells/well in a 6-well plate at 37 °C and 5% CO, and transfected for 72 h. 24 h prior to
harvesting, cells were incubated with 10 uM of the proteasome inhibitor lactacystin (Enzo

Lifescience, Lausen, Switzerland). DMSO-treated cells were used as a control.
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2.2.4 Calpain inhibitor Ill treatment

To decrease the baseline activity of calpains in the cells, cells were seeded at a density of
400,000 cells/well in a 6-well plate at 37 °C and 5% CO; and transfected for 72 h. Cells were
treated with 10 uM of calpain inhibitor Il (CI-1ll; carbobenzoxy-valinyl-phenylalaninal) (Sigma-

Aldrich) for 24 h prior to harvesting. DMSO-treated cells were used as a control.

2.2.5 Caspase inhibitor Q-VD-OPh treatment

To block the activation of caspases in cells, cells were seeded at a density of 400,000 cells/well
in a 6-well plate at 37 °C and 5% CO; and transfected for 72 h. 24 h prior to harvesting, cells
were incubated with 10 uM of the broad-spectrum caspase inhibitor Q-VD-OPh (Sigma-

Aldrich). DMSO-treated cells were used as a control.

2.2.6 lonomycin treatment

A cell-based calpain activation assay was conducted using ionomycin (IM). Cells were seeded
at a density of 400,000 cells/well in a 6-well plate, transfected for 72 h, and maintained under
standard culturing conditions. The cell medium was aspirated and replaced by Opti-MEM |
Reduced Serum Media; afterwards, endogenous calpains were activated by incubating cells
with 1 uM Ca?* ionophore ionomycin (Sigma-Aldrich) and 5 mM CaCl, for 1 h at 37 °C and 5%

CO,. DMSO-treated cells were applied as a control.

2.2.7 Doxycycline treatment

To analyze the stability of ataxin-3, the Tet-Off system was applied. Cells were seeded at a
density of 400,000 cells/well in a 6-well plate at 37 °C and 5% CO: and transfected for 72 h.
To turn off the expression of the Tet-Off system, 4.5 uM doxycycline (Sigma-Aldrich) was

applied for 0 h, 6 h, 24 h, and 48 h prior to harvesting the cells.

2.3 Protein analyses

2.3.1 Preparation of mouse brain lysate

To obtain mouse brain lysates, brain hemispheres were homogenized in RIPA buffer (50 mM
Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium

deoxycholate) containing cOmplete protease inhibitor EDTA-free (Hoffmann-La Roche, Basel,
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Switzerland) and 50 puM Thiamet G (TMG) using the ULTRA-TURRAX disperser (VWR
International, Ulm, Germany). Subsequently, the homogenates were centrifuged at 16,000xg
for 30 min at 4 °C. In the final step, the supernatant was transferred into a fresh reaction tube,

supplemented with 10% glycerol, and stored at =80 °C for further analysis.

2.3.2 Preparation of HEK 293T cell lysate

To prepare HEK 293T cell lysates, cultured cells were harvested by removing the media and
dissociating the cell layer using cold DPBS. The cell suspension was transferred into a 1.5 ml
reaction tube, centrifuged at 300xg for 5 min, and the supernatant was discarded. RIPA buffer
(50 mM Tris pH 7.5, 150 mM NacCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate)
containing cOmplete protease inhibitor EDTA-free was added to the cell pellet and it was
resuspended by pipetting. It was incubated on ice for 25 minutes (vortexing every 5 min), and
subsequently centrifuged at 16,000xg for 15 min at 4 °C. Finally, the supernatant was
transferred into a fresh reaction tube and supplemented with 10% glycerol. The cell lysates

were stored at —80 °C for later use.

2.3.3 Protein concentration measurement

The protein concentration of mouse brain and cell lysates was determined using the Bradford
protein assay. The Bradford protein assay is a dye-binding assay in which the color of
Coomassie Brilliant Blue G-250 dye changes from red to blue in response to various
concentrations of proteins (Bradford, 1976). The absorbance of the acidic solution of this
reagent shifts from 465 nm to 595 nm when it binds to proteins. 1 pg/pl bovine serum albumin
(BSA) solution was applied for making the protein standard curve. O ul, 1 pl, 2 pl, 5 pl, 10 pl,
15 pl, and 20 pl of BSA solution were added to 800 ul H20 to prepare samples for making a
standard curve. 2 ul cell lysate or homogenate was added to 798 ul H20 to reach the final
volume of 800 pl. Ultimately, 200 ul Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad
Laboratories, Hercules, CA, US) was added to the standard and target samples and thoroughly
mixed by vortexing. 100 ul of each mixture was transferred to a 96-well plate, and the

absorbance at 595 nm was measured using a Synergy HT plate reader.
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2.3.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

To prepare samples for running on a polyacrylamide gel, 30 ug protein extract was mixed with
4x LDS sample buffer (1 M Tris-base pH 8.5, 2 mM EDTA, 8% lithium dodecyl sulfate (LDS),
40% glycerol, 0.025% phenol red) supplemented with 100 mM Dithiothreitol (DTT) and heat-
denatured for 10 min at 70 °C. Prepared samples and protein marker (Bio-Rad) were
subjected to electrophoresis using 10% Bis-Tris gels (Table 2.3), and either MES SDS (50 mM
MES, 50 mM Tris-base pH 7.3, 0.1% SDS, 1 mM EDTA) or MOPS SDS (50 mM MOPS, 50 mM
Tris-Base pH 7.7, 0.1% SDS, 1 mM EDTA) running buffer. The gel was run at 80 V for 15 min

and then increased to maximum of 120 V.

Table 2.3 Reagents and applied volumes for making 2 Bis-Tris gels (10%).

Reagent Stacking gel (5%) Separation gel (10%)
3.5x% Bis-Tris buffer (pH 6.5-6.8) 1ml 2.84 ml

ddH20 1.9 ml 3.82ml

30% Acrylamide-Solution 0.6 ml 3.34 ml

(PanReac AppliChem)

10% APS 35 ul 50 pl

TEMED (PanReac AppliChem) 6.7 ul 14

2.3.5 Western blot analysis

The gel was transferred on an Amersham Biosciences Protran Premium 0.2 um nitrocellulose
membrane (GE Healthcare, Freiburg, Germany) as illustrated in Figure 2.2, and it was made
sure that there was no bubble between the layers. All used sponges and Whatman papers
were pre-wetted with Bicine/Bis-Tris transfer buffer (25 mM Bicine, 25 mM Bis-Tris pH 7.2, 1
mM EDTA) containing 15% methanol. The transfer chamber was filled with transfer buffer,
and blotting was conducted at 80 V for 90 min. Afterwards, the membrane was blocked using
5% skim milk (Sigma-Aldrich) in Tris-buffered saline (TBS; 10 mM Tris pH 7.5, 150 mM Nacl)
for 1 h at room temperature (RT) and washed using TBS-T (TBS containing 0.1% Tween 20) for
5 min three times. The membrane was incubated with the primary antibody (Table 2.4)
diluted in TBS-T overnight at 4°C. After three times washing the membrane with TBS-T for 5

min, fluorescence-conjugated secondary antibody (Table 2.5) diluted in TBS-T was added for
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1 h at RT. The membrane was washed with TBS-T for 10 min three times, and fluorescence

signals were detected using the LI-COR ODYSSEY FC system (LI-COR Biosciences, Bad

Homburg, Germany). A ratio of target protein to loading control was calculated using Image

Studio 5.2 software (LI-COR Biosciences). The primary and secondary antibodies were

stripped from the membrane using stripping buffer (25mM glycine, 1% SDS pH 2.0) for 10 min

twice, followed by washing with TBS-T for 5 min three times.

Table 2.4 Primary antibodies applied for immunodetection and immunostaining.

Primary antibody

Host specie Dilution

Cat No.

Provider/Company

Anti-ataxin-3

Anti-ataxin-3/C-
terminal

Anti-a-spectrin

Anti-B-actin

Anti-CLPP

Anti-c-myc

Anti-GAPDH
Anti-GFP
Anti-GST
Anti-KPNA2
Anti-KPNA3

Anti-KPNB1
Anti-lamin A/C
Anti-LC3

Anti-p62

Anti-vinculin

Mouse

Rabbit

Mouse

Mouse

Rabbit

Mouse

Mouse
Mouse
Mouse
Mouse

Rabbit

Rabbit
Mouse

Rabbit

Rabbit

Rabbit

1:5000
1:2500

1:1000
1:5000

1:2500

1:200

1:5000
1:5000
1:2500
1:5000
1:5000

1:5000
1:5000
1:1000

1:1000

1:1000

1H9, MAB5360
SA3637

AA6
AC-15, A5441

15698-1-AP

9E10, sc-40

0411, sc-47724
B-2, sc-9996
B-14, sc-138
G-11, sc-55537
ab137446

H-300, sc-11367
346, sc-7293
MBL-PD014

5114

E1E9V, 13901

Merck, Darmstadt, Germany

Schmidt et al., 1998

Merck

Sigma-Aldrich, St. Louis, MO,
us

Proteintech, St. Leon-Rot,
Germany

Santa Cruz Biotechnology,
Heidelberg, Germany

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Abcam, Cambridge, United
Kingdom

Santa Cruz Biotechnology
Santa Cruz Biotechnology

MBL International, Woburn,
MA, US

Cell Signaling Technologies,
Frankfurt am Main, Germany

Cell Signaling Technologies
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Table 2.5 Secondary antibodies used for immunodetection and immunostaining.

Secondary antibody Host specie Dilution P/N Lot/Cat No. Company
IRDye 680LT Goat anti- 1:10,000 926-68020 C50113-11 LI-COR Biosciences,
Mouse Bad Homburg,
Germany
IRDye 800CW Goat anti- 1:10,000 926-32210 (C50113-06 LI-COR Biosciences
Mouse
IRDye 680LT Goat anti- 1:10,000 926-68021 (C40916-01 LI-COR Biosciences
Rabbit
IRDye 800CW Goat anti- 1:10,000 926-32211 (C50331-05 LI-COR Biosciences
Rabbit
Alexa Fluor 555 Goat anti- 1:500 - A32732 Thermo Fisher
Rabbit Scientific, Karlsruhe,
Germany

— Whatman papers

—» Gel
—» NC membrane

—>» Whatman papers

Figure 2.2 Schematic representation of protein transfer from a polyacrylamide gel on a nitrocellulose
membrane. NC = nitrocellulose.

2.3.6 Subcellular fractionation assay

Cytoplasmic and nuclear fractions were separated according to the Rapid, Efficient And
Practical (REAP) fractionation method (Suzuki et al., 2010), with minor modifications (Weber
et al.,, 2017). Cells were seeded at a density of 400,000 cells/well in a 6-well plate and
transfected for 72 h. The cells were harvested using cold DPBS and detached by pipetting. The
cell suspension was centrifuged at 300xg for 5 min, and the supernatant was discarded. 100
ul micropipette tip was cut off at the 10 pl mark to enlarge the opening, and the cell pellet
was triturated five times with cold lysis buffer (DPBS supplemented with 0.1% NP-40)
containing cOmplete protease inhibitor EDTA-free (90 ul for sample from a 6-well plate). An
aliquot of cell suspension (30 pl) was taken as the whole cell lysate and kept on ice. The rest
was centrifuged at 10,000xg for 10 s, and the supernatant (60 ul) was considered cytoplasmic

fraction. The remaining pellet was rinsed once with 100 pl cold lysis buffer and centrifuged at
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10,000xg for 10 s. The supernatant was discarded, and the nuclear pellet was kept on ice. The
whole cell lysate and cytoplasmic fraction were mixed with 30 ul and 60 pl 4x LDS sample
buffer, respectively, and the nuclear pellet was resuspended in 36 ul 1x LDS sample buffer. 1
M DTT in a ratio of 1:10 was added to all samples and they were heat-denatured for 10 min
at 70 °C, followed by ultra-sonication for 10 s with 5 intervals at 10% power. Ultimately, 10 pl
of each sample was subjected to western blot analysis and immunodetection according to the
standard protocol. GAPDH and Lamin A/C were served as cytoplasmic and nuclear loading

controls, respectively.

2.3.7 Filter retardation assay

The formation of SDS-insoluble aggregates was analyzed by a filter retardation assay (Weber
et al.,, 2017). Cells were plated at a density of 400,000 cells/well in a 6-well plate and
transfected for 72 h. The cells were harvested using cold DPBS and centrifuged at 300xg for
5 min. The cell pellet was homogenized in lysis buffer (DPBS supplemented with 1% Triton X-
100) containing cOmplete protease inhibitor EDTA-free by ultra-sonication for 10 s with 5
intervals at 10% power. The protein concentration of the homogenate was measured by the
Bradford protein assay (as described before), and 10 ug homogenate was diluted in a total
volume of 100 ul DPBS supplemented with 2% SDS and 50 mM DTT. Samples were boiled for
5 min at 95 °C and cooled down to room temperature (RT) to avoid precipitation of SDS. In
the next step, filter trap apparatus (Minifold Il Slot Blot System, GE Healthcare) was
assembled, and an Amersham Biosciences Protran 0.45 um nitrocellulose membrane (GE
Healthcare) was placed on top of two whatman papers. The membrane was equilibrated by
washing the wells with 100 pl DPBS, and 100 pl of each sample was run on it using a vacuum
pump. Afterwards, the wells were washed using 100 ul DPBS, and the membrane was
transferred into TBS for 5 min. Membrane was blocked using 5% skim milk in TBS for 1 h at
RT, and immunodetection was conducted according to the standard protocol (as mentioned

in the western blot analysis section).

2.3.8 Glutathione S-transferase (GST) pull-down assay

A GST pull-down assay was employed to detect protein-protein interactions. For this purpose,
E. coli BL21 bacteria containing pGEX-6P-1-MJD15Q and pGEX-6P-1-MJD77Q were cultured in
10 ml 2x YT medium (Roth, X966.3) supplemented with 10 pl Ampicillin (100 mg/ml) (1:1000).
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The bacteria were grown for 16 h at 37 °C with vigorous shaking (INFORS AG, Bottmingen,
Switzerland), and protein expression was induced by adding 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) for 2 h. The bacteria were centrifuged at 1500xg at 4 °C for 5
min, and the pellet was rinsed once and resuspended in 500 pul GST-binding/wash Buffer (4.2
mM NaH2POa, 2 mM KH,PO4, 140 mM NaCl, and 10 mM KCl, 1% NP-40) containing cOmplete
protease inhibitor EDTA-free. Bacterial lysate was prepared by ultra-sonication for 15 s with
5 intervals at 40% power, followed by centrifugation at 16,000xg for 10 min at 4 °C. The
supernatant was transferred into a fresh 1.5 ml reaction tube and supplemented with 10%
glycerol. Eukaryotic protein extract was obtained by harvesting wild-type HEK 293T cells using
cold DPBS and centrifugation at 300xg for 5 min at 4 °C. The pellet was resuspended in 500
ul GST-binding/wash Buffer, lysed using a U-40 Insulin Syringe, and centrifuged at 16,000xg
for 15 min at 4 °C. The supernatant was transferred into a fresh 1.5 ml reaction tube and
supplemented with 10% glycerol. The protein concentration of HEK 293T cells and bacterial
lysates was determined by the Bradford protein assay (as described before). 35 ul MagneGST
Glutathione Particles (Promega, Walldorf, Germany) were applied and washed four times
using 250 ul GST-binding/wash Buffer at room temperature and resuspended by flicking. 500
ug prokaryotic protein extract (in a volume of 250 pl) containing GST-15Q or GST-77Q ataxin-
3 was immobilized on MagneGST Glutathione Particles for 1-2 h at 4 °C on a rotor, followed
by a four-times-washing step using 500 pl GST-binding/wash Buffer for 5 min at 4 °C.
Subsequently, MagneGST Glutathione Particles were incubated with 500 ug HEK 293T cells
protein extract (in a volume of 250 pl) overnight at 4 °C on a rotor and washed five times with
500 ul GST-binding/wash Buffer. The trapped proteins were eluted from magnet particles by
boiling in 40-50 pl 1x LDS sample buffer containing 100 mM DTT for 5 min at 95 °C and

proceeded to western blot analysis and immunodetection.

2.3.9 Immunofluorescence staining

Cells were grown on poly-L-lysine (Sigma-Aldrich)-coated glass coverslips in a 24-well plate
and transfected with respective constructs for 72 h. For prefixation, 50 upl 4%
paraformaldehyde (PFA) solution (4% PFA in DPBS pH 7.5) was added to the medium, and it
was incubated for 10 min at 37 °C with 5% CO,. For cell fixation, medium was aspirated, and

cells were incubated with 200 pl 4% PFA solution for 15 min at room temperature (RT),
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shaking gently. Afterwards, cells were washed using DPBS three times for 5 min, and blocked
and permeabilized using 200 pul blocking solution (DPBS supplemented with 10% BSA and 0.5%
Triton X-100) for 1 h at RT. Blocking solution was removed, and 150 ul primary antibody in
antibody diluent (DPBS supplemented with 1% BSA and 0.5% Triton X-100) was added over
night at 4 °C. The cells were washed using cold DPBS four times for 5 min at RT and incubated
with 150 ul secondary fluorescence-tagged antibody Alexa Fluor 555 (1:500; Thermo Fisher
Scientific) in antibody diluent for 1 h at RT. Subsequently, cells were rinsed by cold DPBS four
times for 5 min and mounted using VECTASHIELD Antifade Mounting Medium containing DAPI
(Vector Laboratories, Peterborough, UK). Fluorescent images were taken with an Axioplan 2
Imaging System, AxioCam MRm (Carl Zeiss Microscopy, Jena, Germany), 400x magnification,
and AxioVision version 4.8 imaging software (Carl Zeiss Microscopy). 20 fields of vision with
at least 10 GFP-positive cells were photographed per coverslip under blinded conditions. The
number of cells with aggregates was counted manually and calculated as the percentage of

total GFP-positive cells.

2.4 Mass spectrometry (MS)

2.4.1 Protein in-gel digestion

Cells were seeded at a density of 400,000 cells/well in a 6-well plate and transfected for 72 h
in three biological replicates. Cells were harvested using cold DPBS, and cell lysates were
prepared using RIPA buffer as described in the preparation of the HEK 293T cell lysate section.
The whole cell lysates were purified using SDS-PAGE (Thermo Fisher Scientific), and the gel
was stained with Coomassie Brilliant Blue. Stained gel pieces were excised and in-gel digested
using trypsin as described previously (Borchert et al., 2010). Tryptic peptides were desalted
using C18 StageTips (Rappsilber et al., 2007) and subjected to liquid chromatography and

tandem mass spectrometry (LC-MS/MS) analysis.

2.4.2 Liquid chromatography and tandem mass spectrometry (LC-
MS/MS)

LC-MS/MS analysis was conducted on an Easy nano-LC (Thermo Fisher Scientific) coupled to
an QExactiveHF mass spectrometer (Thermo Fisher Scientific) as described before (Franz-

Wachtel et al., 2012). Peptides were eluted by applying a 60-min segmented gradient with a
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flow rate of 200 nl/min. The 20 most intensive peaks were selected for fragmentation with

HCD.

2.4.3 Mass spectrometry data processing

The MS data from all three replicates was processed utilizing MaxQuant software suite version
1.6.7.0 (Cox and Mann, 2008). Database search was carried out using the Andromeda search
engine (Cox et al., 2011), which is integrated into MaxQuant. MS/MS spectra were searched
against a target-decoy human Uniprot database comprising 96817 protein entries and 245
commonly observed contaminants. Full specificity was required for trypsin, and up to two
missed cleavages were allowed in database searches. Cysteine carbamidomethylation was
considered the static modification, while methionine oxidation and acetylation of N-terminal
residues were set as variable modifications. Initial mass tolerance was set to 4.5 parts per
million (ppm) for precursor ions and 0.5 Dalton (Da) for fragment ions. Peptide and
modification site identifications were determined at a false discovery rate (FDR) of 0.01,
interpreted by the target-decoy approach (Elias and Gygi, 2007). The label-free algorithm was
enabled, as was the “match between runs” option for samples within one biological replicate
(Luber et al., 2010). Label-free quantification (LFQ) protein intensities from the MaxQuant
data output were employed for relative protein quantification. Bioinformatic analysis
(Student’s t-test) was performed using the Perseus software package version 1.6.2.3 (Tyanova
et al., 2016). The data was filtered for contaminants, reversed, and only identified by site

entries. A p-value < 0.05 was considered statistically significant, and SO was set to 0 (SO = 0).

For canonical pathway analysis and identification of the upstream regulators, dysregulated
proteins obtained from mass spectrometry were analyzed using the Ingenuity Pathway
Analysis (IPA) software (v60467501) (Qiagen). Dysregulated proteins with a p-value < 0.05
were considered for the analysis. A z-score, which describes how many standard deviations a

value is above or below the mean of a given distribution, was calculated.

2.5 RNA sequencing

Cells were seeded at a density of 400,000 cells/well in a 6-well plate and transfected for 72 h.
The cells were harvested using cold DPBS and centrifuged at 300xg for 5 min. Total RNA was

isolated from cells using the QIAsymphony RNA Kit (Qiagen) according to the manufacturer’s
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instructions. In brief, the cell pellet was disrupted using 400 ul RLT Plus in a 2 mL
microcentrifuge tube containing a 5 mm-diameter stainless steel bead (Qiagen) and agitated
at 30 HZ for twice 2 minutes using the Tissuelyser Il (Qiagen). RNA isolation was performed
on the QlAsymphony (Qiagen) following the platform standard protocol. The RNA
concentration was measured using the Qubit Fluorometric Quantitation and RNA Broad-
Range Assay Kit (ThermoFisher Scientific), and RNA purity was determined using the Axso/A2s0
and Ajeo/Az30 ratios using a spectrophotometer (Nanodrop ND-1000; PEQLAB). The RNA
Integrity Number (RIN) was estimated using the Fragment Analyzer 5300 and the Fragment

Analyzer RNA Kit (Agilent Technologies).

For library preparation, the mRNA fraction was enriched using oligodT priming from 100 ng
of total RNA using the QuantSeq 3' mRNA-Seq (Lexogen). Subsequently, mRNA libraries were
prepared using the UMI Second Strand Synthesis Module according to the manufacturer’s
instructions, and the library amplification was carried out with 15 PCR cycles. Library molarity
was determined by measuring the library size using the Fragment Analyzer 5300 and the
Fragment Analyzer DNA HS NGS fragment Kit (Agilent Technologies). The concentration of
library (> 1 ng/ul) was measured using Qubit Fluorometric Quantitation and dsDNA High
Sensitivity Assay (Thermo Fisher Scientific). In the next step, the libraries were denaturated
according to the manufacturer’s instructions, diluted to 800 pM, and sequenced as dual 100
bp reads on an Illlumina NovaSeq 6000 (lllumina) with a sequencing depth > 10 million clusters

per sample.

Read quality of RNA-seq data in fastq files was assessed using ngs-bits (v2020_12-60) to
identify sequencing cycles with low average quality, adaptor contamination, or repetitive
sequences from PCR amplification. Reads were aligned using STAR (v2.7.3a) allowing gapped
alignments to account for splicing against a custom-built genome composed of the Ensembl
rat Rnor6, and alignment quality was analyzed using samtools (v1.11) and visually inspected
in the Integrative Genome Viewer (v2.7.2). Normalized read counts for all genes were
obtained using TMM normalized expression in edgeR (v3.32.0) on R(v4.0.2). Transcripts
covered with less than 1 count-per-milion in at least 1 sample were excluded from the analysis
leaving > 9,000 genes for determining differential expression in each of the pair-wise

comparisons between experimental groups.
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The distribution of logarithmized cpm-normalized expression values displayed similar
characteristics over all samples. Based on the filtered data set, samples were investigated
with respect to their pairwise similarity. Spearman’s rank correlation coefficient was
calculated for each pair of samples. Hierarchical clustering was conducted on the resulting
similarity values. Differential gene expression analysis was done based on the filtered gene
expression data set. A statistical model incorporating the group property of samples was
tested by fitting a negative binomial distribution using a generalized linear model (GLM)
approach. For each gene, gene expression fold change (log. fold change) was computed, and
a statistical test was carried out to assess the significance, which is given as a raw p-value and

adjusted an p-value (FDR, obtained by the Benjamini-Hochberg procedure).

For canonical pathway analysis, differentially expressed genes obtained from RNA sequencing
were analyzed using the Ingenuity Pathway Analysis (IPA) software (v60467501) (Qiagen).
Differentially expressed genes with log, fold change (log, FC) 2 0.5 and p-value <0.05 were
considered for the analysis. A z-score, which describes how many standard deviations a value

is above or below the mean of a given distribution, was calculated.

2.6 Molecular cloning

All enzymes applied for molecular cloning were purchased from New England Biolabs

(Frankfurt am Main, Germany).

2.6.1 Amplification of mutation by polymerase chain reaction (PCR)
To introduce mutation (AAT to AGA) into a DNA construct containing human KPNB1,
touchdown PCR was conducted according to Tables 2.6 and 2.7, applying the following
primers: forward, 5’-ATGTCACAAACCCCAACAGC-3’; and reverse, 5'-
GTAGCAGCTAGCTTCACATTATTACTAGGCTCTTCTTTCCTCATCCCCTGGTATGGCAGTCAGA
ATC-3'.
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peqGOLD Pwo-DNA-Polymerase (peqglab) (1 U/ul)

Total volume

Reagent Volume
ddH20 135l

10x Reactions Buffer complete (includes 20 mM MgS04) 2l

2 mM dNTPs 2 pl (200 pum)
pCMV6-XL5-KPNB1 (50 ng/ul) 0.5 ul (25 ng)
Primer/F 0.6 ul
Primer/R 0.6 ul

0.8 pl (0.03-0.06 U/pl)

20 pl

Table 2.7 The touchdown PCR program.

No. cycle Time Temperature
1x 2 min 94 °C
15s 94 °C
10x 30s 65°C-1°C
1 min 68 °C
15s 94 °C
25x% 30s 55°C
1 min 68 °C
1x 7 min 68 °C
1x Infinite 10°C

2.6.2 Purification of PCR products

Before digestion by restriction enzymes, the PCR products were purified using the QlAquick

PCR Purification Kit (Qiagen) according to the manufacturer’s instructions, and all

centrifugations were done at ~17,900xg. Briefly, 5 volumes of Buffer PB (supplemented with

1:250 volume pH indicator I) were added to 1 volume of the PCR reaction and mixed. The

yellow color of Buffer PB with pH indicator | indicated a pH < 7.5, which is the effective pH. A

QlAquick column was placed into a provided 2 ml collection tube. The sample was applied to

the QlAquick column and centrifuged for 30-60 s, and the flow-through was discarded.

Subsequently, the QlAquick column was washed using 750 ul Buffer PE (supplemented with

ethanol) and centrifuged for 30-60 s, and the flow-through was discarded. The QlAquick
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column was centrifuged once more for 1 min to remove the residual of wash buffer. The
QlAquick column was placed into a fresh 1.5 ml reaction tube, and a maximum of 50 ul Buffer

EB (10 mM Tris-Cl pH 8.5) was added to the center of it and centrifuged for 1 min.

2.6.3 Digestion with restriction enzymes and dephosphorylation

Plasmids (pCMV6-XL5-KPNB1) and purified PCR products (insert) were digested using Sall-HF
and Nhel restriction enzymes according to Table 2.8. They were incubated at 37 °C for 3 h,

and subsequently inactivated at 65 °C for 20 min.

Table 2.8 Reagents and applied volumes for digestion of plasmids and PCR products.

Reagent Plasmid PCR product
10x CutSmart buffer 5ul 5ul

Sall-HF 0.5 ul 0.5 ul

Nhel 0.5 ul 0.5 ul

DNA 1.5 pg total (40 pl)
ddH20 Adjust 4 ul

Total volume 50 pl 50 pl

Alkaline Phosphatase, Calf Intestinal (CIP) nonspecifically catalyzes the dephosphorylation of
the 5" and 3" ends of DNA, RNA, and dNTPs. To inhibit the self-ligation of digested plasmids,
1 ul CIP was added to the reaction and incubated at 37 °C for 1 h. Afterwards, the enzyme

was inactivated at 65 °C for 10 min.

2.6.4 TAE agarose gel electrophoresis

Digested plasmids and PCR products were separated by running on a 1% and 2% TAE agarose
gel, respectively. For making a 1% and 2% TAE agarose gel, 0.5 g and 1 g agarose were
dissolved in 50 ml 1x TAE buffer (40 mM Tris-Acetate, 1 mM EDTA pH 8), respectively.
Subsequently, 0.5 pg/ul ethidium bromide was added to the solution and mixed thoroughly.
The solution was applied to a gel tray, and after polymerization, it was placed into an
electrophoresis chamber. The samples were mixed with 6x loading sample buffer (0.25%
bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol) and loaded on the gel as well as the

DNA ladder (GeneRuler DNA Ladder Mix). The electrophoresis was performed using 1x TAE
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buffer at 100 V for 40 min. Afterwards, the respective band was cut from the gel using a clean

scalpel under UV light and put into a pre-weighted reaction tube.

2.6.5 DNA extraction from gel

Digested plasmids and PCR products were extracted from the agarose gel using the QlAquick
Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions, and all
centrifugations were done at ~17,900xg. 3 volumes of Buffer QG were added to 1 volume of
gel (100 mg gel ~100 pl), and the reaction was incubated at 50 °C for 10 min. It was vortexed
for 2-3 min until the gel was completely dissolved. Then, 1 gel volume of 100% isopropanol
was added to the reaction and mixed thoroughly. The sample was applied to the QlAquick
spin column and centrifuged for 1 min. Subsequently, the QlAquick spin column was washed
using 750 pl Buffer PE (supplemented with ethanol) and centrifuged for 1 min and the flow-
through was discarded. The QlAquick spin column was placed into a fresh 2 ml collection tube
and centrifuged once more for 1 min to remove the residual of wash buffer. The QlAquick
spin column was placed into a fresh 1.5 ml reaction tube, and 30 pl Buffer EB (10 mM Tris-Cl
pH 8.5) was added to the center of it and centrifuged for 1 min to elute the extracted DNA.
The concentration of extracted DNA was measured using a BioPhotometer at 260 and 280

nm, and the ratio of Azs0/A2s0 was used to analyze DNA purity.

2.6.6 DNA ligation

The mass of insert required at several molar insert:vector ratios was calculated by the
NEBioCalculator online tool (https://nebiocalculator.neb.com/#!/ligation). The ligation of the

purified plasmid (pCMV6-XL5-KPNB1) and insert was carried out according to Table 2.9.

Table 2.9 Reagents and applied volumes for ligation of plasmid and insert.

Reagent Volume

10x T4 DNA Ligase Reaction Buffer 1l

T4 DNA Ligase 1l

Plasmid (pCMV6-XL5-KPNB1) 20 ng

Insert 1.714 ng (3:1), 2.857 ng (5:1)
ddH20 Adjust

Total volume 10 ul
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The reaction was incubated at 16 °C overnight or at room temperature for 1-2 h. Afterwards,
the enzyme was inactivated at 65 °C for 10 min. Plasmid without an insert was applied as the

negative control.

2.6.7 Transformation of competent Bacteria

The transformation of competent bacteria was conducted by heat shock. In brief, competent
DH5a bacteria (from a glycerol stock stored at —80 °C) were thawed on ice, and 100 ul of it
was mixed gently with 10 pul (total) ligation mixture. The reaction was kept on ice for 30 min,
followed by incubation at 42 °C for 45 s, and then placed back on ice for 2 min. Subsequently,
the reaction, including bacteria, was pipetted gently into 900 pl pre-warmed Super Optimal
Broth (SOC) medium (Sigma-Aldrich) and incubated at 37 °C for 1-2 h with shaking. In this

step, LB medium can be used as well.

2.6.8 Culturing bacteria on agar plates

The obtained bacterial suspension was centrifuged briefly to pellet the bacteria. 800 ul
supernatant was discarded, and the pellet was resuspended in the rest of the supernatant
(200 pl). In the next step, 5—6 autoclaved glass beads were put in an agar plate supplemented
with 100 pg/ml ampicillin, and 200 pl bacterial suspension was added to it. The agar plate was
shaken until the supernatant was dried out and incubated at 37 °C overnight. The next day,
the plate was checked for the colonies, and a tiny portion of individual colonies was scraped
using a loop and immersed in autoclaved LB medium supplemented (1:1000) with 100 mg/ml
ampicillin. The bacteria were grown at 37 °C for 16 h with vigorous shaking and proceeded

with plasmid preparation (as described before).

2.7 Sanger sequencing

To confirm the respective mutation and to ensure that no other mutations have been
generated, Sanger sequencing was performed using Genomelab Dye Terminator Cycle
Sequencing with Quick Start Kit (Beckman Coulter) according to the manufacturer’s

instructions.
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2.7.1 Preparation of DNA

The DNA template (plasmid) was diluted with water to the appropriate concentration
according to the manufacturer’s instructions. It was heated at 96 °C for 1 min and then cooled
down to room temperature. All reagents were added into a reaction tube in the order listed
in Table 2.10 and mixed thoroughly. Afterwards, it was proceeded to a thermal cycling
program (Table 2.11). The following primers were applied in this step: forward, 5'-

ACCAGTGGCCAGAACTCATT-3’; and reverse, 5'-AGTGCCTTTCAGACTCTTTATCA-3'.

Table 2.10 Reagents and applied volumes for DNA sequencing.

Reagent Volume
ddH20 Adjust
DNA template (plasmid) 0.5-10 pl
Sequencing Primer (1.6 pmol/uL or 1.6 uM) 2ul
DTCS Quick Start Master Mix 8 ul
Total volume 20 ul

Table 2.11 The thermal cycling program used for DNA sequencing.

No. cycle Time Temperature
20s 6°C

30x% 20s 50°C
4 min 60 °C

1x Infinite 4°C

2.7.2 Ethanol precipitation and sample loading

To prepare a fresh Stop Solution/Glycogen mixture (per sequencing reaction), 2 ul 3 M Sodium
Acetate (pH 5.2), 2 pl 100 mM Na,-EDTA (pH 8.0), and 1 pl 20 mg/ml glycogen (supplied with
the kit) were mixed, and 5 pl Stop Solution/Glycogen mixture was added to the sequencing
reaction from the last step. Afterwards, 60 pl of cold 95% ethanol from —20 °C freezer was
added and mixed thoroughly, and immediately centrifuged at 14,000 rpm at 4 °C for 15 min.
The supernatant was removed carefully, and the pellet was rinsed twice with 200 pl of cold
70% ethanol from =20 °C freezer. For each rinse, centrifugation was conducted immediately

at 14,000 rpm at 4 °C for 2 min and the supernatant was removed carefully. Subsequently,
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the sample was vacuum dried for 10 min, resuspended in 40 ul of the Sample Loading Solution
(SLS), and incubated at 4 °C for 1 h. In the next step, the resuspended sample was transferred
to the wells of a sample plate and overlaid with one drop of light mineral oil. The sample plate
was loaded into the instrument (Beckman Coulter) and the sequencing program was started.
Analysis of sequences was carried out by Genomelab Software GeXP software (Beckman

Coulter).

2.8 Animal research

2.8.1 Ethical statement on human and animal research

Informed consent was obtained for taking fibroblasts from SCA3 patients and healthy
individuals. All research on human materials was carried out under the approval of the Ethics
Committee of Tlibingen University (598/2011B0O1). Mouse tissue was obtained and applied
for the experiments according to the German Animal Welfare Act and the guidelines of the
Federation of European Laboratory Animal Science Associations, based on European Union

legislation (Directive 2010/63/EU).

2.8.2 Mouse housing and tissue sampling

Wild-type mice as well as YAC transgenic mice (Cemal et al., 2002), and CaMKIl/MJD77
transgenic mice previously generated in our lab (Schmidt et al., 2019), were housed under
standard conditions and a 12-hour light-dark cycle with 50-55% relative air humidity. Mice
were sacrificed using CO; inhalation and perfused transcardially with phosphate-buffered
saline (PBS). Brains were immediately dissected on ice, snap-frozen in liquid nitrogen, and

stored at —80 °C for further assessments.

2.9 Statistical analysis

Data are presented as mean + SEM. Statistical analysis was conducted using GraphPad Prism
6.00 software (GraphPad Software Inc., La Jolla, CA, US). The statistical significance of data
sets with a normal distribution was evaluated using one sample t-test and two-tailed
Student’s t-test. A comparison among multiple groups was performed using one-way ANOVA
with Tukey’s post-test. Significance was considered at p-value <£0.05. Statistical outliers

determined by the ROUT test (Q = 1%) were excluded from analysis.
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2.10 Kits, compounds, and software

Table 2.12 Kits and reagents

Kit/Reagent Cat No. Company

Genomelab P/N 608120 Beckman Coulter Inc., CA,

Dye Terminator Cycle Sequencing with Quick Start Kit USA

QlAquick Gel Extraction Kit 28706 Qiagen, Hilden, Germany

QlAquick PCR Purification Kit 28106 Qiagen

QlAprep Spin Miniprep Kit 27106 Qiagen

Attractene 301005 Qiagen

PrestoBlue Cell Viability Reagent A13261 Thermo Fisher Scientific,
Karlsruhe, Germany

TurboFectin 8.0 TF81001 OriGene Technologies,
Rockville, US

Table 2.13 Compounds for cell treatment

Compound Cat No. Company

Bafilomycin Al tirl-bafl InvivoGen, Toulouse, France

Calpain inhibitor IlI MDL-28170 Sigma-Aldrich, St. Louis, MO, US
Caspase inhibitor Q-VD-OPh SML0063 Sigma-Aldrich

Importazole/IPZ SMLO0341 Sigma-Aldrich

lonomycin 10634 Sigma-Aldrich

Lactacystin BML-P1104-0200 Enzo Lifescience, Lausen, Switzerland

Table 2.14 Software

Software Provider/Company

AxioVision version 4.8 imaging software Carl Zeiss Microscopy, Jena, Germany
Coreldraw X5 Corel Corporation, Ottawa, Ontario, Canada
Genomelab Software GeXP software Beckman Coulter, CA, USA

GraphPad Prism 6.00 software GraphPad Software Inc., La Jolla, CA, US
Image Studio 4.0 software LI-COR Biosciences, Bad Homburg, Germany
Ingenuity Pathway Analysis Qiagen, Hilden, Germany

MaxQuant software suite version 1.6.7.0 Cox and Mann, 2008

Perseus software package version 1.6.2.3 Tyanova et al., 2016
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3. Results

3.1 Wild-type and polyQ-expanded ataxin-3 interact with nuclear
transport receptors

Ataxin-3 is primarily a cytoplasmic protein, even though polyQ-expanded ataxin-3 generates
intranuclear aggregates in the neurons of SCA3 patients (Paulson et al., 1997b). The exact
molecular mechanism implicated in the nuclear localization of polyQ-expanded ataxin-3 is not
fully characterized; however, mounting evidence indicates that there is a direct link between
the intracellular localization of ataxin-3 and its neurotoxicity (Bichelmeier et al., 2007; Tait et
al., 1998). In the previous study in our group, it was shown that karyopherin a-3 (KPNA3),
which is a nuclear transport receptor, has a leading role in the nucleocytoplasmic trafficking
of ataxin-3, influencing its aggregation, toxicity, and the pathogenic development of SCA3
(Sowa et al., 2018). Given that KPNA3 is an adaptor protein for karyopherin B-1 (KPNB1) to
execute its transport function in the cells (Cautain et al., 2015), we sought to study the impact

of KPNB1 modulation on ataxin-3.

In the first step, we investigated whether ataxin-3 interacts directly with KPNB1 as well as
karyopherin a-2 (KPNA2) and KPNA3, therefor, the glutathione S-transferase (GST) pull-down
assay was performed. Accordingly, GST-tagged wild-type (15Q) and polyQ-expanded (77Q)
ataxin-3 were overexpressed in E. coliand immobilized on glutathione beads. In the next step,
glutathione beads were incubated with wild-type HEK 293T cell lysates, which endogenously
express all three karyopherins. Western blot analysis of the GST pull-down defined that
endogenous KPNB1, along with KPNA2 and KPNA3, were copurified with both 15Q and 77Q
ataxin-3 (Figure 3.1), representing an important indication of a direct functional interaction

between ataxin-3 and nuclear transport receptors.

Altogether, the GST pull-down assay demonstrated a direct interaction between both wild-
type and polyQ-expanded ataxin-3 with three different karyopherins, KPNB1, KPNA2, and
KPNA3. These findings provide evidence for the concept that nuclear transport of ataxin-3 is

likely mediated by importin a and importin B.
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Figure 3.1 Wild-type and polyQ-expanded ataxin-3 interact with KPNB1, KPNA2, and KPNAS3. The
interaction of wild-type (15Q) and polyQ-expanded (77Q) ataxin-3 with KPNB1 and its partners KPNA2
and KPNA3 was validated by a GST pull-down assay. GST-tagged 15Q and 77Q ataxin-3 were
overexpressed in E. coli and purified using glutathione beads, followed by incubation with wild-type
HEK 293T cell protein extract overnight. Input as well as pull-down samples were subjected to western
blot analysis, and blots were probed for KPNB1, KPNA2, KPNA3, and GST. Empty GST was utilized as a
negative control. White bullets (o) indicate nonspecific bands. Modified from Abeditashi et al., 2022.

3.2 KPNB1 modulation does not alter the subcellular localization of
wild-type and polyQ-expanded ataxin-3

Nucleocytoplasmic transport is a highly regulated process that controls the trafficking of
various cargos between the nucleus and the cytoplasmic compartments. Appropriate
nucleocytoplasmic transport is essential to maintain the cell homeostasis (Fallini et al., 2020).
Regulation of nucleocytoplasmic transport involves the mechanisms that modulate the
interaction of the nuclear transport receptors with their cargos. Disruption of this regulation

can cause detrimental effects on the cells (McLane and Corbett, 2009).

The precise mechanisms implicated in the nuclear transport of ataxin-3 are not well
understood. As karyopherins are known to transport cargos across the nuclear membrane
and we were able to confirm the interaction of ataxin-3 with KPNB1, we decided to explore

the effect of KPNB1 overexpression and knockdown on subcellular localization of ataxin-3.

To fulfill this purpose, we transfected ATXN3 KO HEK 293T cells with either wild-type (15Q) or
polyQ-expanded (148Q) ataxin-3 together with KPNB1 or empty vectors as control for 72 h.
ATXN3 KO HEK 293T cells were applied for most experiments to avoid the interference of
endogenous ataxin-3. The intracellular localization of ataxin-3 was analyzed by a

nucleocytoplasmic fractionation assay measuring the amount of protein located in the
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nucleus and cytoplasmic compartments. Nucleocytoplasmic fractionation was performed
using the Rapid, Efficient And Practical (REAP) method (Suzuki et al., 2010), which is a fast and
non-ionic detergent-based purification technique and prevents protein degradation. The
nuclear and cytoplasmic fractions were subjected to western blot analysis. Given that KPNB1
is an importin, we expected to detect an increase in the nuclear fraction of ataxin-3. To our
surprise, quantification of the cytoplasmic and nuclear levels of 15Q and 148Q ataxin-3
relative to the total amount of ataxin-3 as well as the ratio of the nuclear and cytoplasmic
ataxin-3 indicated that overexpression of KPNB1 does not induce any significant alteration in
the intracellular localization of 15Q and 148Q ataxin-3. However, KPNB1 overexpression led
to an apparent reduction of both nuclear and cytoplasmic levels of 15Q and 148Q ataxin-3 as
observed in the western blot analysis of the nucleocytoplasmic fractionation assay (Figure
3.2). Furthermore, the detection of ataxin-3 using the 1H9 and C-terminal antibodies revealed
the generation of specific ataxin-3 fragments upon KPNB1 overexpression, which was best

visible in the cytoplasmic fraction of the transfected cells (Figure 3.2).

58



Results

a
Low High
Exp | T
> >
vat' 'Nuc‘ 'Cyt‘ 'Nuc' % 15 ok ‘I_ 15 ek
CTRL + + + + = —_— = _—
™
KPNB1 + + + + g 1.0 ‘E 10
50- <fl e} [}
15QAt3 245 205
37- (1H9) < $
- - frg o z
L 3 0.0 < 0.0
- *4 CTRL KPNB1 o CTRL KPNB1
25- -~
50- -— -_ e <fl
. 15Q Atx3
37- B = & 4‘2‘;”"‘) 5100 WCTRL
2 g5 MKPNB1
100- 2
-~ - KPNB1 o 92
75‘] = = laminA/C g2 l l L
)
37-]-- \ GAPDH = o0
kDa Cyt Nuc
Low High
Exp | T
~ >
‘Cyt‘ 'Nuc' 'Cyt' 'Nuc ?. 15 - T1s o
CTRL + + + + = ;
>
KPNB1  +  + + + 210 Z10
75-/ S0 . - g g
B o we 1480 A3 ¥ 05 s S 05 b )
50- s 3
~frg 0.0 Z 00
37- . & CTRL KPNB1 ¢& CTRL KPNB1
75D — — .<1f|
. 148Q Atx3
— — ¥ ns n
50- (C-term) 100 mCTRL
-~ frg < 98 ® HKPNB1
]
-- “w w=» KPNB1 9

75- .
: =o lamin A/C
37| — GAPDH

kDa

% Cyt/Nuc 148Q

oNn A ob
[ ]
[ ]

Nuc

(2]
<
=3

Figure 3.2 KPNB1 overexpression does not modulate the subcellular localization of neither wild-type
nor polyQ-expanded ataxin-3. (a, b) The nucleocytoplasmic fractionation assay displays a significant
decrease in cytoplasmic and nuclear wild-type (15Q) and polyQ-expanded (148Q) ataxin-3 upon
KPNB1 overexpression (white arrowheads), whereas no alteration was observed in the subcellular
localization of ataxin-3 in comparison to control. Additionally, it shows the accumulation of mainly
cytoplasmic ataxin-3 fragments (black arrowheads) in KPNB1-overexpressing cells. ATXN3 KO HEK
293T cells were cotransfected with either 15Q or 148Q ataxin-3 and KPNB1 or empty vectors as a
control. 72 h post-transfection, transfected cells were harvested, and a nucleocytoplasmic
fractionation assay was carried out according to the REAP method and proceeded to western blot
analysis. Blots are shown in low and high exposures. The white bullet (o) marks nonspecific bands.
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Ataxin-3 was detected using the 1H9 and C-terminal antibodies. Western blot analysis confirmed the
overexpression of KPNB1 in transfected cells. The diagrams illustrate the relative cytoplasmic and
nuclear levels of 15Q and 148Q ataxin-3, as well as the ratio of nuclear and cytoplasmic ataxin-3 as a
percentage. GAPDH and lamin A/C were applied as cytoplasmic and nuclear loading controls,
respectively. a, n = 4, Cyt-15Q, one sample t-test, p = 0.0003; Nuc-15Q, one sample t-test, p = 0.0012;
Cyt/Nuc, unpaired t-test, p = 0.6261; b, n = 4, Cyt-148Q, one sample t-test, p = 0.0033; Nuc-148Q, one
sample t-test, p = 0.0027; Cyt/Nuc, unpaired t-test, p = 0.5443. CTRL = empty vector; Cyt = cytoplasmic
fraction; Nuc = nuclear fraction; fl = full-length; frg = fragment; C-term = C-terminal; Exp = exposure;
Rel. = relative. Values are displayed as means = SEM. ns = not significant; *p <0.05; **p <0.01;
***p < 0.001. Modified from Abeditashi et al., 2022.

To further confirm our findings, we investigated the effect of KPNB1 overexpression on the
subcellular localization of wild-type and polyQ-expanded ataxin-3 using fluorescence
microscopy. ATXN3 KO HEK293T cells were cotransfected with either EGFP-ataxin-3 15Q or
EGFP-ataxin-3 148Q together with KPNB1 or empty vectors as a respective control. The
intracellular distribution of EGFP-ataxin-3 15Q or EGFP-ataxin-3 148Q was visualized with a
fluorescence microscope. Figure 3.3 shows representative pictures of cells displaying both the
cytoplasmic and nuclear distribution of ataxin-3. Consistent with the result of
nucleocytoplasmic fractionation assay, manual quantification of the percentage of GFP-
positive cells with predominantly nuclear ataxin-3 indicated that KPNB1 overexpression does
not modulate the subcellular localization of neither 15Q nor 148Q ataxin-3 compared with

control (Figure 3.3).

Since we observed a potential influence of KPNB1 overexpression on protein levels of both
wild-type (15Q) and polyQ-expanded (148Q) ataxin-3 rather than their subcellular
localization, we further assessed the effect of KPNB1 knockdown on localization of ataxin-3.
In this respect, ATXN3 KO HEK 293T cells were cotransfected with either 15Q or 148Q ataxin-
3 and endoribonuclease-prepared siRNA (esiRNA) targeting KPNB1 or Renilla luciferase
(esiLUC) as a respective control for 72 h. A nucleocytoplasmic fractionation assay was
performed using the REAP method, followed by western blot analysis. Detection of
membranes using an antibody specific for KPNB1 confirmed the knockdown of this protein in
transfected cells (Figure 3.4). Western blot analysis of the nucleocytoplasmic fractionation
assay demonstrated that KPNB1 knockdown using esiRNA did not modulate the localization
of neither 15Q nor 148Q ataxin-3, although in contrast to KPNB1 overexpression, a significant
increase in the levels of both nuclear and cytoplasmic ataxin-3 was detected in these cells

compared to control (Figure 3.4).
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Figure 3.3 Overexpression of KPNB1 does not affect the intracellular distribution of EGFP-ataxin-3.
(a, b) Fluorescence microscopy was performed to visualize the subcellular localization of wild-type and
polyQ-expanded ataxin-3 upon KPNB1 overexpression. ATXN3 KO HEK293T cells were cotransfected
with either EGFP-ataxin-3 15Q or EGFP-ataxin-3 148Q together with KPNB1 and empty vectors
(control). 72 h post-transfection, cells were fixed and mounted using a medium containing DAPI. The
number of GFP-positive (EGFP*) cells and cells with mainly nuclear localization of EGFP-ataxin-3 was
counted manually in 20 fields of vision. The result displayed that the intracellular localization of neither
wild-type (15Q) nor polyQ-expanded (148Q) ataxin-3 was altered upon KPNB1 overexpression
compared with control. Blue and green channels show DAPI as a nuclear counterstain and GFP signals,
respectively. 400 x magnification, scale bar = 20 pm. The diagrams show the percentage of GFP-
positive (EGFP*) cells with nuclear localization of ataxin-3. a, n = 3, unpaired t-test, p =0.1023; b, n =
3, unpaired t-test, p = 0.7075. CTRL = empty vector. Values are displayed as means £ SEM. ns = not
significant. Modified from Abeditashi et al., 2022.
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Figure 3.4 KPNB1 knockdown does not impact the intracellular localization of wild-type and polyQ-
expanded ataxin-3. (a, b) The nucleocytoplasmic fractionation assay indicates an increase in
cytoplasmic and nuclear levels of both wild-type (15Q) and polyQ-expanded (148Q) ataxin-3 upon
KPNB1 knockdown compared to the control. However, no alteration was observed in the subcellular
localization of ataxin-3. ATXN3 KO HEK 293T cells were cotransfected with either 15Q or 148Q ataxin-
3 and esiKPNB1 or esiLUC as a control. 72 h post-transfection, transfected cells were harvested, and a
nucleocytoplasmic fractionation assay was performed, followed by western blot analysis. The
diagrams illustrate the relative cytoplasmic and nuclear levels of 15Q and 148Q ataxin-3, as well as
the ratio of nuclear and cytoplasmic ataxin-3 as a percentage. Ataxin-3 was detected using the 1H9
antibody. Western blot analysis confirmed the knockdown of KPNB1 in transfected cells. GAPDH and
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lamin A/C were applied as cytoplasmic and nuclear loading controls, respectively. a, n = 4, Cyt-15Q,
one sample t-test, p = 0.0220; Nuc-15Q, one sample t-test, p = 0.0039; Cyt/Nuc 15Q, unpaired t-test,
p =0.6901; b, n =4, Cyt-148Q, one sample t-test, p = 0.0116; Nuc-148Q, one sample t-test, p = 0.0007;
Cyt/Nuc, unpaired t-test, p = 0.2029. Cyt = cytoplasmic fraction; Nuc = nuclear fraction; Rel. = relative.
Values are displayed as means + SEM. ns = not significant; *p <0.05; **p <0.01; ***p <0.001.
Modified from Abeditashi et al., 2022.

In summary, neither overexpression nor knockdown of KPNB1 alters the subcellular
localization of ataxin-3, as analyzed by fluorescence microscopy and nucleocytoplasmic
fractionation assay. However, these modulations can affect the protein levels of ataxin-3.
Overall, these data suggest that modulation of KPNB1 protein levels has the potential to affect
both wild-type and polyQ-expanded ataxin-3 protein levels through a mechanism that does

not appear to implicate the localization of this protein.

3.3 KPNB1 overexpression decreases wild-type and polyQ-expanded
ataxin-3 protein levels and enhances its cleavage

After observing the potential effects of KPNB1 overexpression on wild-type and polyQ-
expanded ataxin-3 protein levels in the nucleocytoplasmic fractionation assays, we sought to
investigate in detail whether increasing the levels of KPNB1 has any robust effect on ataxin-3
protein levels. Indeed, induction of protein clearance and thereby reducing the soluble levels
of ataxin-3 has been considered as a potential therapeutic target for SCA3 and other polyQ
diseases (Nascimento-Ferreira et al., 2011). Notably, many common mechanisms that play
important roles in the pathogenesis of polyQ diseases are apparently consequences of the

soluble polyQ-expanded proteins rather than aggregates.

In this connection, ATXN3 KO HEK 293T cells were cotransfected with either wild-type (15Q)
or polyQ-expanded (148Q) ataxin-3 together with KPNB1 or empty vectors as a control for 72
h. Cells were lysed and subjected to western blot analysis. The result revealed that
overexpression of KPNB1 resulted in a significant reduction in protein levels of both wild-type
and polyQ-expanded ataxin-3, which verified the result of nucleocytoplasmic fractionation
(Figure 3.5). In addition to decreased protein levels of ataxin-3, we confirmed enhanced
fragmentation of ataxin-3 upon KPNB1 overexpression. Notably, the fragmentation of wild-
type ataxin-3 was more prominent than polyQ-expanded ataxin-3. By using two different
antibodies (1H9 and C-terminal), recognizing different epitopes, we concluded that ataxin-3
fragments induced by KPNB1 overexpression are C-terminal and contain the polyQ tract
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(Figure 3.5). Proteolytically derived breakdown products of ataxin-3 were reported both in
the brains of SCA3 patients and SCA3 mouse models (Goti et al., 2004). Proteolytic cleavage
of polyQ-expanded proteins mediated by proteolytic pathways and proteases has been
suggested as an important mechanism in the molecular pathogenesis of polyQ diseases,
leading to the generation of fragments that are able to promote nuclear accumulation and

toxicity (Berke et al., 2004; Havel et al., 2009; Weber et al., 2017; Weber et al., 2014).

For better understanding of the modulation of ataxin-3 protein levels and fragmentation by
KPNB1 overexpression, and to figure out whether this effect is time-dependent, ATXN3 KO
HEK 293T cells were cotransfected with either 15Q or 148Q ataxin-3 together with KPNB1 or
empty vectors as control in different time intervals (24, 48, and 72 h). Western blot analysis
presented that the accumulation of ataxin-3 fragments as well as the reduction of full-length
ataxin-3 levels upon KPNB1 overexpression were time-dependent. The strongest effect both
on ataxin-3 fragments and protein levels was observed after 72 h of KPNB1 overexpression

compared with 24 h and 48 h overexpression (Figure 3.6).

The above findings highlight that KPNB1 overexpression lowers protein levels of both wild-
type and polyQ-expanded ataxin-3 and enhances its fragmentation, suggesting the effect is
not polyglutamine-specific. Additionally, it was revealed that the enhancement of ataxin-3
cleavage as well as the reduction of its soluble levels upon KPNB1 overexpression were time-
dependent. These alterations present KPNB1 as a putative modulator of ataxin-3 protein

levels and fragmentation.
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Figure 3.5 KPNB1 overexpression lowers protein levels of wild-type and polyQ-expanded ataxin-3
and promotes its fragmentation. (a, b) Western blot analysis of ATXN3 KO HEK 293T cells
cotransfected with either wild-type (15Q) or polyQ-expanded (148Q) ataxin-3 and KPNB1 or empty
vectors as a control for 72 h. The result indicates that KPNB1 overexpression decreases the soluble
levels of both 15Q and 148Q ataxin-3 (white arrowheads) and enhances fragmentation of ataxin-3
(black arrowheads) compared with control. Detection of ataxin-3 using two different antibodies (1H9
and C-terminal), which recognize different epitopes, reveals that ataxin-3 fragments are C-terminal
breakdown products. Western blot analysis confirmed the overexpression of KPNB1. Blots are shown
in low and high exposures. GAPDH was applied as a loading control. a, 15Q Atx3, n = 6, one sample t-
test, p = 0.0008; KPNB1, n = 6, one sample t-test, p < 0.0001; b, n = 6, one sample t-test, p = 0.0006;
KPNB1, n = 5, one sample t-test, p = 0.0349. CTRL = empty vector; fl = full-length; frg = fragment; C-
term = C-terminal; Exp = exposure; Rel. = relative. Values are displayed as means = SEM. ns = not
significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Modified from Abeditashi et al., 2022.
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Figure 3.6 The reduction of ataxin-3 protein levels upon KPNB1 overexpression is time-dependent.
(a, b) Western blot analysis of ATXN3 KO HEK 293T cells transiently expressing either wild-type (15Q)
or polyQ-expanded (148Q) ataxin-3. The cells were transfected with either KPNB1 or empty vectors
(control) in different time intervals (24, 48, and 72 h). The cells were lysed using RIPA buffer and
subjected to western blot analysis. The results reveal that the reduction of both 15Q and 148Q ataxin-
3 protein levels is promoted by increasing the time of KPNB1 overexpression, and it is more obvious
after 72 h of KPNB1 overexpression. Furthermore, the accumulation of ataxin-3 fragments is boosted
after 72 h of KPNB1 overexpression compared with 24 h and 48 h of overexpression. White and black
arrowheads indicate ataxin-3 full-length and fragments, respectively. Ataxin-3 was detected using the
1H9 and C-terminal antibodies. GAPDH was used as a loading control. a, n = 3, one sample t-test, CTRL
vs KPNB1 (24 h), p = 0.7083; CTRL vs KPNB1 (48 h), p = 0.1225; CTRL vs KPNB1 (72 h), p = 0.0229; b, n
= 3, one sample t-test, CTRL vs KPNB1 (24 h), p = 0.7608; CTRL vs KPNB1 (48 h), p = 0.0065; CTRL vs
KPNB1 (72 h), p = 0.0005. CTRL = empty vector; fl = full-length; frg = fragment; C-term = C-terminal;
Rel. = relative. Values are displayed as means = SEM. ns = not significant; *p <0.05; **p <0.01;
***p <0.001. Modified from Abeditashi et al., 2022.
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3.4 KPNB1 overexpression reduces protein levels of endogenous
ataxin-3, and its effect is specific

After confirming the reduction of overexpressed (15Q and 148Q) ataxin-3 protein levels in
KPNB1-overexpressing cells, we were encouraged to investigate whether KPNB1
overexpression affects the protein levels of endogenous ataxin-3. For this purpose, wild-type
HEK 293T cells were transfected with either KPNB1 or empty vectors as a respective control
for 72 h because our previous experiments revealed that the effect of KPNB1 overexpression
on ataxin-3 is time-dependent, and the strongest effect was observed after 72 h of KPNB1
overexpression. Cells were lysed, and cell lysates were subjected to western blot analysis. Our
result displayed a significant decrease in the protein levels of endogenous ataxin-3 upon
KPNB1 overexpression in comparison to cells transfected with empty vectors (Figure 3.7a).
This is in line with our data showing that KPNB1 overexpression reduces protein levels of

overexpressed ataxin-3.

Moreover, to determine if the impact of KPNB1 on ataxin-3 protein levels is substrate-specific,
we analyzed the effect of KPNB1 overexpression on a control protein, such as GFP.
Accordingly, wild-type HEK 293T cells were transfected with either GFP or empty vectors as a
control for 72 h. In contrast to ataxin-3 protein levels, western blot analysis showed no
alteration in the protein levels of GFP compared with the control (Figure 3.7b). The above
results highlight that ataxin-3 protein levels are generally, yet specifically, decreased by

KPNB1 overexpression.

In conclusion, beside its effect on overexpressed ataxin-3, KPNB1 overexpression decreases
the protein levels of endogenous ataxin-3 as well. This effect is specific, as overexpression of
KPNB1 in GFP-overexpressing cells does not modulate the protein levels of this control

protein.
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Figure 3.7 KPNB1 overexpression decreases endogenous ataxin-3 levels, whereas it does not affect
GFP protein levels. (a) KPNB1 overexpression is accompanied by a reduction in the protein levels of
endogenous ataxin-3. Wild-type HEK 293T cells were transfected with either KPNB1 or empty vectors
(control) and harvested 72 h post-transfection. Cell lysates were subjected to western blot analysis
and probed for ataxin-3 using the 1H9 antibody. Western blot analysis confirmed the overexpression
of KPNB1. Vinculin was applied as a loading control. egAtx3, n = 6, unpaired t-test, p = 0.0221; KPNB1,
n = 6, unpaired t-test, p < 0.0001. (b) Western blot analysis demonstrates that protein levels of GFP
do not change upon KPNB1 overexpression compared with control. Wild-type HEK 293T cells were
cotransfected with GFP and either KPNB1 or empty vectors as a control for 72 h. Cells were lysed using
RIPA buffer and subjected to western blot analysis. B-actin was applied as a loading control. GFP, n =
6, unpaired t-test, p = 0.0756; KPNB1, n = 6, unpaired t-test, p < 0.0001. CTRL = empty vector; egAtx3
= endogenous ataxin-3; Rel. = relative. Values are displayed as means + SEM. ns = not significant;
*p <0.05; ¥*p <0.01; ***p <0.001; ****p < 0.0001. Modified from Abeditashi et al., 2022.

3.5 Cloning of KPNB1 1178D

Transport of protein cargos between the cytoplasm and nucleus, mediated by nuclear
transport receptors, takes place along the central axis of the nuclear pore complexes (NPCs)
and involves the interaction of karyopherin B with nucleoporins containing repeats rich in
phenylalanine (FXFG). Indeed, these core motifs serve as docking sites for transport receptors
and facilitate the shuttling of cargos through NPCs (Balasundaram et al., 1999; Damelin and
Silver, 2000). Karyopherin B consists of 19 tandem “HEAT” repeats (Cingolani et al., 1999).

Nucleoporin FXFG cores bind to a primary site between the A helices of HEAT repeats 5 and
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6, and to a secondary site between HEAT repeats 6 and 7 (Figure 3.8) (Bayliss et al., 2000).
Previous investigation has shown that mutation of isoleucine 178 (1178) of karyopherin B, a
key component of the primary FxFG binding site of this protein, to aspartic acid (D), which is
less hydrophobic, hampers the binding of karyopherin B to nucleoporins and disrupts its
nuclear protein import function remarkably. However, this mutation does not introduce a

major conformational change in karyopherin B (Bayliss et al., 2000).
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Figure 3.8 The amino acid sequence of KPNB1. The isoform 1 of KPNB1 (UniProt ID: Q14974-1) has
876 amino acids. The HEAT repeats 5 and 6, which construct the primary FxFG binding site of KPNB1,
are marked with yellow and gray boxes, respectively. Mutation of isoleucine 178 (1178) of KPNB1,
which is marked in red, can disrupt its nuclear transport function (Bayliss et al., 2000).

To introduce the target mutation (AAT to AGA) into the pCMV6-XL5 plasmid containing full-
length human KPNB1, site-directed mutagenesis was performed (Figure 3.9). In brief, the DNA
construct was amplified using the primers, which contain the mutation and restriction sites

of the Sall-HF and Nhel enzymes. Both the PCR product and the original vector were digested

using the Sall-HF and Nhel restriction enzymes. The vector and insert were purified using the
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preparative TAE agarose gels, followed by ligation. Subsequently, the competent bacteria
were transformed by heat shock and were cultured on an agar plate. The next day, the plate
was checked for colonies, and individual colonies were grown. Finally, the respective

mutation was verified by Sanger sequencing.

f1 ori
CMV promoter

Sall-HF
Mutation point

Amp Nhel (Ile 178)
resistant
gene KPNB1 gene

PolyA signal

Figure 3.9 Schematic representation of the pCMV6-XL5 plasmid containing full-length human
KPNB1. Mutation of isoleucine 178 (1178) of KPNB1 to aspartic acid (D) was carried out by site-directed
mutagenesis. The pCMV6-XL5 plasmid containing full-length human KPNB1 was digested using Sall-HF
and Nhel restriction enzymes.

3.6 KPNB1 overexpression lowers wild-type and polyQ-expanded
ataxin-3 protein levels independent of its nuclear transport function

As we observed a significant reduction in ataxin-3 protein levels upon KPNB1 overexpression,
we postulated that this effect might be associated with the nuclear import function of KPNB1.
Therefore, to allow disruption of the nuclear transport function of KPNB1, the mutation (AAT
to AGA) was introduced on the FxFG binding site of KPNB1. To assess the influence of the
KPNB1 mutation on ataxin-3 protein levels, KPNB1 1178D as well as wild-type KPNB1 were
overexpressed in ATXN3 KO HEK 293T cells transiently expressing either wild-type (15Q) or
polyQ-expanded (148Q) ataxin-3 for 72 h. Cells cotransfected with empty vectors were
considered as controls. The effect of KPNB1 1178D overexpression on full-length ataxin-3
protein levels was dissected by western blot analysis. Interestingly, no major difference was

identified between the impact of KPNB1 1178D and wild-type KPNB1 on soluble levels of either
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15Q or 148Q ataxin-3 (Figure 3.10). In fact, the overexpression of KPNB1 1178D was
accompanied by a reduction in ataxin-3 protein levels as well as overexpression of wild-type

KPNB1 (Figure 3.10).
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Figure 3.10 KPNB1 1178D overexpression decreases wild-type and polyQ-expanded ataxin-3 protein
levels. (a, b) KPNB1 mutation (1178D) in the FxFG binding site does change the effect of KPNB1
overexpression on either wild-type (15Q) or polyQ-expanded (148Q) ataxin-3. ATXN3 KO HEK 293T
cells were cotransfected with either 15Q or 148Q ataxin-3 and wild-type KPNB1 or KPNB1 1178D
constructs for 72 h. Cells cotransfected with empty vectors were considered a control. Western blot
analysis displays that the ataxin-3-lowering effect of KPNB1 1178D is comparable to wild-type KPNB1,
and it leads to a significant reduction of both 15Q and 148Q ataxin-3 protein levels. GAPDH was
applied as a loading control. a, n = 5, one sample t-test, CTRL vs KPNB1, p = 0.0030; CTRL vs KPNB1
1178D, p = 0.0086; unpaired t-test, KPNB1 vs KPNB11178D, p = 0.4784; b, n =5, one sample t-test, CTRL
vs KPNB1, p =0.0052; CTRL vs KPNB1 1178D, p = 0.0765; unpaired t-test, KPNB1 vs KPNB1 1178D,
p =0.5367. CTRL = empty vector; Rel. = relative. Values are displayed as means + SEM. ns = not
significant; *p < 0.05; **p <0.01; ***p < 0.001. Modified from Abeditashi et al., 2022.

Our results provide evidence that mutation of the FxFG binding site of KPNB1 and disruption
of its nuclear protein import function do not abolish its effect on ataxin-3 protein levels,
implying that the observed ataxin-3 lowering effect of KPNB1 is a nuclear transport function-

independent mechanism.
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3.7 Knockdown or pharmacological inhibition of KPNB1 elevates
protein levels of wild-type and polyQ-expanded ataxin-3

Given that KPNB1 overexpression resulted in the reduction of ataxin-3 protein levels, in the
next step, we were motivated to explore if lowering KPNB1 levels has any consequences for
wild-type and polyQ-expanded ataxin-3. In these conditions, ATXN3 KO HEK 293T cells were
transiently transfected with either wild-type (15Q) or polyQ-expanded (148Q) ataxin-3
together with endoribonuclease-prepared siRNA (esiRNA) targeting KPNB1 or Renilla
luciferase (esiLUC) as a respective control for 72 h. Cells were lysed, and subjected to western
blot analysis, and probed for ataxin-3 using the 1H9 antibody. Our results indicated that, in
contrast to overexpression of KPNB1, knockdown of this protein resulted in a significant
increase in the soluble levels of both full-length 15Q and 148Q ataxin-3 (Figure 3.11). These
findings suggest that the effect of KPNB1 on ataxin-3 is not polyglutamine-specific. Moreover,
transfection of cells with esiKPNB1 mitigated the protein levels of KPNB1 significantly

compared with control (Figure 3.11).

To give validity to our findings, alteration of ataxin-3 protein levels was assessed upon
pharmacological inhibition of KPNB1 using importazole. A high-throughput screening of small-
molecule inhibitors revealed 2,4-diaminoquinazoline (importazole/IPZ) as a specific and
reversible inhibitor of karyopherin B. Likely, this inhibition is via altering the interaction of
karyopherin B with RanGTP; thus, this compound can be used to dissect the function and
contribution of KPNB1/RanGTP in a variety of cellular mechanisms (Soderholm et al., 2011).
In this experiment, ATXN3 KO HEK 293T cells were transiently transfected with either wild-
type (15Q) or polyQ-expanded (148Q) ataxin-3 for 72 h. 48 h prior to harvesting, transfected
cells were treated using 16 uM IPZ or DMSO as a control. The modulation of ataxin-3 protein
levels upon KPNB1 inhibition was assessed by western blot analysis. Our results displayed that
the effect of KPNB1 knockdown could be recapitulated, and the protein levels of both 15Q
and 148Q ataxin-3 increased significantly upon IPZ treatment in comparison to DMSO-treated

cells (Figure 3.12a, b).
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Figure 3.9 KPNB1 knockdown elevates soluble levels of wild-type and polyQ-expanded ataxin-3. (a,
b) Western blot analysis reveals that knockdown of KPNB1 leads to an abundance of the soluble levels
of both wild-type (15Q) and polyQ-expanded (148Q) ataxin-3 compared with control. ATXN3 KO HEK
293T cells were cotransfected with either 15Q or 148Q ataxin-3 and esiKPNB1 or esiLUC as a control
for 72 h. Transfected cells were lysed using RIPA buffer, subjected to western blot analysis, and probed
for ataxin-3 using the 1H9 antibody. Western blot analysis confirmed the knockdown of KPNB1 in
esiKPNB1-transfected cells. GAPDH was applied as a loading control. a, 15Q Atx3, n = 5, one sample t-
test, p =0.0567; KPNB1, n = 4, one sample t-test, p = 0.0023; b, 148Q Atx3, n = 5, one sample t-test,
p =0.0315; KPNB1, n = 4, one sample t-test, p = 0.0083. Rel. = relative. Values are displayed as means
+ SEM. ns = not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Modified from Abeditashi et al., 2022.

The effect of KPNB1 inhibition on the protein levels of overexpressed ataxin-3 prompted us
to obtain evidence supporting the ability of this pharmacological inhibition to modulate the
endogenous ataxin-3 levels. In this respect, we further investigated the effect of KPNB1
pharmacological inhibition on endogenous ataxin-3 protein levels. Wild-type HEK 293T cells
were treated using 16 UM IPZ or DMSO as a control for 48 h. Western blot analysis
demonstrated that inhibition of KPNB1 using IPZ is accompanied by an elevation in the protein
levels of endogenous ataxin-3 compared with control (Figure 3.12c). These results indicated
that KPNB1 inhibition could affect the protein levels of both overexpressed and endogenous

ataxin-3.
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Figure 3.12 Pharmacological inhibition of KPNB1 increases wild-type and polyQ-expanded ataxin-3
protein levels. (a, b) Pharmacological inhibition of KPNB1 was performed using 16 uM importazole
(IPZ) in either wild-type (15Q) or polyQ-expanded (148Q) ataxin-3 overexpressing cells. Quantification
of blots indicates that the protein levels of both 15Q and 148Q ataxin-3 increase upon IPZ treatment
in comparison to DMSO-treated cells (control). ATXN3 KO HEK 293T cells were transfected with either
15Q or 148Q ataxin-3 constructs for 72 h. 48 h prior to harvesting, transfected cells were treated with
either IPZ or DMSO as a control. Cell lysates were subjected to western blot analysis, and blots were
detected using the 1H9 antibody. GAPDH was applied as a loading control. a, n = 6, one sample t-test,
p=0.0162; b, n = 4, one sample t-test, p =0.0077. (c) Western blot analysis demonstrates that the
amount of endogenous ataxin-3 enhances significantly upon IPZ treatment in comparison to DMSO-
treated cells (control). Wild-type HEK 293T cells were treated using 16 uM IPZ or DMSO for 48 h. Cells
were lysed using RIPA buffer and assessed by western blot analysis. The blots were detected using the
1H9 antibody. GAPDH was applied as a loading control. n = 3, unpaired t-test, p =0.0009. IPZ =
importazole; egAtx3 = endogenous ataxin-3; Rel. = relative. Values are displayed as means + SEM.
*p <0.05; **p <0.01; ***p < 0.001. Modified from Abeditashi et al., 2022.

Since we could observe a significant increase in protein levels of ataxin-3 in cells that KPNB1
was inhibited using IPZ, we expected to obtain evidence supporting the ability of this
pharmacological inhibition to rescue ataxin-3 protein levels in KPNB1-overexpressing cells. In
this connection and to enhance our understanding about the modulation of ataxin-3 protein
levels by KPNB1, ATXN3 KO HEK 293T cells were cotransfected with wild-type (15Q) ataxin-3

together with KPNB1 or empty vectors as a control for 72 h. 48 h prior to harvesting,

transfected cells were treated using 16 uM IPZ or DMSO as a control. Interestingly, western
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blot analysis indicated that the reduction of ataxin-3 protein levels upon KPNB1

overexpression was restored by IPZ administration in comparison to control (Figure 3.13).
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Figure 3.13 Reduction of ataxin-3 protein levels can be restored via IPZ treatment in KPNB1-
overexpressing cells. Protein levels of wild-type (15Q) ataxin-3 are rescued by the administration of
importazole (IPZ) in KPNB1-overexpressing cells. ATXN3 KO HEK 293T cells were cotransfected with
15Q ataxin-3 and either KPNB1 or empty vectors (control). Transfected cells were incubated with 16
UM IPZ or DMSO as a control for 48 h prior to harvesting. Cells were lysed using RIPA buffer and
assessed by western blot analysis. GAPDH was applied as a loading control. n = 4, one sample t-test,
CTRL + DMSO vs KPNB1 + DMSO, p = 0.0129; CTRL + DMSO vs KPNB1 + IPZ, p = 0.0615; unpaired t-test,
KPNB1 + DMSO vs KPNB1 + IPZ, p = 0.0021. CTRL = empty vector; IPZ = importazole; Rel. = relative.
Values are displayed as means = SEM. ns = not significant; *p <0.05; **p <0.01. Modified from
Abeditashi et al., 2022.

Overall, in contrast to KPNB1 overexpression, either knockdown or pharmacological inhibition
of KPNB1 using IPZ enhanced the soluble levels of both wild-type and polyQ-expanded ataxin-

3, implying this effect is not polyglutamine-specific. In addition, the reduction of ataxin-3

protein levels in KPNB1-overexpressing cells can be rescued using importazole.

3.8 KPNB1 overexpression decreases the stability of wild-type and
polyQ-expanded ataxin-3

Given that KPNB1 overexpression leads to the decrease of full-length levels of ataxin-3, we
postulated that this effect might be associated with the alteration of ataxin-3 stability.
Therefore, we applied the Tet-Off system (Gossen and Bujard, 1992) to abrogate the
expression of wild-type (15Q) and polyQ-expanded (77Q) ataxin-3 by administering
doxycycline in a time-dependent manner. The Tet-Off system allows differential control of
the expression of genes of interest in mammalian cells as well as the creation of "on/off"

situations for these genes in a reversible way (Gossen and Bujard, 1992). To investigate
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whether KPNB1 overexpression influences ataxin-3 stability, ATXN3 KO HEK 293T cells were
cotransfected with either pTRE-15Q or pTRE-77Q ataxin-3 together with KPNB1 or empty
vectors as a control. 24 h post-transfection, the expression of 15Q and 77Q ataxin-3 was

turned off using doxycycline at different time points (0, 6, 24, and 48 h).
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Figure 3.14 The stability of wild-type and polyQ-expanded ataxin-3 decreases upon KPNB1
overexpression. (a, b) Alteration of wild-type (15Q) and polyQ-expanded (77Q) ataxin-3 stability was
assessed upon KPNB1 overexpression using the Tet-Off system. Western blot analysis reveals a
significant reduction in the stability of ataxin-3 protein in KPNB1-overexpressing cells 48 h after
termination of 15Q ataxin-3 expression, and 24 and 48 h after termination of 77Q ataxin-3 expression.
ATXN3 KO HEK 293T cells were cotransfected with either pTRE-15Q or pTRE-77Q ataxin-3 and KPNB1
or empty vectors (control). 24 h post-transfection, the expression of ataxin-3 was shut off using
doxycycline at different time intervals (0, 6, 24, and 48 h). GAPDH was applied as a loading control. a,
n = 3, paired t-test, CTRL vs KPNB1 (6 h), p = 0.6029; CTRL vs KPNB1 (24 h), p = 0.6730; CTRL vs KPNB1
(48 h), p=0.0132; b, n = 4, paired t-test, CTRL vs KPNB1 (6 h), p =0.3859; CTRL vs KPNB1 (24 h),
p =0.0202; CTRL vs KPNB1 (48 h), p = 0.0427. CTRL = empty vector; fl = full-length; frg = fragment; Dox
= Doxycycline; Rel. = relative. Values are displayed as means = SEM. ns = not significant; *p < 0.05.
Modified from Abeditashi et al., 2022.

Western blot analysis revealed that the degradation of both wild-type and polyQ-expanded
ataxin-3 accelerated significantly in KPNB1-overexpressing cells, as observed 48 h after

termination of 15Q ataxin-3 expression (Figure 3.14a) and 24 and 48 h after termination of
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77Q ataxin-3 expression (Figure 3.14b). However, no alteration was observed in the

generation of ataxin-3 fragments, and they remained stable during the assay (Figure 3.14).

In short, KPNB1 overexpression promotes the degradation of wild-type and polyQ-expanded
ataxin-3, leading to a reduction in the stability of this protein. These results stressed the
importance of KPNB1 as a putative factor involved in the regulation of ataxin-3 protein levels

and stability.

3.9 Ataxin-3 cleavage products induced by KPNB1 overexpression
are not mediated by the activation of caspases or calpains

Proteolytic cleavage of polyQ-expanded proteins has been identified as a key event in the
pathogenesis of polyQ diseases. This proteolytic processing of polyQ-expanded proteins is
thought to result in the generation of cytotoxic fragments containing the expanded polyQ
toxic entity, which are susceptible to aggregation and nuclear localization (Haacke et al., 2007,
Havel et al., 2009; Takahashi et al., 2008). Notably, generation of the potentially toxic ataxin-
3 fragments mediated mainly by two families of proteases, caspases and calpains, has been
suggested extensively (Hibener et al., 2013; Ona et al., 1999), and activation of caspases and
calpains has been indicated in different SCA3 models (Berke et al., 2004; Simdes et al., 2012).
The cysteine proteases of the caspase family play an important role in apoptosis and
inflammatory pathways and can cleave proteins at specific aspartate residues (Earnshaw et
al., 1999; Li and Yuan, 2008). The implication of caspases in the pathogenesis of other polyQ
diseases besides SCA3 has been shown in several studies (Ellerby et al., 1999; Kim et al., 2001;
Sadnchez et al.,, 1999). Mounting evidence points to the involvement of calpains in SCA3
pathogenesis. Calpains are calcium-dependent cytosolic cysteine proteases that are
ubiquitously expressed (Strobl et al., 2000). It has been shown that inhibition of calpains led
to the reduction of polyQ-expanded ataxin-3 cleavage, nuclear localization, aggregation, and

alleviated toxicity (Haacke et al., 2007; Simd&es et al., 2012).

To gain more insight into the promotion of cleavage of both wild-type and polyQ-expanded
ataxin-3 observed in KPNB1-overexpressing cells, we decided to unravel whether this effect
is mediated by the activation of caspases or calpains. To this point, the proteolytic cleavage
of a-spectrin, which is a natural substrate of caspases and calpains (Yan et al., 2012), was

assessed and quantified in KPNB1-overexpressing cells. Wild-type HEK 293T cells were
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transfected with either KPNB1 or empty vectors as a control for 72 h. Cells were lysed and
subjected to western blot analysis. Our result represented that neither full-length nor
breakdown products of a-spectrin were modulated in KPNB1-overexpressing cells (Figure
3.15). In addition, the ratio between full-length and breakdown products of a-spectrin was
comparable to the control (Figure 3.15). These results indicated that KPNB1 overexpression
does not lead to the elevation of breakdown products of a-spectrin or the activation of
caspases or calpains. The spectrin family are membrane-associated proteins that are
ubiquitously expressed in various types of tissues, including the brain (Baines, 2009; Bennett
and Lambert, 1991). Enhancement of breakdown products of a-spectrin has been identified
in neuronal stress and death under acute and chronic degenerative conditions (Pineda et al.,

2007; Zhang et al., 2009).
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Figure 3.15 KPNB1 overexpression does not activate calpains or caspases. The activation of
proteolytic enzymes, calpains and caspases, upon KPNB1 overexpression was evaluated by detecting
cleavage of their common substrate, the a-spectrin protein. Wild-type HEK 293T cells were
transfected with either KPNB1 or empty vectors (control) for 72 h. Western blot analysis indicates no
alteration in the levels of either full-length a-spectrin (white arrowhead) or breakdown products of a-
spectrin (black arrowhead) in KPNB1-overexpressing cells. In addition, the ratio between cleaved and
full-length proteins remained comparable to the control. GAPDH was applied as a loading control. n =
6, unpaired t-test, fl-spectrin, p = 0.4850; frg-spectrin, p = 0.5830; frg/fl-spectrin, p = 0.6296. CTRL =
empty vector; fl = full-length; frg = fragment; Rel. = relative. Values are displayed as means + SEM. ns
= not significant. Modified from Abeditashi et al., 2022.
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In the follow-up analysis, we compared the cleavage pattern of wild-type and polyQ-
expanded ataxin-3, followed by KPNB1 overexpression and calpains activation by western
blotting. For this purpose, a cell-based calpain activation assay was carried out using
ionomycin (IM). ATXN3 KO HEK 293T cells were cotransfected with either wild-type (15Q) or
polyQ-expanded (77Q) ataxin-3 together with KPNB1 or empty vectors as a control for 72 h.
Transfected cells were incubated with 1 uM ionomycin at 37 °C for 1 h to trigger the activation
of endogenous calpains and subjected to western blot analysis. Activation of endogenous
calpains in ionomycin treated cells was confirmed by elevation of the breakdown products of
a-spectrin (Figure 3.16a). Probing ataxin-3-derived fragments with two different antibodies
(1H9 and C-terminal) recognizing distinct epitopes (Figure 3.16b), indicated that the cleavage
pattern of 15Q and 77Q ataxin-3 induced by calpains activation (ataxin-3 calpain-derived
fragments) was not comparable to ataxin-3-derived fragments promoted by KPNB1
overexpression (Figure 3.16c). These results provide evidence that neither caspases nor
calpains are implicated in the promotion of ataxin-3 fragmentation upon KPNB1

overexpression.

To sum up, our findings provide evidence that KPNB1 overexpression does not induce the
proteolytic cleavage of a-spectrin, which is a natural substrate of caspases and calpains. By
comparing fragmentation of wild-type and polyQ-expanded ataxin-3 induced by activation of
calpains using ionomycin and KPNB1 overexpression, we concluded that the enhancement of
ataxin-3 fragmentation in KPNB1-overexpressing cells is not mediated by the activation of

proteases, caspases, and calpains.
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Figure 3.16 Calpains are not implicated in the cleavage of wild-type and polyQ-expanded ataxin-3 in
KPNB1-overexpressing cells. (a) Breakdown products of a-spectrin (black arrowhead) are elevated in
ionomycin (IM) treated cells, implying the activation of calpains compared with control. ATXN3 KO
HEK 293T cells were cotransfected with either wild-type (15Q) or polyQ-expanded (77Q) ataxin-3
together with KPNB1 or empty vectors (control) for 72 h. 1 h prior to harvesting, cells were treated
with 1 uM ionomycin (IM), followed by cell lysis and western blotting. B-actin was applied as a loading
control. (b) Schematic representation of ataxin-3 protein structure (UniProt ID: P54252-2) indicating
calpain cleavage sites (purple scissors). The epitopes of ataxin-3 recognized by 1H9 and C-terminal
antibodies are displayed in the figure. (c) Western blot analysis shows that ataxin-3 fragments induced
by KPNB1 overexpression (blue boxes and arrowheads) are not comparable to ataxin-3 cleavage
products mediated by calpains activation (red boxes and arrowheads). lonomycin (IM) administration
results in the activation of endogenous calpains and the cleavage of wild-type and polyQ-expanded
ataxin-3. Red and blue channels indicate ataxin-3 detected by 1H9 and C-terminal antibodies,
respectively. CTRL = empty vector; fl = full-length; frg = fragment; pQ = polyQ; aa = amino acids; f-Nt
= fragment-N-terminal; IM = ionomycin; C-term = C-terminal. Modified from Abeditashi et al., 2022.

3.10 KPNB1 overexpression gives rise to fragments independent of
proteolytic pathways

Protein homeostasis is a key element of cellular integrity and survival, which is achieved by
the proper turnover of proteins and the degradation of misfolded or defective proteins in cells

(Matyskiela and Martin, 2013). Dysfunction in protein homeostasis and impairment of protein
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qguality control pathways, including the ubiquitin-proteasome system and autophagy, are

involved in the pathogenesis of polyQ diseases (Klockgether et al., 2019).

Autophagy is essential for proteostasis in cells, and there is strong evidence that it plays a
crucial role in the degradation of insoluble aggregate-prone proteins, such as polyQ-expanded
proteins (Levine and Kroemer, 2008). Autophagy impairment has been shown to be

implicated in the pathogenesis of SCA3 (Onofre et al., 2016; Sittler et al., 2018).

The proteasome has an important role in the ubiquitin-dependent degradation of misfolded
or damaged proteins (Ciechanover, 1994). The presence of ubiquitinated aggregates and
sequestration of different components of the proteasomal machinery in SCA3 and other
polyQ diseases implies the disruption of the ubiquitin-proteasome pathway, which may

contribute to the pathogenesis of these diseases (Chai et al., 1999).

For better characterization of ataxin-3-derived fragments induced by KPNB1 overexpression
and to figure out if the generation of these fragments is associated with the activation of
autophagy or the ubiquitin-proteasome system, these two protein quality control pathways
were inhibited using bafilomycin A1l and lactacystin, respectively. Moreover, to give validity
to our previous finding regarding the involvement of calpains and caspases in ataxin-3
cleavage upon KPNB1 overexpression, these proteases were inhibited in these experiments
as well. ATXN3 KO HEK 293T cells were cotransfected with wild-type (15Q) ataxin-3 together
with KPNB1 or empty vectors as a control for 72 h. As we found that the effect of KPNB1
modulation on ataxin-3 is not polyQ-dependent, this experiment was performed using only
15Q ataxin-3-expressing cells. Transfected cells were treated with calpain inhibitor III (CI-lll),
caspase inhibitor (Q-VD-OPh), autophagy inhibitor bafilomycin Al, proteasomal inhibitor
lactacystin, or DMSO (control) for 16 h. Western blot analysis and quantification of ataxin-3-
derived fragments demonstrated that inhibition of calpains and caspases or blocking of
autophagic and proteasomal degradation did not prevent the formation of KPNB1
overexpression-associated fragments, and ataxin-3-derived fragments were detected in all
samples (Figure 3.17). Interestingly, our result displayed an increase in the accumulation of
ataxin-3-derived fragments in bafilomycin Al treated cells compared with control, indicating
these fragments are likely degraded via autophagy. However, quantification did not reach

statistical significance (Figure 3.17).
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Figure 3.17 Ataxin-3-derived fragments are not mediated by activation of known SCA3-associated
proteases or proteolytic pathways in KPNB1l-overexpressing cells. Western blot analysis
demonstrates that inhibition of calpains and caspases or blocking of autophagy and proteasomal
degradation does not prevent the generation of ataxin-3-derived fragmentation in KPNB1-
overexpressing cells. ATXN3 KO HEK 293T cells were cotransfected with wild-type (15Q) ataxin-3 and
KPNB1 or empty vectors (control) for 72 h. 16 h prior to harvesting, transfected cells were incubated
with 10 uM calpain inhibitor I (CI-IIl), 10 uM caspase inhibitor (Q-VD-OPh), 50 nM autophagy inhibitor
bafilomycin A1, or 10 uM proteasomal inhibitor lactacystin. Cells incubated with DMSO were
considered a control. The diagram illustrates the quantification of ataxin-3 fragments in KPNB1-
overexpressing cells. GAPDH was applied as a loading control. n =5, one sample t-test, DMSO vs CI-lll,
p =0.3708; DMSO vs Q-VD, p = 0.3136; DMSO vs BafA1l, p = 0.4063; DMSO vs Lac, p =0.2682. CTRL =
empty vector; fl = full-length; frg = fragment; C-term = C-terminal; CI-lll = calpain inhibitor Ill; BafAl =
bafilomycin Al; Lac = lactacystin; Rel. = relative. Values are displayed as means + SEM. ns = not
significant. Modified from Abeditashi et al., 2022.

Since we observed an elevation in ataxin-3 fragmentation upon KPNB1 overexpression, we
postulated that this effect could be a consequence of altered autophagic flux within the cells.
Protein levels of two widely used autophagy markers, autophagosomal microtubule-
associated protein light chain 3 (LC3B-Il) and p62, were analyzed to determine the potential
of KPNB1 overexpression in inducing or inhibiting autophagy. p62 is an adapter protein target
of autophagy that binds directly to LC3B and facilitates the degradation of protein aggregates.
p62 accumulates upon the impairment of autophagy (Pankiv et al., 2007; Wong et al., 2012).

LC3B-I is a cytosolic protein that conjugates to phosphatidylethanolamine (PE) to form LC3B-
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I, which is recruited to the isolation membranes and autophagosomes, facilitating the fusion
of autophagosomes with lysosomes (Kabeya et al., 2000). LC3B is the most widely used
autophagosome marker because the amount of LC3B-ll displays the number of
autophagosomes within the cells (Yoshii and Mizushima, 2017). LC3B-ll and p62 are
selectively degraded by autophagy and accumulate upon bafilomycin Al treatment. This
inhibitor, which blocks the fusion of autophagosomes and lysosomes and the acidification of

the lysosomes, is applied in the autophagic flux assay.
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Figure 3.18 KPNB1 overexpression does not promote the autophagic flux. Western blot analysis
indicates no alteration in the levels of autophagic markers, p62 and LC3B-ll, upon KPNB1
overexpression. ATXN3 KO HEK 293T cells were cotransfected with wild-type (15Q) ataxin-3 and
KPNB1 or empty vectors (control) for 72 h. Transfected cells were incubated with 50 nM autophagy
inhibitor bafilomycin A1 or DMSO (control) for 16 h prior to harvesting. The diagrams illustrate p62
and LC3B-Il protein levels in bafilomycin Al treated cells. GAPDH was applied as a loading control. n =
5, p62, one sample t-test, p =0.5239; LC3B-Il, one sample t-test, p = 0.6233. CTRL = empty vector;
BafAl = bafilomycin Al; Rel. = relative. Values are displayed as means = SEM. ns = not significant.
Modified from Abeditashi et al., 2022.

To analyze the effect of KPNB1 overexpression on autophagy, ATXN3 KO HEK 293T cells were
cotransfected with wild-type (15Q) ataxin-3 together with KPNB1 and empty vectors for 72 h.

16 h prior to harvesting, transfected cells were treated with either bafilomycin A1 or DMSO
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as a control. Western blot analysis and detection of membranes using specific antibodies for
p62 and LC3B represented no alteration in protein levels of either LC3B-Il or p62 upon KPNB1

overexpression, implying no stimulation or inhibition of autophagy in these cells (Figure 3.18).

In a nutshell, neither blocking of autophagic and proteasomal degradation nor inhibition of
calpains and caspases could prevent the enhancement of ataxin-3 fragmentation in KPNB1-
overexpressing cells. Moreover, KPNB1 overexpression does not alter the autophagic flux, as
no change was detected in the levels of autophagy markers LC3B-Il and p62. These results
provide evidence that the enhancement of ataxin-3 lowering and fragmentation in KPNB1-
overexpressing cells does not occur via the activation of known SCA3-associated proteases or

proteolytic pathways.

3.11 KPNB1 overexpression decreases polyQ-expanded ataxin-3
aggregates and rescues cell viability

The formation of intraneuronal aggregates, which mainly consist of polyQ-expanded protein,
is the pathological hallmark of SCA3 and other polyQ diseases (Taylor et al., 2002). Indeed,
targeting and measuring the aggregation of disease proteins is employed to assess the disease

progression and efficacy of treatments (Schmidt et al., 2016; Teixeira-Castro et al., 2011).

Given that we were able to observe a reduction in the soluble levels of both wild-type and
polyQ-expanded ataxin-3 in KPNB1l-overexpressing cells, we postulated that KPNB1
overexpression could reduce the aggregation and toxicity of poly-Q expanded ataxin-3 as well.
Thus, in the first step, the aggregation of polyQ-expanded (148Q) ataxin-3 upon KPNB1
overexpression was evaluated by fluorescence microscopy. ATXN3 KO HEK 293T cells were
cotransfected with EGFP-ataxin-3 148Q together with KPNB1 or empty vectors as a control
for 72 h. Transfected cells were fixed and immunostained using an antibody specific for KPNB1
to evaluate the efficacy of KPNB1 overexpression in these cells. The number of GFP-positive
cells with and without aggregates was counted manually in 20 fields of vision under a
fluorescence microscope, and the percentage of GFP-positive cells with aggregates was
calculated. The result indicated that aggregation of EGFP-ataxin-3 148Q was impressively

diminished upon KPNB1 overexpression compared with control (Figure 3.19a, b).
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Figure 3.19 KPNB1 overexpression reduces cells with polyQ-expanded ataxin-3 aggregates and
rescues cell viability. (a, b) Immunofluorescence staining was performed to visualize the modulation
of polyQ-expanded ataxin-3 aggregation in KPNB1-overexpressing cells. ATXN3 KO HEK 293T cells
were transfected with EGFP-148Q ataxin-3 and either KPNB1 or empty vectors (control). 72 h post-
transfection, cells were fixed and immunostained using an antibody specific for KPNB1. Subsequently,
cells were mounted using a medium containing DAPI. The number of GFP-positive (EGFP*) cells with
and without aggregates was counted manually in 20 fields of vision. The result confirms the decrease
of cells with polyQ-expanded ataxin-3 aggregates upon KPNB1 overexpression compared with control.
Blue, green, and red channels are DAPI as nuclear counterstain, GFP, and KPNB1 signals, respectively.
White arrowheads mark ataxin-3 aggregates (400 x magnification, scale bar = 20 um). The diagram
shows the percentage of aggregates in EGFP* cells. n = 4, unpaired t-test, p = 0.0123. (c) PrestoBlue
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assay of ATXN3 KO HEK 293T cells cotransfected with either wild-type (15Q) or polyQ-expanded
(148Q) ataxin-3 and KPNB1 or empty vectors for 72 h. The viability of cells expressing 148Q ataxin-3
was rescued upon KPNB1 overexpression. Viability was normalized to 15Q ataxin-3-expressing cells. n
= 4, one sample t-test, 15Q + CTRL vs 148Q + CTRL, p=0.0144; 15Q + CTRL vs 148Q + KPNB1,
p = 0.0882; paired t-test, 148Q + CTRL vs 148Q + KPNB1, p =0.0138. CTRL = empty vector; Rel. =
relative. Values are displayed as means + SEM. ns = not significant; *p <0.05. Modified from
Abeditashi et al., 2022.

After evaluating the effect of KPNB1 overexpression on soluble levels and aggregation of
ataxin-3, we were promoted to investigate if KPNB1 overexpression has any influence on cell
viability. In this connection, ATXN3 KO HEK 293T cells were cotransfected with either wild-
type (15Q) or polyQ-expanded (148Q) ataxin-3 together with KPNB1 or empty vectors. The
viability of cells was measured using the PrestoBlue assay 72 h post-transfection. In this
analysis, cells are incubated with a non-toxic solution (PrestoBlue), which is reduced to a
fluorescent product by metabolically active cells. This assay revealed that overexpression of
148Q ataxin-3 leads to a decrease in cellular viability in comparison to cells overexpressing
15Q ataxin-3. However, KPNB1 overexpression can rescue the impaired viability of ATXN3 KO
HEK 293T cells transiently expressing polyQ-expanded ataxin-3 (Figure 3.19c), which was
presumably associated with attenuation of polyQ-expanded ataxin-3 aggregation propensity

and cytotoxicity.

To further confirm our findings, the effect of KPNB1 overexpression on the aggregation load
of polyQ-expanded ataxin-3 was measured using a filter retardation assay that traps and
detects SDS-insoluble proteins and aggregates on a membrane. ATXN3 KO HEK 293T cells
were cotransfected with polyQ-expanded (148Q) ataxin-3 together with KPNB1 constructs.
Cells cotransfected with 148Q ataxin-3 and empty vectors were considered a control. 72 h
post-transfection, cells were lysed and subjected to a filter retardation assay. Our result
showed that KPNB1 overexpression is accompanied by a significant mitigation of polyQ-
expanded ataxin-3 aggregation in comparison to the control (Figure 3.20a). This finding can
be explained by the lower concentration of misfolded ataxin-3 protein detected in KPNB1-

overexpressing cells and is consistent with the result of fluorescence microscopy.

In line with the effects on soluble polyQ-expanded ataxin-3, overexpression of mutant KPNB1
(KPNB1 1178D) led to the reduction of ataxin-3 aggregation load as well as overexpression of

wild-type KPNB1 (Figure 3.20b). ATXN3 KO HEK 293T cells were cotransfected with polyQ-
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expanded (148Q) ataxin-3 together with wild-type KPNB1 or KPNB1 1178D constructs for 72
h. Cells cotransfected with 148Q ataxin-3 and empty vectors were considered a control. Filter
retardation assay indicated that mutation of the FxFG binding site of KPNB1 does not abolish

its effect on ataxin-3 aggregation.
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Figure 3.20 KPNB1 overexpression mitigates polyQ-expanded ataxin-3 aggregation, and this effect
is not abolished with KPNB1 mutation. (a) Filter retardation assay demonstrates that KPNB1
overexpression is accompanied by a reduction of polyQ-expanded ataxin-3 aggregates in comparison
to control. ATXN3 KO HEK 293T cells were cotransfected with polyQ-expanded (148Q) ataxin-3 and
either KPNB1 or empty vectors as a control for 72 h. Ataxin-3 aggregates were detected using the 1H9
antibody. Values represent the normalization to relative controls. n = 6, one sample t-test, p = 0.0004.
(b) Filter retardation assay of ATXN3 KO HEK 293T cells co-expressing polyQ-expanded (148Q) ataxin-
3 and KPNB1 1178D for 72 h indicates a decrease in the aggregation of 148Q ataxin-3 as well as cells
co-expressing wild-type KPNB1. Ataxin-3 aggregates were detected using the 1H9 antibody. Values
represent the normalization to relative controls. n = 6, one sample t-test, CTRL vs KPNB1, p = 0.0030;
CTRL vs KPNB1 1178D, p = 0.0247; unpaired t-test, KPNB1 vs KPNB1 1178D, p = 0.1883. CTRL = empty
vector; Rel. = relative. Values are displayed as means + SEM. ns = not significant; *p < 0.05; **p < 0.01;
***p < 0.001. Modified from Abeditashi et al., 2022.

Altogether, beside the reduction of soluble levels of ataxin-3, we found that overexpression
of KPNB1 can decrease the aggregation propensity of polyQ-expanded ataxin-3, as confirmed
by fluorescence microscopy and filter retardation assay. This effect of KPNB1 could not be

abolished by a mutation in the FxFG binding site of this protein, which disrupts the nuclear
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transport function of KPNB1, implying that the observed effect is a nuclear transport function-
independent mechanism. Additionally, KPNB1 overexpression can rescue the impaired
viability of cells overexpressing polyQ-expanded ataxin-3, which can be related to the

reduction of ataxin-3 aggregation in these cells.

3.12 KPNB1 knockdown or pharmacological inhibition promotes the
aggregation of polyQ-expanded ataxin-3

Expansion of polyQ tract in disease proteins leads to abnormal and non-native conformations
and ultimately formation of toxic oligomers and SDS-resistant aggregates, which play a crucial
role in neurodegeneration (Breuer et al., 2010). The concentration of polyQ-expanded ataxin-
3 plays an important role in the formation of aggregates which presented to be higher in the

nuclear compartment of the cells (Pozzi et al., 2008).

Our results demonstrated that KPNB1 knockdown or pharmacological inhibition increases the
soluble levels of ataxin-3. In this respect, we sought to investigate whether KPNB1 knockdown
or pharmacological inhibition leads to an increase in ataxin-3 aggregation as well. To elucidate
the propensity of polyQ-expanded (148Q) ataxin-3 to form aggregates upon KPNB1
knockdown, ATXN3 KO HEK 293T cells were cotransfected with 148Q ataxin-3 and either
esiKPNB1 or esiLUC as control for 72 h. Cell homogenates were subjected to filter retardation
assay, and the result displayed that knockdown of KPNB1 using esiRNA promoted the

formation of polyQ-expanded ataxin-3 aggregates remarkably (Figure 3.21a).

Furthermore, we investigated the impact of KPNB1 pharmacological inhibition using
importazole (IPZ) on aggregation of polyQ-expanded ataxin-3. Filter retardation assay of
ATXN3 KO HEK 293T cells transfected with polyQ-expanded (148Q) ataxin-3 constructs
disclosed an elevation in polyQ-expanded ataxin-3 aggregation upon 16 uM IPZ treatment
compared with DMSO-treated cells (control) (Figure 3.21b). These results suggest that in
contrast to KPNB1 overexpression, both KPNB1 knockdown and pharmacological inhibition
lead to anincrease in the aggregation and toxicity of polyQ-expanded ataxin-3, corresponding

to the increased soluble levels of polyQ-expanded ataxin-3.
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Figure 3.21 Knockdown or pharmacological inhibition of KPNB1 leads to an increase in polyQ-
expanded ataxin-3 aggregates. (a) KPNB1 knockdown using esiRNA promotes the formation of polyQ-
expanded (148Q) ataxin-3 aggregates. ATXN3 KO HEK 293T cells were cotransfected with 148Q ataxin-
3 construct and either esiKPNB1 or esiLUC (control). 72 h post-transfection, cells were harvested, and
aggregation of 148Q ataxin-3 was analyzed using a filter retardation assay. The blots were probed for
ataxin-3 using the 1H9 antibody. Values represent the normalization to relative controls. n = 5, one
sample t-test, p = 0.0054. (b) KPNB1 pharmacological inhibition using importazole (IPZ) results in an
increase in 148Q ataxin-3 aggregation. ATXN3 KO HEK 293T cells were transfected with 148Q ataxin-
3 constructs for 72 h. 48 h prior to harvesting, transfected cells were treated with either 16 uM IPZ or
DMSO as a control. Cell homogenates were subjected to a filter retardation assay, and the blots were
detected using the 1H9 antibody. Values represent the normalization to relative controls. n = 5, one
sample t-test, p =0.0279. IPZ = importazole; Rel. = relative. Values are displayed as means + SEM.
*p <0.05; **p <0.01; ***p < 0.001. Modified from Abeditashi et al., 2022.

In conclusion, the filter retardation assay revealed that either KPNB1 knockdown or
pharmacological inhibition using importazole can increase the aggregation propensity of
polyQ-expanded ataxin-3 significantly, which can be related to the higher concentration of

misfolded ataxin-3 protein in these cells. This finding is in agreement with the effect of KPNB1

knockdown or pharmacological inhibition on soluble levels of ataxin-3.
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3.13 RNA sequencing indicated modulation of some canonical
pathways upon KPNB1 overexpression

Given that KPNB1 overexpression leads to the decrease of ataxin-3 protein levels, a question
remains concerning which factor contributes to this effect. To determine the cellular
pathways that might be implicated in this process, we conducted 3’ RNA sequencing of ATXN3
KO HEK 293T cells contransfected with either wild-type (15Q) or polyQ-expanded (148Q)
ataxin-3 and KPNB1 for 72 h. Cells cotransfected with ataxin-3 and empty vectors were
considered a control. RNA sequencing revealed 565 and 653 differentially expressed genes in
15Q and 148Q ataxin-3-expressing cells, respectively (Table A.1-2). Statistical analysis
demonstrated that 216 genes were upregulated and 349 genes were downregulated
significantly in cells overexpressing 15Q ataxin-3 and KPNB1 compared with control (Figure
3.22a, c). Moreover, 304 upregulated and 349 downregulated genes were identified in cells
expressing 148Q ataxin-3 upon KPNB1 overexpression, and amongst them, 222 genes were
shared between 15Q and 148Q ataxin-3-expressing cells (Figure 3.22b, c). Importantly, RNA
sequencing indicated that the gene expression of neither 15Q nor 148Q ataxin-3 was altered

in KPNB1-overexpressing cells.

To get insight into the canonical pathways that have been activated or inhibited upon KPNB1
overexpression, we applied the Ingenuity Pathway Analysis (IPA). Ingenuity Pathway Analysis
is a web-based functional analysis tool that allows comprehensive analysis of omics data. It
predicts the downstream effects and discovers new targets or candidate biomarkers.
Additionally, the most relevant signaling and metabolic pathways, activation and inhibition of
upstream regulators, and interaction networks for the list of genes can be identified using the
Ingenuity Pathway Analysis. Accordingly, modulation of some canonical pathways was
predicted by the Ingenuity Pathway Analysis in both wild-type (15Q) and polyQ-expanded
(148Q) ataxin-3-expressing cells upon KPNB1 overexpression (Figure 3.23). However, we
could not link the modulated cellular pathways to the reduction of ataxin-3 levels upon KPNB1

overexpression.
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Figure 3.22 RNA sequencing of ATXN3 KO HEK 293T cells overexpressing ataxin-3 and KPNB1. (a, b)
Volcano plots illustrate the differentially expressed genes in cells expressing ataxin-3 upon KPNB1
overexpression. ATXN3 KO HEK 293T cells were cotransfected with either wild-type (15Q) or polyQ-
expanded (148Q) ataxin-3 and KPNB1 or empty vectors as a control. 72 h post-transfection, cells were
lysed and subjected to 3’ RNA sequencing in five biological replicates. Volcano plots indicate a direct
comparison between the expression differences (log, FC) and significance (-logio p-value) of genes,
highlighting the most upregulated genes. The blue circles show genes whose levels have changed
significantly upon KPNB1 overexpression. n =5, p < 0.05. (c) The Venn diagram displays the number of
common and unique genes that have been dysregulated significantly in 15Q and 148Q atxain-3-

expressing cells upon KPNB1 overexpression in comparison to the respective controls. CTRL = empty
vector; FC = fold change.
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Figure 3.23 Modulation of canonical pathways in cells expressing ataxin-3 upon KPNB1
overexpression. (a, b) The top ten modulated canonical pathways in either wild-type (15Q) or polyQ-
expanded (148Q) ataxin-3-expressing cells upon KPNB1 overexpression, as predicted by the Ingenuity
Pathway Analysis of 3’ RNA sequencing-based transcriptome data. The graphs illustrate -logio p-values
as well as the pathway-calculated z-scores. N/A = not applicable.

3.14 Mass spectrometry revealed activation of the mitochondrial
protease CLPP in KPNB1-overexpressing cells

Our results demonstrated that KPNB1 overexpression leads to the decrease of ataxin-3
protein levels and aggregation, and it is able to promote fragmentation of ataxin-3. However,
we could not link this process to the activation of one of the proteolytic pathways or

modulation of canonical pathways revealed by RNA sequencing. Therefore, in the next step,
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we carried out unbiased label-free quantitative proteomics to determine the upstream
regulators or cellular pathways that might be implicated in this process. ATXN3 KO HEK 293T
cells were contransfected with either wild-type (15Q) or polyQ-expanded (148Q) ataxin-3 and
KPNB1 for 72 h. Cells cotransfected with ataxin-3 and empty vectors were considered a
control. The whole cell lysates were purified using SDS-PAGE, and gel pieces were excised and
in-gel digested using trypsin. Tryptic peptides were subjected to liquid chromatography and

tandem mass spectrometry (LC-MS/MS) analysis.

From triplicate analysis, we could identify 93 and 172 proteins in 15Q and 148Q ataxin-3-
expressing cells, respectively, whose levels were significantly altered upon KPNB1
overexpression. Moreover, KPNB1 overexpression resulted in the modulation of levels of 215
proteins in ataxin-3-expressing cells (15Q and 148Q together) in comparison to control (Figure
3.24a—c and Table B.1-3). Statistical analysis of proteomics data indicated that 23 proteins
were upregulated and 69 proteins were downregulated significantly in cells overexpressing
15Q ataxin-3 and KPNB1 compared with control (Figure 3.244a, d). In addition, 44 upregulated
and 127 downregulated proteins were revealed in cells expressing 148Q ataxin-3 upon KPNB1
overexpression, and amongst them, 15 proteins (3 upregulated and 12 downregulated) were

shared between 15Q and 148Q ataxin-3-expressing cells (Figure 3.24b, d, and Table 3.1).
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Figure 3.24 Label-free quantitative proteomics of ATXN3 KO HEK 293T cells overexpressing ataxin-3
and KPNB1. (a, b, c¢) Volcano plots indicate the upregulated and downregulated proteins in KPNB1-
overexpressing cells compared with control. ATXN3 KO HEK 293T cells were cotransfected with either
wild-type (15Q) or polyQ-expanded (148Q) ataxin-3 and KPNB1 or empty vectors as a control. 72 h
post-transfection, cells were lysed and subjected to mass spectrometry in three biological replicates.
Volcano plots illustrate a direct comparison between log, FC and -logio p-value of proteins. The purple
circles show proteins whose levels have altered significantly upon KPNB1 overexpression. n = 3, two-
sample t-test, p <0.05. (d) The Venn diagram displays the number of common and unique proteins
that have been modulated significantly in 15Q and 148Q atxain-3-expressing cells upon KPNB1
overexpression in comparison to control. CTRL = empty vector; FC = fold change. Modified from
Abeditashi et al., 2022.
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Table 3.1 15 common proteins between wild-type (15Q) and polyQ-expanded (148Q) ataxin-3-

expressing cells were identified in mass spectrometry that their levels were significantly modified

upon KPNB1 overexpression. FC = fold change. Modified from Abeditashi et al., 2022.

Gene name Protein name -Logic Log, FC  -Logic Log: FC
p-value p-value
15Q ataxin-3 148Q ataxin-3
KPNA2 Importin a-1 1.8884 0.2815 1.9011 0.3919
RPA3 Replication protein A 14 kDa subunit 1.6005 0.2699 2.3108 0.1511
PPIA Peptidyl-prolyl cis-trans isomerase A, 2.1972 0.1424 1.6160 0.1933
Peptidyl-prolyl cis-trans isomerase A, N-
terminally processed; Peptidyl-prolyl cis-
trans isomerase
FLNB Filamin-B 1.5187 -0.0694 2.3212 -0.1163
SUCLG2 Succinyl-CoA ligase [GDP-forming] subunit 2.0348 -0.0959 1.7882 -0.1858
beta, mitochondrial
DARS2 Aspartate--tRNA ligase, mitochondrial 1.8837 -0.1395 1.4139 -0.2035
NUP155 Nuclear pore complex protein Nup155 1.4146 -0.1514 1.6854 -0.1444
HIBCH 3-hydroxyisobutyryl-CoA hydrolase, 1.3204 -0.1582 1.8878 -0.1885
mitochondrial
MAP2K2 Dual specificity mitogen-activated protein  1.3529 -0.1644 1.3333 -0.1988
kinase kinase 2
IDH?2 Isocitrate dehydrogenase [NADP], 2.3184 -0.2038 2.0786 -0.2143
mitochondrial
FDPS Farnesyl pyrophosphate synthase 1.7910 -0.2457 1.7474 -0.1717
AMOT Angiomotin 1.4788 -0.2578 2.1617 -0.2684
ERLIN2 Erlin-2 1.3274 -0.2602 1.7787 -0.2581
CYP51A1 Lanosterol 14-alpha demethylase 1.3446 -0.2841 2.9263 -0.1569
FAMS9S8B Protein FAM98B 1.7179 -0.3313 2.5785 -0.4639

To get insight into the upstream regulators and identify cellular processes that have been

modulated in KPNB1-overexpressing cells, we employed the Ingenuity Pathway Analysis (IPA).

Accordingly, modulation of some upstream regulators was predicted by the Ingenuity

Pathway Analysis in both wild-type (15Q) and polyQ-expanded (148Q) ataxin-3-expressing

cells upon KPNB1 overexpression (Table 3.2, Table 3.3). Intriguingly, activation of the ATP-

dependent Clp protease proteolytic subunit (CLPP) was predicted by the Ingenuity Pathway

Analysis amongst the top ten modulated upstream regulators in both 15Q (z-score =2, p =

1.43e-04) and 148Q (z-score = 3.464, p = 7.52e-14) ataxin-3-expressing cells upon KPNB1
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cotransfection. The Ingenuity Pathway Analysis predicted activation of the mitochondrial
protease CLPP in these cells based on the modulation of target proteins of this protease (Table

3.2, Table 3.3).

Table 3.2 Prediction of upstream regulators modulation in wild-type (15Q) ataxin-3-expressing cells
upon KPNB1 overexpression by Ingenuity Pathway Analysis.

Upstream Molecule Predicted Activation P-value Target molecules
regulator type activation z-score
state
SB203580 Chemical Activated  2.219 4.70E-02 ACOT2, CCNB1, CYP51A1,
drug NOL9, P4HA1
CLPP Peptidase Activated 2 1.43E-04 CYC1, IDH2, IDH3G, SDHA
ADRB Group Activated 2 2.70E-03 ANXAS5, CYP51A1, FDPS,
PCNA
Nitrofurantoin Chemical Activated 2 4.72E-03 ANXAS5, MAPK3, PCNA,
drug SCP2
Let-7a-5p (and Mature Activated 2 7.97E-03 CSDE1, SLC25A1,
other miRNAs microRNA SLC25A13, SPCS3
w/seed
GAGGUAG)
Testosterone Chemical - -1.91 7.08E-02 CYP51A1, MGST1, PARP1,
endogenous PCNA
mammalian
Metribolone Chemical -1.929 1.32E-05 CRYZ, CYC1, FDPS, HIBCH,
reagent IDH2, PPIA, SLC25A12,
SLC25A13, SUCLG2,
SUPV3L1
Mono-(2- Chemical Inhibited -2 4,52E-03 CYC1, IDH3G, SDHA,
ethylhexyl) toxicant SUCLG2
phthalate
INSR Kinase Inhibited  -2.2 3.27E-03 ACOT2, CDC5L, CYC1,
CYP51A1, FDPS, IQGAP1,
SCP2
IL4 Cytokine Inhibited  -2.874 7.25E-04 CKAPS5, CLTC, DARS2,

DCTN1, DDX46, FLNB,
LMAN2, MAPK3, NUP155,
SLC7AS5, SYMPK, SYNJ2BP,
UGGT1
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Table 3.3 Prediction of upstream regulators modulation in polyQ-expanded (148Q) ataxin-3-

expressing cells upon KPNB1 overexpression by Ingenuity Pathway Analysis.

Upstream Molecule Predicted Activation P-value Target molecules
regulator type activation z-score
state
CLPP Peptidase Activated  3.464 7.52E-14 ACADM, ALDH2, ATP5F1B,
DLST, HADH, IDH2, LONP1,
MDH2, PDHA1, PDHB,
PHB2, UQCRC1
Gentamicin Chemical Activated  2.985 1.52E-03 ACADM, ACADSB, CUL2,
drug EPB41L2, HSD17B4,
HSPA1A/HSPA1B, IDH1,
SEC22B, SSB
L-asparaginase Biologicdrug Activated 2.646 3.10E-05 CYP51A1, DHCR7, FANCI,
FDPS, HMGCS1, KIF11, SQLE
INSIG1 Other Activated  2.573 1.43E-05 ACACA, CYP51A1, DHCR?7,
FDPS, HMGCS1, LSS, SQLE
ADRB Group Activated  2.449 7.88E-04 CDKN2A, CYP51A1, FDPS,
HMGCS1, IDH1, LSS
Mono-(2- Chemical Inhibited  -2.891 5.09E-09 ACADM, ACADSB, ACO1,
ethylhexyl) toxicant ATP5F1B, HADH, MDH2,
phthalate NDUFS2, PDHB, PPA1,
SUCLG2, UQCRC1, UQCRC2
SREBF2 Transcription Inhibited  -2.937 9.28E-09 ACACA, CYP51A1, DHCR7,
regulator FDPS, GTF2l, HMGCS1],
IDH1, LSS, SQLE
Elaidic acid Chemical - Inhibited  -3.148 2.41E-09 ACACA, ATP5F1B, CYP51A1,
endogenous DHCR7?, FDPS, HMGCS1, LSS,
mammalian SGPL1, SQLE, SUCLG2
Metribolone Chemical Inhibited  -3.745 7.58E-17 ACACA, ACADSB, ALDH9A1,
reagent ATP5F1B, BPNT1, CPOX,
FDPS, GRHPR, HADH, HIBCH,
HMGCS1, HSD17B4, IDH2,
MCCC2, MDH2, NDUFA9,
NDUFB10, NDUFS2, PDHA1,
PDHB, PFKP, PPA1, PPIA,
SLC25A12, SUCLG2,
UQCRC1, UQCRC2
INSR Kinase Inhibited  -3.825 4.61E-09 ACADM, ALDH2, ATP5F1B,

CYP51A1, DHCR7, FDPS,
GANAB, HMGCS1, HSD1784,
IDH1, IGF2R, LSS, MDH2,
NDUFA9, PDHA1, PDHB,
SQLE, UQCRC1, UQCRC2
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The mitochondrial protease CLPP is an energy-dependent protease involved in protein
degradation and homeostasis (Yu and Houry, 2007), thus, we assumed that activation of this
mitochondrial protease might be implicated in the modulation of ataxin-3 levels and
fragmentation in KPNB1-overexpressing cells. Indeed, we could not find any association
between other predicted upstream regulators and modulation of ataxin-3 upon KPNB1

overexpression.

To sum up, KPNB1 overexpression leads to a significant reduction in ataxin-3 protein levels
and aggregation. To figure out which upstream regulators or pathways might be involved in
this effect, unbiased label-free quantitative proteomics was carried out, followed by the
Ingenuity Pathway Analysis. Our findings indicated that mitochondrial protease CLPP has
been activated in both wild-type and polyQ-expanded ataxin-3-expressing cells upon KPNB1
overexpression, which can be an explanation for the promotion of ataxin-3 cleavage and

reduction of its soluble levels in these cells.

3.15 Knockdown of mitochondrial protease CLPP rescues protein
levels of ataxin-3 in KPNB1-overexpressing cell

Mitochondrial proteases, or mitoproteases, play a critical role in the degradation of unfolded
and damaged proteins, mitophagy, and apoptosis, and their dysregulation has been observed
in aging and neurodegenerative diseases (Quirds et al., 2015; Rugarli and Langer, 2012). Given
that CLPP is a nuclear-encoded mitochondrial protease implicated in the degradation of
unfolded and misfolded proteins (Yu and Houry, 2007), we speculated that the decrease of
wild-type and polyQ-expanded ataxin-3 protein levels and enhancement of its cleavage in
KPNB1-overexpressing cells might be directly associated with the activation of this
mitochondrial protease. To this point, we decided to validate our hypothesis by knockdown
of mitochondrial protease CLPP using esiRNA in KPNB1-overexpressing cells. ATXN3 KO HEK
293T cells were cotransfected with either wild-type (15Q) or polyQ-expanded (148Q) ataxin-
3 together with KPNB1 or empty vectors as a control. Mitochondrial protease CLPP was
depleted using esiCLPP in these cells, and cells cotransfected with esiLUC were considered a
control. Cell lysates were analyzed using western blotting, and the result confirmed the
reduction of CLPP protein levels in cells cotransfected with esiCLPP in comparison to cells

cotransfected with esiLUC (Figure 3.25). Moreover, it revealed that knockdown of
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mitochondrial protease CLPP in KPNB1-overexpressing cells counteracted the reduction of

full-length wild-type and polyQ-expanded ataxin-3 protein levels in these cells (Figure 3.25).
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Figure 3.25 Knockdown of mitochondrial protease CLPP rescues wild-type and polyQ-expanded
ataxin-3 protein levels in KPNB1-overexpressing cells. (a, b) Western blot analysis demonstrates that
protein levels of both wild-type (15Q) and polyQ-expanded (148Q) ataxin-3 can be rescued partly by
knockdown of the mitochondrial protease CLPP in KPNB1-overexpressing cells. ATXN3 KO HEK 293T
cells overexpressing either 15Q or 148Q ataxin-3 and KPNB1 were cotransfected with esiCLPP or
esiLUC as control for 72 h. Western blot analysis confirmed knockdown of the mitochondrial protease
CLPP. GAPDH was applied as a loading control. a, 15Q Atx3, n = 6, one sample t-test, CTRL + esiLUC vs
KPNB1 + esiLUC, p < 0.0001; CTRL + esiLUC vs KPNB1 + esiCLPP, p = 0.0056; unpaired t-test, KPNB1 +
esiLUC vs KPNB1 + esiCLPP, p =0.0264; CLPP, n =6, one sample t-test, CTRL + esiLUC vs KPNB1 + esiLUC,
p =0.1619; CTRL + esiLUC vs KPNB1 + esiCLPP, p < 0.0001; unpaired t-test, KPNB1 + esiLUC vs KPNB1
+ esiCLPP, p < 0.0001; b, 148Q Atx3, n = 6, one sample t-test, CTRL + esiLUC vs KPNB1 + esiLUC, p <
0.0001; CTRL + esiLUC vs KPNB1 + esiCLPP, p = 0.0020; unpaired t-test, KPNB1 + esiLUC vs KPNB1 +
esiCLPP, p =0.0219; CLPP, n = 6, one sample t-test, CTRL + esiLUC vs KPNB1 + esiLUC, p = 0.2175; CTRL
+ esiLUC vs KPNB1 + esiCLPP, p = 0.0003; unpaired t-test, KPNB1 + esiLUC vs KPNB1 + esiCLPP, p <
0.0001. CTRL = empty vector; Rel. = relative. Values are displayed as means + SEM. ns = not significant;
*p <0.05; ¥*p <0.01; ***p <0.001; ****p < 0.0001. Modified from Abeditashi et al., 2022.
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Since KPNB1 overexpression can affect the aggregation of ataxin-3 as well as its soluble levels
and cleavage, in the next step, we sought to assess the propensity of polyQ-expanded ataxin-
3 to form aggregates upon knockdown of mitochondrial protease CLPP in KPNB1-
overexpressing cells. Accordingly, ATXN3 KO HEK 293T cells were cotransfected with polyQ-
expanded (148Q) ataxin-3 together with either KPNB1 or empty vectors. Mitochondrial
protease CLPP was depleted using esiCLPP in these cells, and cells cotransfected with esiLUC
were considered a control. Filter retardation assay demonstrated elevated polyQ-expanded
ataxin-3 aggregation upon CLPP knockdown in KPNB1-overexpressing cells in comparison to

control cells cotransfected with esiLUC (Figure 3.26).
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Figure 3.26 Knockdown of CLPP rescues aggregation of polyQ-expanded ataxin-3 in KPNB1-
overexpressing cells. Knockdown of the mitochondrial protease CLPP counteracts the KPNB1-induced
decrease of polyQ-expanded ataxin-3 aggregates compared with control. ATXN3 KO HEK 293T cells
overexpressing polyQ-expanded (148Q) ataxin-3 and KPNB1 were cotransfected with esiCLPP or
esiLUC as a control. 72 h post-transfection, cells were lysed and subjected to a filter retardation assay.
Ataxin-3 aggregates were detected using the 1H9 antibody. Values represent the normalization to
relative controls. n = 6, one sample t-test, CTRL + esiLUC vs KPNB1 + esiLUC, p = 0.0005; CTRL + esiLUC
vs KPNB1 + esiCLPP, p = 0.0107; paired t-test, KPNB1 + esiLUC vs KPNB1 + esiCLPP, p = 0.0187. CTRL =
empty vector; Rel. = relative. Values are displayed as means + SEM. ns = not significant; *p < 0.05;
**p <0.01; ***p <0.001. Modified from Abeditashi et al., 2022.

Overall, knockdown of mitochondrial protease CLPP using esiRNA counteracted the reduction
of protein levels and aggregation of ataxin-3 in KPNB1-overexpressing cells. These results
provide evidence that mitigation of ataxin-3 protein levels and aggregates by KPNB1

overexpression is likely mediated by activation of the mitochondrial protease CLPP, and it can

be restored by CLPP knockdown.
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3.16 Modulation of mitochondrial protease CLPP alters the protein
levels of ataxin-3

As mitochondrial protease CLPP knockdown could rescue the reduction of ataxin-3 protein
levels and aggregates in KPNB1-overexpressing cells, we were encouraged to figure out if the
modulation of CLPP protein levels has any direct effect on protein levels of wild-type and
polyQ-expanded ataxin-3. For this purpose, ATXN3 KO HEK 293T cells were transiently
transfected with either wild-type (15Q) or polyQ-expanded (148Q) ataxin-3 together with
esiCLPP or esiLUC as a respective control. 72 h post-transfection, cells were lysed and
analyzed by western blotting. Interestingly, knockdown of mitochondrial protease CLPP using
esiRNA led to an increase in soluble levels of both full-length 15Q and 148Q ataxin-3

compared with control (Figure 3.27).
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Figure 3.27 Knockdown of the mitochondrial protease CLPP increases wild-type and polyQ-
expanded ataxin-3 protein levels. (a, b) Western blot analysis reveals that knockdown of
mitochondrial protease CLPP is accompanied by a significant increase in protein levels of both wild-
type (15Q) and polyQ-expanded (148Q) ataxin-3. ATXN3 KO HEK 293T cells were cotransfected with
either 15Q or 148Q ataxin-3 together with esiCLPP or esiLUC as a control for 72 h. Ataxin-3 was
detected using the 1H9 antibody. GAPDH was used as a loading control. a, n = 6, one sample t-test,
p <0.0001; b, n = 6, one sample t-test, p = 0.0009. Rel. = relative. Values are displayed as means %
SEM. ***p < 0.001; ****p < 0.0001. Modified from Abeditashi et al., 2022.

101



Results

To have a better understanding of the effect of mitochondrial protease CLPP modulation on
ataxin-3, in the next step, we decided to investigate the impact of CLPP overexpression on
ataxin-3 protein levels as well as CLPP knockdown. Accordingly, ATXN3 KO HEK 293T cells
were cotransfected with either 15Q or 148Q ataxin-3 together with either CLPP or both CLPP
and KPNB1 constructs for 72 h. Cells cotransfected with ataxin-3 and empty vectors were

considered a respective control.
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Figure 3.28 CLPP overexpression reduces wild-type and polyQ-expanded ataxin-3 protein levels. (a,
b) Overexpression of the mitochondrial protease CLPP decreases protein levels of both wild-type
(15Q) and polyQ-expanded (148Q) ataxin-3, and its effect is enhanced by KPNB1 overexpression.
ATXN3 KO HEK 293T cells were cotransfected with either 15Q or 148Q ataxin-3 and CLPP or both CLPP
and KPNB1 constructs for 72 h. Cells cotransfected with ataxin-3 and empty vectors were considered
a control. Ataxin-3 was detected using the C-terminal antibody. GAPDH was applied as a loading
control. a, n = 4, one-way ANOVA with Tukey’s post-test, CTRL vs CLPP, p = 0.0089; CTRL vs CLPP +
KPNB1, p < 0.0001; CLPP vs CLPP + KPNB1, p = 0.0009; b, n = 4, one-way ANOVA with Tukey’s post-
test, CTRL vs CLPP, p = 0.0004; CTRL vs CLPP + KPNB1, p < 0.0001; CLPP vs CLPP + KPNB1, p < 0.0001.
CTRL = empty vector; C-term = C-terminal; Rel. = relative. Values are displayed as means + SEM.
**p <0.01; ***p <0.001; ****p < 0.0001. Modified from Abeditashi et al., 2022.

102



Results

Western blot analysis revealed that overexpression of mitochondrial protease CLPP led to a
significant reduction in protein levels of both wild-type and polyQ-expanded ataxin-3 in
comparison to control (Figure 3.28). Interestingly, this effect was boosted upon additional
overexpression of KPNB1 in these cells (Figure 3.28). These data are consistent with the effect

of KPNB1 overexpression on wild-type and polyQ-expanded ataxin-3.

In summary, knockdown of mitochondrial protease CLPP increased the protein levels of wild-
type and polyQ-expanded ataxin-3, whereas its overexpression lowered ataxin-3 protein
levels. These results revealed the mitochondrial protease CLPP as a modulator of ataxin-3
protein levels and reinforced the idea that modulation of ataxin-3 by KPNB1 overexpression

is likely mediated by the activation of this mitochondrial protease.

3.17 KPNB1 and CLPP protein levels are reduced in SCA3 models

Our findings revealed KPNB1 as an important modulator of protein levels, aggregation, and
fragmentation of both wild-type and polyQ-expanded ataxin-3. These interesting and novel
results motivated us to investigate the endogenous levels of KPNB1 in different models of
SCA3. In this respect, we aimed to examine whether protein levels of KPNB1 are affected in
two SCA3 transgenic mouse models (YAC and CaMKIl/MJD77) and induced pluripotent stem
cells (iPSCs) derived from SCA3 patients as a cell model of SCA3.

The YAC transgenic mice were generated with the use of yeast artificial chromosome (YAC)
constructs carrying the full-length MJD1 gene with expanded polyglutamine tracts (Cemal et
al., 2002). The double transgenic mice (CamKIl/MJD77) were previously developed in our lab
(Schmidt et al., 2019) using the CaMKII (calcium-calmodulin-dependent kinase 1) promoter
(Mayford et al.,, 1996) and a MJD77Q responder in C57BI/6 mice (Boy et al., 2009).
Accordingly, the whole brain of 15-month-old YAC transgenic mice as well as the cerebral
cortex of 5-month-old CaMKII/MJD77 transgenic mice were lysed and subjected to western
blot analysis. Interestingly, our finding depicted a significant reduction in protein levels of
KPNB1 in the neuronal tissue of both YAC and CaMKIlI/MJD77 transgenic mouse models in
comparison to aged-matched control mice (Figure 3.29). The reduction of KPNB1 protein
levels was more prominent in the YAC transgenic mouse model, which might be related to

the older age of these animals compared with CaMKII/MJD77 transgenic mice. Serving two
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different SCA3 mouse models corroborated that the attenuation of KPNB1 protein levels in

their neuronal tissue is not associated with the mouse model.
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Figure 3.29 Decrease of KPNB1 protein levels in SCA3 transgenic mouse models. (a) Western blot
analysis of whole brain protein extracts of 15-month-old YAC transgenic mice demonstrated a
statistically significant decrease of KPNB1 protein levels in comparison to controls (15-month-old wild-
type mice). Brain hemispheres were homogenized in RIPA buffer. B-actin was applied as a loading
control. n = 4-5, unpaired t-test, p = 0.0257. (b) Western blot analysis of cortical lysates of 5-month-
old CaMKII/MJD77 transgenic mice confirms attenuation of KPNB1 protein levels compared with
controls (5-month-old wild-type mice). B-actin was used as a loading control. n = 4-6, unpaired t-test,
p =0.0175. WT = wild-type; Rel. = relative. Values are displayed as means = SEM. *p < 0.05. Modified
from Abeditashi et al., 2022.

We further explored protein levels of KPNB1 in a human cellular model of SCA3 as well as
protein levels of mitochondrial protease CLPP, as modulation of levels of this mitochondrial
protease could affect ataxin-3 protein levels. Thus, fibroblasts were obtained from three SCA3
patients and three healthy, age- and gender-matched individuals and reprogrammed to
induced pluripotent stem cells (iPSCs). Control and SCA3 patient-derived iPSCs were lysed and
assessed by western blot analysis. Our findings indicated that both KPNB1 and CLPP protein
levels are decreased in iPSCs derived from SCA3 patients in comparison to healthy controls
(Figure 3.30), and validated the result obtained from the analysis of the neuronal tissue of

two different SCA3 mouse models.
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Figure 3.30 Reduction of protein levels of KPNB1 and mitochondrial protease CLPP in SCA3 patient-
derived iPSCs. Western blot analysis of induced pluripotent stem cells (iPSCs) from three SCA3
patients and three healthy controls demonstrates a significant reduction of both KPNB1 and CLPP
protein levels. B-actin was applied as a loading control. n = 3 replicates of 3 patients and 3 controls,
KPNB1, unpaired t-test, p = 0.0410; CLPP, unpaired t-test, p = 0.0325. iPSCs = induced pluripotent stem
cells; CTRL = healthy control; Rel. = relative. Values are displayed as means + SEM. *p < 0.05. Modified
from Abeditashi et al., 2022.

Our results demonstrated a reduction of KPNB1 levels in the brains of two different SCA3
mouse models. Moreover, decreased levels of both KPNB1 and CLPP were revealed in SCA3
patient-derived iPSCs. Altogether, the analysis of SCA3 patient-derived iPSCs and neuronal

tissue from two different SCA3 mouse models emphasized presumptive dysregulation of

KPNB1 and mitochondrial protease CLPP in SCA3.

105



Results

3.18 Summary of findings

To sum up, our results revealed KPNB1 as a putative modulator of protein levels, cleavage,
aggregation, and stability of ataxin-3. Our findings indicated that KPNB1 overexpression leads
to the reduction of wild-type and polyQ-expanded ataxin-3 soluble levels and enhancement
of their cleavage, although it does not modulate the subcellular localization of ataxin-3.
Additionally, KPNB1 overexpression is accompanied by the decrease of polyQ-expanded

ataxin-3 aggregates (Tables 3.4 and 3.5).

In contrast to overexpression of KPNB1, knockdown and pharmacological inhibition of this
nuclear transport receptor result in the increase of soluble protein levels and the aggregation
of wild-type and polyQ-expanded ataxin-3. However, no alteration of subcellular localization

of ataxin-3 was observed in these cells (Tables 3.4 and 3.5).

Table 3.4 Summary of findings on the effects of KPNB1 overexpression and knockdown/
pharmacological inhibition on wild-type ataxin-3. 1 = upregulation; { = downregulation; { =
unchanged; N/A = not applicable.

Effects on wild-type ataxin-3 KPNB1 overexpression KPNB1 knockdown/
pharmacological inhibition

Localization T )

Protein levels J ™

Cleavage ™ N/A

Stability J N/A

Table 3.5 Summary of findings on the effects of KPNB1 overexpression and knockdown/
pharmacological inhibition on polyQ-expanded ataxin-3. /) = upregulation; {, = downregulation; J =
unchanged; N/A = not applicable.

Effects on polyQ-expanded KPNB1 overexpression KPNB1 knockdown/
ataxin-3 pharmacological inhibition
Localization T T

Protein levels N ™

Cleavage ™ N/A

Stability J N/A
Aggregation J ™

Viability ™ N/A
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4. Discussion

Abnormal intracellular and/or extracellular inclusions in affected brain regions are a defining
feature of neurodegenerative diseases. It is generally accepted that this dysregulation is
directly involved in neurotoxicity, neurodegeneration, and the phenotypic presentation of
these diseases (Ross and Poirier, 2004). The intracellular inclusions usually contain aggregates
of mislocalized and misfolded disease-specific proteins, although the exact molecular
mechanisms implicated in the formation of protein aggregates are poorly understood. It has
been proposed that genetic mutations and environmental factors, such as oxidative or
metabolic stress, play a critical role in the formation of protein aggregates in

neurodegenerative diseases (Takalo et al., 2013).

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph Disease (MID), is the
most common dominantly inherited form of spinocerebellar ataxia (SCA) worldwide. It is
caused by a CAG repeat expansion mutation in the coding region of the ATXN3/MJD1 gene,
leading to the elongation of the polyglutamine (polyQ) tract in the C-terminus of the ataxin-3
protein (Kawaguchi et al., 1994; Schols et al., 2004; Takiyama et al., 1997). SCA3 is an
autosomal dominant neurodegenerative disorder of late onset and progressive, involving
predominantly the cerebellar, pyramidal, extrapyramidal, motor neuron, and oculomotor
systems, leading to neurological and physical impairments in patients (Bettencourt and Lima,

2011; Rudnicki and Margolis, 2003).

Ataxin-3 is a multi-faceted protein implicated in various cellular processes, such as
deubiquitination, transcriptional regulation, and DNA repair (McLoughlin et al., 2020). The
presence of an expanded polyQ tract evokes the production of insoluble protein aggregates,
susceptibility to proteolysis, destabilization of functional conformation, leading to abnormal
protein-protein interactions, and ultimately neuronal death (Costa Mdo and Paulson, 2012;
Raj and Akundi, 2021). Although the precise underlying molecular mechanism by which

polyQ-expanded ataxin-3 elicits neurotoxicity is still far from clear.

The right subcellular localization of proteins and the proper protein-protein interactions play
important roles in the maintenance of cellular homeostasis, which is regulated by the

nucleocytoplasmic transport across the nuclear envelope (Ding et al., 2020; Ding and
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Sepehrimanesh, 2021). Under normal conditions of nucleocytoplasmic transport, protein
cargos are able to reach and be retained in appropriate compartments, either the nucleus or
cytoplasm. However, dysregulations of the nucleocytoplasmic transport machinery will
interfere with the normal intracellular distribution of protein cargos, resulting in protein
mislocalization, which can be observed in diseased or aged neurons. Mislocalization of protein
cargos disrupts the hemostasis of the local protein reservoir and leads to abnormal protein-
protein interactions, by which induces the formation of protein aggregates in cells, especially
in post-mitotics such as neurons (Tamburrino and Decressac, 2016; Woerner et al., 2016). On
the flip side, these protein aggregates have deleterious effects on the normal functions of the
neurons by recruiting other proteins and factors that play a crucial role in signaling pathways
or nucleocytoplasmic transport. It has been indicated that TDP-43 aggregates or poly-
dipeptides encoded by C9orf72 repeat expansion in ALS/FTD interfere with the
nucleocytoplasmic transport in affected neurons (Chou et al., 2018; Shi et al., 2017). These
disruptions further deteriorate the impaired functions of nucleocytoplasmic transport

machinery, leading to more severe mislocalization of proteins.

In addition to mislocalization of protein cargos, the nuclear export of transcripts can be
defected in neurons, causing abnormal subcellular distribution of RNA molecules, such as
nuclear RNA accumulation and mRNA mislocalization. Disruption of the normal distribution
of RNA molecules can dysregulate protein synthesis and results in the abnormal
compartmentalization of protein reservoirs (Lusk and King, 2017; Wang et al., 2016). Indeed,
the impairment of nucleocytoplasmic transport in trafficking either protein cargos or RNA
molecules will contribute to neuronal toxicity, leading to neurodegeneration and the

manifestation of the disease (Ding and Sepehrimanesh, 2021).

4.1 KPNB1 modulates ataxin-3 levels and cleavage, whereas it does
not affect its subcellular localization

Despite predominantly cytoplasmic localization of ataxin-3 (Antony et al., 2009), abnormal
accumulation of ubiquitinated protein aggregates and formation of inclusions in neuronal
nuclei containing the polyQ-expanded ataxin-3 is the pathological hallmark of SCA3 and other
polyQ diseases (Ross and Poirier, 2004; Rib et al., 2013; Taylor et al., 2002). Several lines of

evidence point to the nucleus as the preferential site of aggregation, toxicity, and pathology
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of polyQ-expanded ataxin-3 (Schmidt et al., 1998; Yang et al., 2002). It was shown that nuclear
localization of ataxin-3 plays a crucial role in the manifestation of symptoms. Directing polyQ-
expanded ataxin-3 into the nucleus promotes the formation of inclusions and the disease
phenotype in an SCA3 mouse model, while preventing nuclear localization of polyQ-expanded
ataxin-3 alleviates many disease features (Bichelmeier et al., 2007). It is proposed that the
intrinsically lower activity of the neuronal nuclear ubiquitin-proteasome system (UPS) may
account for the preferential nuclear accumulation of polyQ-expanded proteins in neurons
(Tydlacka et al., 2008), although the exact underlying mechanisms remained enigmatic. In this
regard, evaluation of the nucleocytoplasmic transport in SCA3 and other polyQ diseases might

unravel its pathological implications and therapeutic targetability.

Nucleocytoplasmic transport of protein cargos between the cytoplasm and nucleus involves
the recognition of nuclear localization signals (NLSs) or nuclear export signals (NESs) of
protein cargos by a family of nuclear transport receptors referred to as karyopherins. The
classical import pathway across the nuclear/cytoplasmic border is mediated by the
karyopherin B family (KPNBs) that binds to the cargos directly or through adaptor proteins,
the karyopherin a family (KPNAs) (Cautain et al., 2015; Chook and Blobel, 2001). Ataxin-3 is
known to possess a putative NLS and two NESs, which might be implicated in the nuclear
shuttling of this protein (Antony et al., 2009; Breuer et al., 2010). Nonetheless, the molecular
mechanism implicated in the nucleocytoplasmic transport of ataxin-3 and its contribution to

the pathogenesis of SCA3 is not fully understood.

Recently, there has been a growing appreciation for the idea that dysregulation of
nucleocytoplasmic transport and defects in maintaining discrete nuclear and cytoplasmic
compartments are involved in the pathogenesis of various neurodegenerative diseases. The
impairment of nucleocytoplasmic transport machinery has been demonstrated in different
models of neurodegenerative diseases, including Drosophila (Steyaert et al., 2018), mouse
(Gasset-Rosa et al., 2017), and patient-derived induced pluripotent stem cells (iPSCs) (Gasset-
Rosa et al., 2019). Previous studies demonstrated severe mislocalization and aggregation of
nucleoporins and impairment of nucleocytoplasmic transport in HD (Gasset-Rosa et al., 2017;
Grima et al., 2017). A close relationship between perturbed nuclear pore complexes (NPCs),
changes in the nucleocytoplasmic transport, and the pathology of ALS has been revealed

(Aizawa et al.,, 2019; Burk and Pasterkamp, 2019). Apart from this, defective
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nucleocytoplasmic transport has been indicated in Alzheimer’s disease (AD) (Eftekharzadeh
et al., 2018), Parkinson’s disease (PD) (Chen et al., 2020), frontotemporal dementia (FTD)

(Zhang et al., 2015), and SCA1 (Zhang et al., 2020), which contributes to the neurotoxicity.

Previously, based on in vitro and in vivo studies, our group reported that karyopherin subunit
alpha-3 (KPNA3) controls the localization of ataxin-3 and plays a key role in the SCA3-related
phenotypes in Drosophila and mouse models. It was indicated that KPNA3 is involved in the
pathogenesis and progression of SCA3, as modulation of this protein influences both
pathogenic mechanisms, such as intracellular localization and aggregation of ataxin-3 (Figure
4.1), and manifestations of SCA3, such as anxiety, total activity, and gait abnormalities (Sowa
et al., 2018). Importantly, KPNA3 functions as an adaptor protein for karyopherin subunit
beta-1 (KPNB1) in the nuclear transport of various cargos (Cautain et al., 2015), raising the
possibility that KPNB1 could be implicated in the subcellular localization and modulation of
ataxin-3 protein, thereby pathogenesis of SCA3 as well. To test this hypothesis, we employed
a GST pull-down assay to investigate whether wild-type (15Q) and polyQ-expanded (77Q)
ataxin-3 interacts directly with nuclear transport receptor KPNB1 as well as karyopherin
subunit alpha-2 (KPNA2) and KPNA3. The result indicated a direct interaction between both
wild-type and polyQ-expanded ataxin-3 with three different nuclear transport receptors,
KPNB1, KPNA2, and KPNA3. The interaction of ataxin-3 with nuclear transport receptors, both
beta and alpha families, provides evidence for the concept that the classical import pathway
mediated by importin a and importin B is likely involved in the nuclear transport of both wild-

type and polyQ-expanded ataxin-3.

Given that KPNB1 is able to bind to protein cargos directly or through adaptor proteins
importin a to transport cargos between the cytoplasm and nucleus through the nuclear pore
complexes (Cautain et al., 2015; Chook and Blobel, 2001), and we could confirm the
interaction of wild-type and polyQ-expanded ataxin-3 with KPNB1, we were encouraged to
assess if modulation of KPNB1 can affect the subcellular localization of ataxin-3 using
fluorescence microscopy and nucleocytoplasmic fractionation assay. KPNB1 is known as an
importin that shuttles protein cargos from the cytoplasm into the nucleus; thereby, we
expected that KPNB1 overexpression results in an increase in the amount of nuclear ataxin-3,
whereas KPNB1 knockdown has an opposite effect, leading to a reduction in nuclear ataxin-

3. To our surprise, our findings demonstrated that neither overexpression nor knockdown of
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KPNB1 using esiRNA shows any significant alteration of the intracellular distribution of ataxin-
3 in HEK293T cells, although modulation of KPNB1 levels can apparently affect protein levels
of either wild-type or polyQ-expanded ataxin-3. Additionally, western blot analysis of the
nucleocytoplasmic fractionation assay revealed the generation of specific ataxin-3 fragments
upon KPNB1 overexpression, which was mainly visible in the cytoplasmic fraction of the cells.
KPNB1 has been described as a multifunctional protein involved in various cellular processes
and mechanisms (Harel and Forbes, 2004; Mosammaparast and Pemberton, 2004; Zhong et
al., 2011), and these data indicate that KPNB1 has the potential to influence both wild-type
and polyQ-expanded ataxin-3 through a mechanism that does not appear to implicate the
intracellular localization of this protein, suggesting a new role for this nuclear transport

receptor.
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Figure 4.1 KPNA3 is a key player in the nuclear localization of ataxin-3 and is involved in the
pathogenesis of SCA3. Modulation of KPNA3 affects pathogenic mechanisms, such as intracellular
localization and aggregation of ataxin-3. Cell stress leads to expanded ataxin-3 being recruited into
the nucleus, which is mediated by the transport protein KPNA3. Expanded ataxin-3 is not able to
properly function as a transcriptional regulator and forms aggregates in the nucleus that recruit other
proteins, leading to more cellular stress and damage. Created with BioRender.com. Modified from
Sowa et al., 2018.

111



Discussion

Observing the potential effects of KPNB1 modulation on ataxin-3 protein levels and cleavage
in the nucleocytoplasmic fractionation assays motivated us to analyze in detail if alteration of
KPNB1 levels with overexpression and knockdown of this protein has any robust effects on
wild-type and polyQ-expanded ataxin-3. First, we investigated the effect of KPNB1
overexpression on ataxin-3 levels using western blotting. Our result revealed a marked
reduction of both wild-type and polyQ-expanded ataxin-3 soluble levels and enhancement of
ataxin-3 cleavage upon KPNB1 overexpression. Detection of ataxin-3 using specific antibodies
displayed that ataxin-3 fragments induced by KPNB1 overexpression are C-terminal and
contain the polyQ tract. Ataxin-3-derived C-terminal fragments have been identified both in
the brains of SCA3 patients, mainly in the cerebellum and substantia nigra, and in the brain

of a SCA3 mouse model (Goti et al., 2004).

Further analysis demonstrated that the enhancement of ataxin-3 fragmentation as well as the
ataxin-3-lowering effect of KPNB1 were time-dependent. As these effects were observed on
both wild-type and polyQ-expanded ataxin-3, we believe that the effect of KPNB1
overexpression on ataxin-3 is not polyglutamine-specific. KPNB1 overexpression lowered
protein levels of ataxin-3, and this effect was not compromised by mutating the FxFG binding
site of KPNB1, indicating a nuclear transport function-independent mechanism behind ataxin-
3 reduction, which confirms the result of nucleocytoplasmic fractionation assays. In addition,
our results highlighted that protein levels of ataxin-3 are generally yet specifically lowered by
KPNB1 overexpression, as it was observed on both overexpressed and endogenous ataxin-3,
whereas no effect was shown on GFP levels as a control protein. The above findings propose
activation of a proteolytic pathway upon KPNB1 overexpression. However, KPNB1 does not
have any protease function; therefore, we speculate that the effect of KPNB1 on ataxin-3

levels and cleavage might be an indirect effect.

We further explore the impact of KPNB1 knockdown and pharmacological inhibition on both
wild-type and polyQ-expanded ataxin-3. In contrast to the result of KPNB1 overexpression,
KPNB1 knockdown using esiRNA and its pharmacological inhibition using importazole led to
an increase in ataxin-3 protein levels. Given that KPNB1 knockdown and pharmacological
inhibition modulated both wild-type and polyQ-expanded ataxin-3, it seems to be a polyQ-

independent and therefore physiological mechanism. These alterations yield KPNB1 as a
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putative modulator of ataxin-3 protein levels, independent of the KPNB1 nuclear transport

function.

4.2 The nature of KPNB1-induced ataxin-3 fragments

We confirmed that KPNB1 overexpression leads to the enhancement of ataxin-3 cleavage and
the production of C-terminal fragments that were observed both in wild-type and polyQ-
expanded ataxin-3, suggesting a polyQ-independent mechanism. However, these fragments
were more prominent in wild-type ataxin-3, which can be explained by the sequestration of
polyQ-expanded ataxin-3 into the aggregates and their lower availability to the proteolytic
mechanisms. Proteolytic cleavage of polyQ-expanded ataxin-3 results in the production of
fragments that are highly susceptible to aggregation, primarily in the nucleus, which induces
cellular toxicity (Ross et al., 1999; Simdes et al., 2012; Weber et al., 2017). Nucleocytoplasmic
fractionation assays indicated that ataxin-3 fragments induced by KPNB1 overexpression
localize in the cytoplasm, which might be degraded faster than fragments localized in the
nucleus, thereby decreasing the toxicity of these fragments. Moreover, our results indicated
that these fragments are likely degraded by autophagy, as inhibition of this protein quality
control mechanism resulted in the accumulation of ataxin-3 fragments induced by KPNB1

overexpression.

Since KPNB1 is not a protease, we speculated that the enhancement of ataxin-3 cleavage
upon KPNB1 overexpression is likely associated with the activation of proteases or proteolytic
pathways. It is widely thought that activation of two classes of cysteine proteases, caspases
and calpains, enhances the proteolytic cleavage of ataxin-3 and the generation of toxic
fragments, eventually overwhelming protein quality control pathways and causing cell
toxicity. Indeed, activation of caspases and calpains plays an important role in the
pathogenesis of SCA3 and other polyQ diseases (Berke et al., 2004; Haacke et al., 2006; Matos
et al., 2017). However, we could not substantiate an involvement of either class of proteases
in ataxin-3 fragmentation upon KPNB1 overexpression, as proteolytic cleavage of a-spectrin,
which is a natural substrate of caspases and calpains, was not promoted in KPNB1-
overexpressing cells, and inhibition of these proteases could not prevent the generation of
ataxin-3 fragments induced by KPNB1 overexpression. We further explored the implication of

calpains by comparing the KPNB1-mediated fragmentation pattern of ataxin-3 with the
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cleavage pattern of ataxin-3 induced by activation of calpains using ionomycin. Our results
revealed that KPNB1 overexpression-induced ataxin-3 fragments are not linked to the
activation of calpains, as they showed a different pattern from fragments induced by this

protease, implying the contribution of a yet unknown proteolytic enzyme.

Damaged proteins are subjected to degradation by the ubiquitin-proteasome system (UPS)
or autophagy, key components of the protein clearance mechanisms (Vilchez, 2014).
Autophagy is essential for the maintenance of cellular survival and homeostasis, and
impairment of autophagic activity has been indicated in many proteostasis disorders, such as
neurodegenerative diseases, which contributes to their pathogenesis (Sridhar et al., 2012).
Ataxin-3 has been described as a substrate for proteasomal degradation and autophagy, and
disruption of both pathways has been associated with SCA3 pathogenesis (Blount et al., 2014;
Chai et al., 1999; Onofre et al., 2016; Sittler et al., 2018).

We postulated that reduction of ataxin-3 levels and enhancement of its fragmentation might
be linked to the activation of autophagic or proteasomal degradation in KPNB1-
overexpressing cells. However, none of the classical proteolytic pathways appeared to be
triggered by KPNB1 overexpression, as inhibition of autophagy and proteasomal degradation
did not abolish the effect of KPNB1 overexpression on ataxin-3. Furthermore, KPNB1
overexpression did not affect the levels of autophagy markers LC3B-Il and p62, implying no
alteration in the autophagic flux in these cells. Altogether, it seems that the effect of KPNB1
overexpression on ataxin-3 does not occur via activation of the known SCA3-associated

proteases or proteolytic pathways.

4.3 KPNB1 modulates the aggregation of ataxin-3

A common and prominent feature among polyglutamine diseases is the formation of
neuronal inclusions mainly consist of the polyQ-expanded protein, suggesting protein
misfolding and aggregation as a central mechanism in the pathogenesis of these diseases
(Berke et al., 2004; Taylor et al., 2002; Williams and Paulson, 2008). Notably, the polyQ length
threshold for aggregation determines the threshold length for polyglutamine diseases
(Paulson, 2012). In vitro studies provide evidence that the expansion of polyQ tract alters the
native conformation of polyQ proteins, leading to an increased amyloid-like structure and

formation of aggregates (Chen et al.,, 2002; Kayed et al., 2003). Consistent with this
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observation, polyQ-expanded ataxin-3 adopts amyloid-like conformations and forms

aggregates in vitro (Bevivino and Loll, 2001).

It has been shown that the impairment of cellular quality control mechanisms including
chaperone-mediated protein folding, ubiquitin-proteasome mediated protein degradation,
and autophagy-lysosome, have a key role in protein misfolding and aggregation in SCA3 and
other polyglutamine diseases. These mechanisms maintain a functional proteome and assist
proteins in refolding or disaggregating in case that they fail to achieve their native
conformation. If the concentration of misfolded proteins exceeds cellular folding and
degradative capacity, these proteins can accumulate and form insoluble aggregates, which
impair cell function and tissue homeostasis (Paulson, 2012; Vilchez et al., 2014; Williams and

Paulson, 2008).

Our findings regarding the effect of KPNB1 modulation on ataxin-3 levels and cleavage,
motivated us to investigate if modulation of this nuclear transporter might influence the
aggregation propensity of polyQ-expanded ataxin-3 which is the main pathological hallmark
of SCA3. Accordingly, fluorescence microscopy and filter retardation assay demonstrated that
KPNB1 overexpression reduced aggregation load of polyQ-expanded ataxin-3. Further
analysis indicated that this effect is a nuclear transport function-independent mechanism, as
mutation of the FxFG binding site of KPNB1 did not abolish its effect on ataxin-3 aggregation.
Additionally, overexpression of KPNB1 improved the viability of cells expressing polyQ-
expanded ataxin-3 as analyzed by PrestoBlue assay. The enhancement of cell viability in these
cells can be explained by less aggregation load of polyQ-expanded ataxin-3, leading to less
cell toxicity. Contracting KPNB1 overexpression, either knockdown or pharmacological

inhibition of this nuclear transporter using importazole increased ataxin-3 aggregates.

As we observed a modulation of full-length ataxin-3 upon KPNB1 overexpression or
knockdown/pharmacological inhibition, we concluded that the alterations of polyQ-
expanded ataxin-3 aggregates were due to the changes of soluble levels of this protein. It has
been shown that concentration of polyQ-expanded ataxin-3 has direct consequences for

formation of aggregates (Pozzi et al., 2008).
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4.4 KPNB1 influences ataxin-3 levels and fragmentation via the
mitochondrial protease CLPP

Our findings demonstrated that KPNB1 overexpression modulates the ataxin-3 protein. To
figure out which regulators or cellular pathways might be involved in this effect, RNA
sequencing was performed, and no alteration in the gene expression of ataxin-3 was detected
upon KPNB1 overexpression, implying the reduction of ataxin-3 protein levels is not
associated with the modulation of its gene expression. Additionally, we could not link the
modulated canonical pathways revealed by the Ingenuity Pathway Analysis to the modulation

of ataxin-3 in KPNB1-overexpressing cells.

To further dissect the KPNB1-mediated effects on levels and proteolysis of ataxin-3, we
conducted unbiased label-free quantitative proteomics, followed by the Ingenuity Pathway
Analysis to get insight into the activation and inhibition of upstream regulators or canonical
pathways upon KPNB1 overexpression. Our analysis determined the potential activation of
the ATP-dependent Clp protease proteolytic subunit (CLPP) upon KPNB1 overexpression in
both wild-type and polyQ-expanded ataxin-3-expressing cells. This prediction was based on a
significant down-regulation of some mitochondrial resident proteins, which can be cleaved

by activation of the mitochondrial protease CLPP.

Mitochondrial proteases, or mitoproteases, are important regulatory components that
perform highly regulated proteolytic reactions and degrade proteins that fail to fold or
assemble properly. Mitoproteases are highly specific and are central regulatory components
in quality control and mitochondrial function and integrity, such as activation of mitochondrial
proteins, mitochondrial biogenesis, mitophagy, and apoptosis (Bulteau and Bayot, 2011;
Quirds et al., 2015). Impaired function of mitoproteases is implicated in aging, metabolic
syndromes, cancer, and neurodegenerative diseases including PD, SCA, and spastic paraplegia

(Martinelli and Rugarli, 2010; Quirds et al., 2015; Rugarli and Langer, 2012).

The accumulation of unfolded or misfolded proteins in the mitochondria triggers a
mitochondrial unfolded protein response (UPR™), leading to the induction of nuclear
expression of mitochondrial protective genes, including mitochondrial chaperones and
proteases. The ATP-dependent Clp protease proteolytic subunit (CLPP) is a mitoprotease that

is highly conserved and plays a pivotal role in protein homeostasis and bioenergetic activity.
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CLPP forms a proteasome-like cylinder together with the chaperone ATP-dependent Clp
protease ATP-binding subunit ClpX-like (CLPX), which is called the CLPXP complex. CLPXP and
Lon are ATPase Associated with diverse cellular Activities (AAA) proteases located within the
mitochondrial matrix (Sauer and Baker, 2011; Tatsuta and Langer, 2009). This mitochondrial
protease plays a pivotal role in UPR™ signaling, and knockdown of CLPP perturbs the
induction of mitochondrial chaperone genes during mitochondrial stress (Haynes et al., 2007;
Pellegrino et al., 2013; Zhao et al., 2002). Mitochondrial protease CLPP is implicated in the
degradation and regulation of the synthesis of proteins and enzymes that are related to
mitochondrial translation, metabolic pathways such as the tricarboxylic acid cycle, and the
electron transport chain (Fischer et al., 2015; Szczepanowska et al., 2016). Nonetheless, little
is known about the substrates and involvement of this mitochondrial protease in cellular

pathways and mechanisms in mammals.

The implication of the mitochondrial protease CLPP has been indicated in aging and disease
(Fischer et al., 2015; Jenkinson et al., 2013; Rath et al., 2012). CLPP null mice presented
accumulation of CLPX and mtDNA, leading to infertility, auditory deficits, and growth
retardation (Gispert et al., 2013). Moreover, the protein levels of CLPP are reduced in PD
patient post-mortem brains, induced neurons derived from PD patients, and a-synuclein-
expressing cell cultures. In fact, loss of CLPP leads to the accumulation of misfolded proteins,
disruption of the mitochondrial respiratory chain, promotion of oxidative products, and

ultimately cell death (Hu et al., 2019).

We could corroborate our findings by esiRNA-mediated knockdown of CLPP in KPNB1-
overexpressing cells, which resulted in the restoration of soluble and aggregated forms of
ataxin-3. Not surprisingly, since the dysfunction of mitochondria and bioenergetic alterations
are common features of neurodegenerative diseases, the implications of CLPP have been
demonstrated in these diseases (Fischer et al., 2015; Guillon et al., 2009; Hu et al., 2019).
Previous investigations have shown that loss of CLPP is implicated in a-synuclein-associated
pathology in neurons derived from PD patient iPS cells. Conversely, overexpression of CLPP
reduces a-synuclein-induced mitochondrial oxidative stress and inhibits the accumulation of
S129-phosphorylated a-synuclein, leading to the promotion of neuronal morphology in these
cells (Hu et al., 2019). In line with these findings, overexpression of CLPP decreased ataxin-3

protein levels, which was further enhanced by KPNB1 cotransfection in these cells, while
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knockdown of CLPP increased ataxin-3 levels. These findings suggest that KPNB1
overexpression triggers proteolytic degradation of ataxin-3 via activation of the mitochondrial
protease CLPP and consequently lowers protein levels and aggregation of this protein,

whereas its knockdown or pharmacological inhibition has an opposite effect (Figure 4.2).

Overexpression Clp complex

Enhancement of
Atx3 proteolysis

Knockdown

Inhibition of
Atx3 proteolysis

Figure 4.2 Schematic overview of the proposed ataxin-3 degrading pathway mediated by KPNB1 and
mitochondrial protease CLPP. (a) Overexpression of KPNB1 triggers proteolytic degradation of ataxin-
3 via mitochondrial protease CLPP activation, leading to the reduction of ataxin-3 protein levels.
Additionally, CLPP overexpression impacts ataxin-3 protein levels in the same manner. Cleavage of the
peptides by the protease component of the Clp complex is an ATP-dependent process (Bouchnak and
van Wijk, 2021). (b) Either knockdown or pharmacological inhibition of KPNB1 as well as knockdown
of CLPP prevent degradation of ataxin-3 via the suggested pathway. Created with BioRender.com.
Modified from Abeditashi et al., 2022.

The potential site of intersection between the mitochondrially localized CLPP and the
nucleocytoplasmic localization of ataxin-3 remains obscure. Although both wild-type and
polyQ-expanded ataxin-3 have been shown to be associated with or localized in mitochondria

(Kristensen et al., 2018; Pozzi et al., 2008). Importantly, some mitochondrial proteins have
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been identified as interaction partners of wild-type and/or polyQ-expanded ataxin-3, such as
cytochrome C oxidase subunit NDUFA4 (NDUFA4), succinate dehydrogenase complex
subunits A and B (SDHA and SDHB), and cytochrome C oxidase assembly factor 7 (COA7)
(Kristensen et al., 2018; Laco et al., 2012). In addition, ataxin-3 has been proposed as a crucial
component of the canonical parkin-mediated mitophagy (Harmuth et al., 2022). These
findings put emphasis on the possibility of ataxin-3 cleavage by the mitochondrial protease

CLPP.

Aside from its role as a nuclear transport protein, KPNB1 has been described as a
multifunctional protein involved in cell cycle control, mitosis and replication, promoting
endoplasmic-reticulum-associated degradation (ERAD), and also functioning as a chaperone
that prevents the aggregation of some proteins (Harel and Forbes, 2004; Mosammaparast
and Pemberton, 2004; Zhong et al., 2011). The herein described activation of a mitochondrial
protease, such as CLPP, and thereby the induction of proteolytic turnover would represent a

new addition to the functional repertoire of KPNB1.

4.5 Dysregulation of KPNB1 and CLPP in SCA3 models

Karyopherin abnormalities have been identified in various neurodegenerative diseases, such
as amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), Alzheimer's disease
(AD), Parkinson's disease (PD), as well as in cell and animal models of polyQ diseases that vary
from altered levels to intracellular mislocalization and aggregation (Chan et al., 2011; Chou et
al., 2018; Lee et al., 2006; Ma et al., 2014; Nishimura et al., 2010; Solomon et al., 2018).
Indeed, karyopherin abnormalities are associated with protein mislocalization and aggregate

formation in neurodegenerative diseases (Pasha et al., 2021).

Defects in the nucleocytoplasmic shuttling of ataxin-3 were suggested as a pathological
mechanism in SCA3 (Macedo-Ribeiro et al., 2009). Interestingly, we observed reduced KPNB1
protein levels in the neuronal tissue of two different SCA3 transgenic mouse models as well
as iPSCs derived from SCA3 patients, which provides evidence for a pathological dysregulation
of this karyopherin in SCA3. Dysregulation of KPNB1 has been linked to neurodegenerative
diseases and several types of cancer (Pasha et al., 2021; van der Watt et al., 2009; Yang et al.,
2015). In line with our findings, reduced levels of KPNB1 were found in the spinal cord of ALS

patients (Yamashita et al., 2017). Additionally, it was demonstrated that knockdown of KPNB1
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and cellular apoptosis susceptibility (CAS) can disrupt the classical nuclear import of TDP-43,
leading to the cytoplasmic accumulation of this protein (Nishimura et al., 2010). Up-regulation
of KPNB1 and XPO5/exportin-5 was detected in AD, and both karyopherins co-localized with
hyperphosphorylated tau (Nuovo et al., 2018). Moreover, aggregation of KPNA2/Importin a-
1 has been observed in AD tangles (Carter, 2011). These data suggest that karyopherin
abnormalities play a pivotal role in the pathology related to neurodegenerative diseases,
thereby highlighting karyopherins as candidates for the development of therapeutic

strategies.

Since mitochondrial dysfunction has been shown in SCA3 (Lago et al., 2012; Yu et al., 2009),
we investigated CLPP protein levels in iPSCs derived from SCA3 patients, and reduced levels
of this mitochondrial protease were revealed in these cells. Down-regulation of CLPP mRNA
and protein levels has been indicated in hereditary spastic paraplegia patients (Hansen et al.,
2008). Furthermore, CLPP protein levels reduce in PD models in vitro and in vivo, as well as in
PD patient postmortem brains (Hu et al., 2019). Loss of mitochondrial protease CLPP in mice
results in mitochondrial dysfunction, diminished spontaneous motor activity, inflammatory
response, infertility, respiratory deficiency caused by ineffective mitochondrial protein
synthesis, and decreased survival (Gispert et al., 2013; Szczepanowska et al., 2016). These
findings provide evidence for the implication of CLPP in both maintaining mitochondrial
qguality and neurodegenerative diseases such as SCA3 and suggest CLPP as a useful

therapeutic target for neurodegenerative proteinopathies.
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5. Conclusion

In conclusion, our study indicated KPNB1 as an interaction partner of wild-type and polyQ-
expanded ataxin-3, although modulation of this nuclear transport receptor did not alter the
subcellular localization of ataxin-3. Interestingly, KPNB1 modulation influenced protein levels
and aggregate formation of ataxin-3 by a proteolytic event independent of known SCA3-
associated proteolytic pathways. Unbiased label-free quantitative proteomics, followed by
the Ingenuity Pathway Analysis (IPA), suggested activation of the ATP-dependent Clp protease
proteolytic subunit (CLPP) upon KPNB1 overexpression. Consequently, esiRNA-mediated
knockdown of CLPP counteracted the KPNB1 overexpression-induced reduction of ataxin-3
protein levels and aggregation, whereas CLPP overexpression promoted the KPNB1-mediated
ataxin-3 lowering. In addition, we identified a reduction in KPNB1 protein levels in two
different SCA3 transgenic mouse models and decreased levels of both KPNB1 and CLPP in
induced pluripotent stem cells (iPSCs) of SCA3 patients. Our data suggest KPNB1 as a new
putative modulator of soluble and aggregated ataxin-3, which triggers proteolytic
degradation of this protein via activation of the mitochondrial protease CLPP. Therefore, it is
reasonable to consider KPNB1 and CLPP as potential therapeutic targets for the treatment of

SCA3 and other neurodegenerative proteinopathies.
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Table A.1 RNA sequencing revealed 565 differentially expressed genes in wild-type (15Q) ataxin-3-
expressing cells upon KPNB1 overexpression (15Q + CTRL vs 15Q + KPNB1). The top 100 differentially
expressed genes are listed in the table. FC = fold change; FDR = false discovery rate.

Gene name Protein name Log, FC P-value FDR

GH1 growth hormone 1 13.3796 | 0.0000 0.0000
GH2 growth hormone 2 9.2380 0.0000 0.0000
RNU4ATAC4P RNA, Udatac small nuclear 4, pseudogene 4.1533 0.0000 0.0015
KPNB1 karyopherin (importin) beta 1 3.3313 0.0000 0.0000
ANKRD1 ankyrin repeat domain 1 (cardiac muscle) 3.0473 0.0000 0.0000
RP11-875011.1 2.7314 0.0001 0.0044
MT-TA mitochondrially encoded tRNA alanine 2.6839 0.0315 0.1915
RP11-386114.4 2.6317 0.0000 0.0000
RP11-386123.1 2.3590 0.0000 0.0001
HMOX1 heme oxygenase (decycling) 1 2.3561 0.0000 0.0000
RNU2-63P RNA, U2 small nuclear 63, pseudogene 2.3002 0.0000 0.0000
SNX31 sorting nexin 31 2.2684 0.0000 0.0040
RNU11 RNA, U11 small nuclear 2.2671 0.0000 0.0000
ZBTBSOSP2 zinc finger and BTB domain containing 8 opposite strand 59518 0.0001 0.0060

pseudogene 2

ARHGAP30 Rho GTPase activating protein 30 2.2316 0.0000 0.0016
RP11-386G11.5 2.2249 0.0000 0.0000
SCUBE2 signal peptide, CUB domain, EGF-like 2 2.2150 0.0000 0.0010
GDF15 growth differentiation factor 15 2.1358 0.0000 0.0000
u3 Small nucleolar RNA U3 2.0320 0.0000 0.0030
RNU1-60P RNA, U1 small nuclear 60, pseudogene 1.9769 0.0000 0.0001
RNU1-85P RNA, U1 small nuclear 85, pseudogene 1.9481 0.0000 0.0000
IQCA1P1 1Q motif containing with AAA domain 1 pseudogene 1 1.9204 0.0001 0.0078
SLC22A14 solute carrier family 22, member 14 1.8677 0.0000 0.0000
RNVU1-20 RNA, variant U1 small nuclear 20 1.8552 0.0005 0.0175
CYP4F3 cytochrome P450, family 4, subfamily F, polypeptide 3 1.7886 0.0000 0.0003
Y_RNA Y RNA 1.7675 0.0001 0.0051
MSH4 mutS homolog 4 1.5882 0.0081 0.0906
CNTD2 cyclin N-terminal domain containing 2 1.5717 0.0003 0.0123
PTAFR platelet-activating factor receptor 1.5550 0.0005 0.0173
I1SG20 interferon stimulated exonuclease gene 20kDa 1.5200 0.0000 0.0013
RP3-340B19.2 1.5038 0.0008 0.0226
PYGM phosphorylase, glycogen, muscle 1.5020 0.0020 0.0392
SNORD42 Small nucleolar RNA SNORD42 1.4670 0.0075 0.0872
C7orfél chromosome 7 open reading frame 61 1.4251 0.0004 0.0154
ARRDC3 arrestin domain containing 3 1.4064 0.0000 0.0000
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Gene name Protein name Log, FC P-value FDR

RN7SL336P RNA, 7SL, cytoplasmic 336, pseudogene 1.4020 0.0221 0.1592
PLAC8L1 PLAC8-like 1 1.3808 0.0005 0.0166
NHLH2 nescient helix loop helix 2 1.3681 0.0000 0.0000
LMTK2 lemur tyrosine kinase 2 1.3653 0.0000 0.0000
RP3-326113.1 1.3615 0.0017 0.0353
FOXQ1l forkhead box Q1 1.3458 0.0037 0.0580
ZNF669 zinc finger protein 669 1.3401 0.0000 0.0000
AC132192.1 LOC644656 protein; Uncharacterized protein 1.3134 0.0008 0.0230
RP4-607J23.2 1.2691 0.0012 0.0287
APC2 adenomatosis polyposis coli 2 1.2550 0.0013 0.0307
KIAA1614 KIAA1614 1.2468 0.0126 0.1148
RP11-372K14.2 1.2392 0.0115 0.1089
NPC1L1 NPC1-like 1 1.2349 0.0020 0.0391
IL20RB interleukin 20 receptor beta 1.2206 0.0016 0.0350
ETVS ets variant 5 1.2163 0.0022 0.0414
ARHGEF33 Rho guanine nucleotide exchange factor (GEF) 33 -1.0438 | 0.0078 0.0887
DNAH7 dynein, axonemal, heavy chain 7 -1.0460 0.0001 0.0073
SPDYC speedy/RINGO cell cycle regulator family member C -1.0506 | 0.0140 0.1229
AP001007.1 -1.0620 0.0008 0.0226
MEIG1 meiosis/spermiogenesis associated 1 -1.0709 | 0.0254 0.1700
P potassium intermediate/small conductance calcium-activated 0765 0.0408 0.2200

channel, subfamily N, member 4

TXLNB taxilin beta -1.0791 0.0227 0.1624
LEKR1 leucine, glutamate and lysine rich 1 -1.0974 | 0.0058 0.0759
RNU1-124P RNA, U1 small nuclear 124, pseudogene -1.1290 0.0002 0.0095
RBP5 retinol binding protein 5, cellular -1.1306 | 0.0083 0.0918
EPS8L2 EPS8-like 2 -1.1364 0.0010 0.0265
WDR93 WD repeat domain 93 -1.1402 0.0084 0.0921
KIAA1211L KIAA1211-like -1.1404 0.0019 0.0386
ABCD2 ATP-binding cassette, sub-family D (ALD), member 2 -1.1450 0.0090 0.0956
EPHA10 EPH receptor A10 -1.1473 0.0034 0.0556
FAXDC2 fatty acid hydroxylase domain containing 2 -1.1489 | 0.0000 0.0015
RP11-1038A11.3 -1.1695 0.0268 0.1752
ACVRL1 activin A receptor type ll-like 1 -1.1732 | 0.0014 0.0313
FILIP1 filamin A interacting protein 1 -1.1835 | 0.0004 0.0155
AC145212.1 -1.1850 0.0267 0.1749
MTND4P12 MT-ND4 pseudogene 12 -1.1922 0.0209 0.1532
PM20D1 peptidase M20 domain containing 1 -1.1930 | 0.0202 0.1508
WDR31 WD repeat domain 31 -1.2095 0.0000 0.0002
RP11-389G6.3 -1.2182 0.0039 0.0604
Cl4orf79 chromosome 14 open reading frame 79 -1.2253 | 0.0009 0.0248
EFCAB6 EF-hand calcium binding domain 6 -1.2309 | 0.0109 0.1066
snoU13 Small nucleolar RNA U13 -1.2404 | 0.0204 0.1515
RPS3AP3 ribosomal protein S3A pseudogene 3 -1.2409 | 0.0036 0.0573

148




Appendix A: RNA sequencing

Gene name Protein name Log, FC P-value FDR

RP11-485G7.5 -1.2416 0.0103 0.1031
RP3-500L14.2 -1.2518 0.0173 0.1372
HIST1H4H histone cluster 1, H4h -1.2741 0.0022 0.0413
CCDC160 coiled-coil domain containing 160 -1.2896 | 0.0022 0.0418
RP5-1049N15.2 -1.3054 0.0037 0.0585
SSR4P1 signal sequence receptor, delta pseudogene 1 -1.3292 | 0.0022 0.0412
DEGS2 delta(4)-desaturase, sphingolipid 2 -1.3482 | 0.0117 0.1101
HIST1H2AG histone cluster 1, H2ag -1.3485 0.0002 0.0099
HIST1H2BJ histone cluster 1, H2bj -1.3605 0.0000 0.0004
LINCO0853 long intergenic non-protein coding RNA 853 -1.3650 | 0.0062 0.0783
DHRS2 dehydrogenase/reductase (SDR family) member 2 -1.4411 | 0.0000 0.0000
ACKR2 atypical chemokine receptor 2 -1.4807 | 0.0111 0.1069
THSD7A thrombospondin, type I, domain containing 7A -1.4983 | 0.0024 0.0447
RUNDC3A RUN domain containing 3A -1.5019 | 0.0021 0.0402
RP11-1101H11.1 -1.5358 0.0009 0.0239
RP11-70C1.1 -1.6270 0.0001 0.0049
RP11-432J24.5 -1.6368 0.0001 0.0078
RPS10P28 ribosomal protein S10 pseudogene 28 -1.7315 | 0.0001 0.0057
PPL periplakin -1.7375 0.0000 0.0003
PACRG PARK2 co-regulated -1.8248 0.0020 0.0399
EDN2 endothelin 2 -2.1766 0.0000 0.0003
SNORD3B-2 small nucleolar RNA, C/D box 3B-2 -4.3946 0.0001 0.0053

Table A.2 RNA sequencing revealed 653 differentially expressed genes in polyQ-expanded (148Q)
ataxin-3-expressing cells upon KPNB1 overexpression (148Q + CTRL vs 148Q + KPNB1). The top 100
differentially expressed genes are listed in the table. FC = fold change; FDR = false discovery rate.

Gene name Protein name Log, FC P-value FDR

GH1 growth hormone 1 14.9827 | 0.0000 0.0000
GH2 growth hormone 2 7.5075 0.0000 0.0000
ANKRD1 ankyrin repeat domain 1 (cardiac muscle) 4.3660 0.0000 0.0000
ZBTBSOSP2 zinc finger and BTB domain containing 8 opposite strand 4.3095 0.0000 0.0000

pseudogene 2

RNU4ATAC4P RNA, Udatac small nuclear 4, pseudogene 3.9416 0.0000 0.0001
KPNB1 karyopherin (importin) beta 1 3.3942 0.0000 0.0000
RP11-386114.4 3.2841 0.0000 0.0000
HMOX1 heme oxygenase (decycling) 1 3.1640 0.0000 0.0000
SNX31 sorting nexin 31 3.0524 0.0000 0.0000
ALLC allantoicase 2.9844 0.0000 0.0027
RP11-875011.1 2.9493 0.0000 0.0027
Y_RNA Y RNA 2.8086 0.0000 0.0000
RNVU1-20 RNA, variant U1 small nuclear 20 2.7831 0.0000 0.0003
RP11-44F14.8 2.7032 0.0000 0.0001
NPC1L1 NPC1-like 1 2.6708 0.0000 0.0000
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Gene name Protein name Log, FC P-value FDR

GDF15 growth differentiation factor 15 2.5394 0.0000 0.0000
ARHGAP30 Rho GTPase activating protein 30 2.5226 0.0000 0.0007
RP11-386123.1 2.4549 0.0000 0.0000
PTAFR platelet-activating factor receptor 2.3845 0.0000 0.0001
AL589739.1 Uncharacterized protein 2.3707 0.0001 0.0044
RNU2-63P RNA, U2 small nuclear 63, pseudogene 2.3127 0.0000 0.0000
RP3-48613.4 2.2741 0.0000 0.0034
NKAPL NFKB activating protein-like 2.2461 0.0006 0.0199
SCUBE2 signal peptide, CUB domain, EGF-like 2 2.0977 0.0000 0.0005
SNORD42 Small nucleolar RNA SNORD42 2.0666 0.0002 0.0077
KIAA1614 KIAA1614 2.0529 0.0008 0.0229
CNTD2 cyclin N-terminal domain containing 2 2.0453 0.0000 0.0008
AVIL advillin 2.0008 0.0001 0.0045
CTSS cathepsin S 1.9575 0.0005 0.0172
ARRDC3 arrestin domain containing 3 1.9538 0.0000 0.0000
RP11-372K14.2 1.9336 0.0001 0.0059
HUS1B HUS1 checkpoint homolog b (S. pombe) 1.8979 0.0002 0.0090
RP11-386G11.5 1.8954 0.0000 0.0001
RNU1-60P RNA, U1 small nuclear 60, pseudogene 1.8756 0.0000 0.0000
ZNF669 zinc finger protein 669 1.8733 0.0000 0.0000
FRZB frizzled-related protein 1.8727 0.0001 0.0043
IL20RB interleukin 20 receptor beta 1.8457 0.0000 0.0005
TAFTL TAF7-.Iike RNA polymerase I, TATA box binding protein (TBP)- 1.8293 0.0000 0.0003

associated factor, 50kDa

SUMO4 small ubiquitin-like modifier 4 1.8076 0.0000 0.0018
CYP4F3 cytochrome P450, family 4, subfamily F, polypeptide 3 1.8025 0.0000 0.0001
RP11-791G15.2 1.7628 0.0000 0.0004
IQCA1P1 1Q motif containing with AAA domain 1 pseudogene 1 1.7515 0.0002 0.0076
RN7SKP274 RNA, 7SK small nuclear pseudogene 274 1.6694 0.0009 0.0243
RNU11 RNA, U11 small nuclear 1.6507 0.0000 0.0001
NHLH2 nescient helix loop helix 2 1.6497 0.0000 0.0000
RP3-326113.1 1.6330 0.0004 0.0148
APC2 adenomatosis polyposis coli 2 1.6136 0.0000 0.0023
SLC22A14 solute carrier family 22, member 14 1.6125 0.0000 0.0000
PRDM1 PR domain containing 1, with ZNF domain 1.5956 0.0002 0.0087
SNORA42 small nucleolar RNA, H/ACA box 42 1.5811 0.0001 0.0046
DIRC3 disrupted in renal carcinoma 3 -1.0288 | 0.0015 0.0337
AGTR1 angiotensin Il receptor, type 1 -1.0301 0.0341 0.2006
VAX2 ventral anterior homeobox 2 -1.0307 | 0.0067 0.0812
ACTA2 actin, alpha 2, smooth muscle, aorta -1.0324 0.0000 0.0003
AC007690.1 -1.0488 0.0165 0.1354
RP11-72304.9 -1.0586 0.0124 0.1139
SNAP25 synaptosomal-associated protein, 25kDa -1.0630 | 0.0001 0.0061
RP11-717D12.1 -1.0660 0.0161 0.1331
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Gene name Protein name Log, FC P-value FDR

COL6A4P2 collagen, type VI, alpha 4 pseudogene 2 -1.0700 | 0.0094 0.0976
RPL21P32 ribosomal protein L21 pseudogene 32 -1.0845 | 0.0160 0.1330
STPG2 sperm-tail PG-rich repeat containing 2 -1.0902 | 0.0208 0.1541
RAP2C-AS1 RAP2C antisense RNA 1 -1.0967 0.0011 0.0274
THAP10 THAP domain containing 10 -1.0985 0.0004 0.0153
RSPH4A radial spoke head 4 homolog A (Chlamydomonas) -1.1007 | 0.0062 0.0780
RP11-152N13.5 -1.1024 0.0008 0.0229
TSNAXIP1 translin-associated factor X interacting protein 1 -1.1073 | 0.0307 0.1889
ASTN1 astrotactin 1 -1.1140 0.0069 0.0822
ACO18755.1 HCG2008157; Uncharacterized protein; cDNA FLI30403 fis, clone 11237 0.0084 0.0914

BRACE2008480
TCEA3 transcription elongation factor A (Sll), 3 -1.1278 | 0.0174 0.1396
USH1G Usher syndrome 1G (autosomal recessive) -1.1455 0.0015 0.0334
AP3B2 adaptor-related protein complex 3, beta 2 subunit -1.1564 | 0.0001 0.0039
AC147651.3 -1.1590 0.0049 0.0678
RP11-23F23.2 -1.1856 0.0169 0.1370
SCGB1B2P secretoglobin, family 1B, member 2, pseudogene -1.1910 | 0.0084 0.0914
RP11-115D19.1 -1.1960 0.0045 0.0644
PACRG PARK2 co-regulated -1.2024 0.0254 0.1709
CTD-2377D24.6 -1.2255 0.0026 0.0471
KHDC1 KH homology domain containing 1 -1.2309 | 0.0020 0.0409
RBP5 retinol binding protein 5, cellular -1.2353 | 0.0025 0.0458
RP11-345F18.1 -1.2573 0.0006 0.0196
EPS8L2 EPS8-like 2 -1.2612 0.0005 0.0172
RPSAP6 ribosomal protein SA pseudogene 6 -1.2801 | 0.0101 0.1019
FAXDC2 fatty acid hydroxylase domain containing 2 -1.2934 | 0.0000 0.0006
RNU6-228P RNA, U6 small nuclear 228, pseudogene -1.3039 0.0012 0.0293
RP11-125B21.2 -1.3143 0.0122 0.1127
RUNDC3A RUN domain containing 3A -1.3156 | 0.0043 0.0628
PTH1R parathyroid hormone 1 receptor -1.3293 | 0.0012 0.0291
RP5-933K21.3 -1.3533 0.0032 0.0535
LIMD1-AS1 LIMD1 antisense RNA 1 -1.3551 0.0011 0.0280
SORCS2 sortilin-related VPS10 domain containing receptor 2 -1.4649 | 0.0008 0.0233
EDN2 endothelin 2 -1.4965 0.0008 0.0223
RP11-421P23.1 -1.5566 0.0004 0.0141
FGD3 FYVE, RhoGEF and PH domain containing 3 -1.6398 0.0001 0.0067
CCDC160 coiled-coil domain containing 160 -1.8007 | 0.0002 0.0077
DHRS2 dehydrogenase/reductase (SDR family) member 2 -1.9103 | 0.0000 0.0000
PPL periplakin -2.0843 0.0000 0.0001
RP11-588H23.3 -2.1270 0.0001 0.0053
P potassium intermediate/small conductance calcium-activated 1604 0.0003 0.0118
channel, subfamily N, member 4

RP11-70C1.1 -2.6810 0.0000 0.0003
MT-TA mitochondrially encoded tRNA alanine -3.2147 | 0.0029 0.0496
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Table B.1 Label-free quantitative proteomics identified 93 proteins that have been altered significantly
in wild-type (15Q) ataxin-3-expressing cells upon KPNB1 overexpression (15Q + CTRL vs 15Q + KPNB1).
FC = fold change.

Gene name Protein name Log; FC P-value
KPNB1 Importin -1 1.5114 0.0000
DUSP3 Dual specificity protein phosphatase 3 0.7018 0.0389
:::E:;ﬁ':_" Histone H2A type 1-J; Histone H2A type 1-H 0.6828 0.0297
CNBP Cellular nucleic acid-binding protein 0.4154 0.0032
EEF1A2 Elongation factor 1-alpha 2 0.3624 0.0175
KPNA2 Importin a-1 0.2815 0.0129
TRMT112 Multifunctional methyltransferase subunit TRM112-like protein 0.2738 0.0209
RPA3 Replication protein A 14 kDa subunit 0.2699 0.0251
ATP6V1B2 V-type proton ATPase subunit B, brain isoform 0.2638 0.0010
BYSL Bystin 0.2514 0.0080
CDC5L Cell division cycle 5-like protein 0.2443 0.0288
PFN1 Profilin-1 0.2261 0.0009
PCNA Proliferating cell nuclear antigen 0.2254 0.0425
ARFGAP1 ADP-ribosylation factor GTPase-activating protein 1 0.2049 0.0356
IST1 IST1 homolog 0.1857 0.0316
PRPF19 Pre-mRNA-processing factor 19 0.1719 0.0458
ANXAS5 Annexin A5; Annexin 0.1700 0.0042
SLC25A12 Calcium-binding mitochondrial carrier protein Aralarl 0.1697 0.0282
SNX1 Sorting nexin-1 0.1602 0.0173
PPIA somersse A ptermimally processecs epticyoroll cotrans | 01424 | 00064
STIP1 Stress-induced-phosphoprotein 1 0.1058 0.0241
COPG1 Coatomer subunit gamma-1 0.0920 0.0109
IQGAP1 Ras GTPase-activating-like protein IQGAP1 0.0770 0.0227
PA2G4 Proliferation-associated protein 2G4 0.0642 0.0333
FLNB Filamin-B -0.0694 0.0303
CLTC Clathrin heavy chain; Clathrin heavy chain 1 -0.0734 0.0435
CKAP5 Cytoskeleton-associated protein 5 -0.0860 0.0342
NUP93 Nuclear pore complex protein Nup93 -0.0923 0.0399
SMC2 Structural maintenance of chromosomes protein 2 -0.0947 0.0355
EEF1D Elongation factor 1-delta -0.0959 0.0015
SUCLG2 Succinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial -0.0959 0.0092
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Gene name Protein name Log, FC P-value
SLC25A13 Calcium-binding mitochondrial carrier protein Aralar2 -0.1021 0.0190
CRYZ Quinone oxidoreductase -0.1048 0.0262
UBE2M NEDD8-conjugating enzyme Ubc12 -0.1108 0.0050
RPL4 60S ribosomal protein L4 -0.1122 0.0480
CSDE1 Cold shock domain-containing protein E1 -0.1181 0.0459
GDI1 Rab GDP dissociation inhibitor alpha -0.1232 0.0253
RBM28 RNA-binding protein 28 -0.1279 0.0316
DARS2 Aspartate--tRNA ligase, mitochondrial -0.1395 0.0131
AAAS Aladin -0.1416 0.0299
DCTN1 Dynactin subunit 1 -0.1417 0.0034
DDX46 Probable ATP-dependent RNA helicase DDX46 -0.1434 0.0163
SEPT9 Septin-9 -0.1503 0.0047
NUP155 Nuclear pore complex protein Nup155 -0.1514 0.0385
SYMPK Symplekin -0.1546 0.0218
QARS Glutamine--tRNA ligase -0.1550 0.0086
MAPK3 Mitogen-activated protein kinase 3 -0.1564 0.0100
HIBCH 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial -0.1582 0.0478
CYFIP1 Cytoplasmic FMR1-interacting protein 1 -0.1637 0.0274
MAP2K2 Dual specificity mitogen-activated protein kinase kinase 2 -0.1644 0.0444
SLC3A2 4F2 cell-surface antigen heavy chain -0.1754 0.0013
SLC25A1 Tricarboxylate transport protein, mitochondrial -0.1761 0.0032
MGST1 Microsomal glutathione S-transferase 1 -0.1864 0.0438
PARP1 Poly [ADP-ribose] polymerase 1 -0.1876 0.0318
BUB3 Mitotic checkpoint protein BUB3 -0.1992 0.0146
IDH2 Isocitrate dehydrogenase [NADP], mitochondrial -0.2038 0.0048
ACOT2; ACOT1 AcyI-.coenzymg A thioesterase 1; Acyl-coenzyme A thioesterase -0.2065 0.0063
2, mitochondrial
LMAN2 Vesicular integral-membrane protein VIP36 -0.2084 0.0244
RPL11 60S ribosomal protein L11 -0.2092 0.0039
MYDGF Myeloid-derived growth factor -0.2095 0.0204
SDHA Su.ccinate dghydrogenase [ubiquinone] flavoprotein subunit, 0.2126 0.0439
mitochondrial
cyci Cytochrome c1, heme protein, mitochondrial -0.2172 0.0406
VPS26A Vacuolar protein sorting-associated protein 26A -0.2174 0.0185
SUPV3L1 ATP-dependent RNA helicase SUPV3L1, mitochondrial -0.2266 0.0487
PRTFDC1 Phosphoribosyltransferase domain-containing protein 1 -0.2435 0.0217
FDPS Farnesyl pyrophosphate synthase -0.2457 0.0162
SCPEP1 Retinoid-inducible serine carboxypeptidase -0.2466 0.0323
UGGT1 UDP-glucose:glycoprotein glucosyltransferase 1 -0.2496 0.0409
STX12 Syntaxin-12 -0.2542 0.0003
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Gene name Protein name Log, FC P-value
IDk36 coctrate dehydrogensse [VAD) subunit garma, mtochondrial | 02557 | 00323
AMOT Angiomotin -0.2578 0.0332
ERLIN2 Erlin-2 -0.2602 0.0471
NOL9 Polynucleotide 5-hydroxyl-kinase NOL9 -0.2676 0.0333
EPB41 Protein 4.1 -0.2700 0.0210
MRPL19 39S ribosomal protein L19, mitochondrial -0.2731 0.0429
WDR18 WD repeat-containing protein 18 -0.2753 0.0028
DDX20 Probable ATP-dependent RNA helicase DDX20 -0.2756 0.0013
CYP51A1 Lanosterol 14-alpha demethylase -0.2841 0.0452
TPP1 Tripeptidyl-peptidase 1 -0.3038 0.0408
FAM98B Protein FAM98B -0.3313 0.0191
DNAJC9 Dnal homolog subfamily C member 9 -0.3363 0.0215
SRPR Signal recognition particle receptor subunit alpha -0.3494 0.0391
SCP2 Non-specific lipid-transfer protein -0.3614 0.0127
NKRF NF-kappa-B-repressing factor -0.3672 0.0353
SLC7A5 Large neutral amino acids transporter small subunit 1 -0.3889 0.0370
gsg:gicoxm Synaptojanin-2-binding protein -0.3971 0.0080
CCNB1 G2/mitotic-specific cyclin-B1 -0.4004 0.0028
MAVS Mitochondrial antiviral-signaling protein -0.4164 0.0111
LSM1 U6 snRNA-associated Sm-like protein LSm1 -0.4352 0.0419
SPCS3 Signal peptidase complex subunit 3 -0.4971 0.0078
P4HA1 Prolyl 4-hydroxylase subunit alpha-1 -0.6746 0.0084
ATXN3 Ataxin-3 -1.8790 0.0007

Table B.2 Label-free quantitative proteomics identified 172 proteins that have been altered
significantly in polyQ-expanded (148Q) ataxin-3-expressing cells upon KPNB1 overexpression (148Q +
CTRL vs 148Q + KPNB1). FC = fold change.

Gene name Protein name Log; FC P-value
KPNB1 Importin -1 1.5582 0.0000
HIST1H4A Histone H4 0.4271 0.0025
CDKN2A Fch.Iir?-dependent kinase inhibitor 2A; Cyclin-dependent kinase 4 0.4229 0.0110
inhibitor B
KPNA2 Importin a-1 0.3919 0.0126
CcuL2 Cullin-2 0.3825 0.0146
MRPL47 39S ribosomal protein L47, mitochondrial 0.3516 0.0322
ENOPH1 Enolase-phosphatase E1 0.3450 0.0271
PTGES3 Prostaglandin E synthase 3 0.3385 0.0102
ARL8B ADP-ribosylation factor-like protein 8B 0.3377 0.0484
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Gene name Protein name Log; FC P-value
ARL3 ADP-ribosylation factor-like protein 3 0.3222 0.0152
PWP1 Periodic tryptophan protein 1 homolog 0.3153 0.0138
ARF5 ADP-ribosylation factor 5 0.2971 0.0207
CSNK2B Casein kinase Il subunit beta 0.2734 0.0157
RPS15 40S ribosomal protein S15 0.2696 0.0402
ANXA2 Annexin A2; Annexin; Putative annexin A2-like protein 0.2673 0.0032
ATG3 Ubiquitin-like-conjugating enzyme ATG3 0.2587 0.0251
NDUEB10 TOADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 0.2534 0.0319
UBE2L3 Ubiquitin-conjugating enzyme E2 L3 0.2467 0.0092
ACP1 Low molecular weight phosphotyrosine protein phosphatase 0.2385 0.0095
TNPO1 Transportin-1 0.2311 0.0085
SSB Lupus La protein 0.2288 0.0052
DNAJB11 Dnal homolog subfamily B member 11 0.2243 0.0296
PPA1 Inorganic pyrophosphatase 0.2162 0.0076
TSR1 Pre-rRNA-processing protein TSR1 homolog 0.2083 0.0476
HSP90AB2P Putative heat shock protein HSP 90-beta 2 0.2018 0.0152
COPB1 Coatomer subunit beta 0.1976 0.0281
PSMD10 26S proteasome non-ATPase regulatory subunit 10 0.1768 0.0410
SRRT Serrate RNA effector molecule homolog 0.1764 0.0453
GTPBP4 Nucleolar GTP-binding protein 1 0.1688 0.0161
DIAPH1 Protein diaphanous homolog 1 0.1665 0.0450
IPO7 Importin-7 0.1590 0.0021
XPO1 Exportin-1 0.1578 0.0082
RPA3 Replication protein A 14 kDa subunit 0.1511 0.0049
DHX16 PDL:;;ige pre-mRNA-splicing factor ATP-dependent RNA helicase 0.1307 0.0035
CSE1L Exportin-2 0.1146 0.0225
TUBA1C Tubulin alpha-1C chain 0.1102 0.0299
LAP3 Cytosol aminopeptidase 0.1083 0.0322
LTA4H Leukotriene A-4 hydrolase 0.1069 0.0262
BPNT1 3(2),5-bisphosphate nucleotidase 1 0.1033 0.0298
DHX9 ATP-dependent RNA helicase A 0.0917 0.0126
EPB41L2 Band 4.1-like protein 2 0.0861 0.0074
HSPA4 Heat shock 70 kDa protein 4 0.0759 0.0246
HSPA1B; HSPA1A Heat shock 70 kDa protein 1B; Heat shock 70 kDa protein 1A 0.0733 0.0210
BAG6; BAT3 Large proline-rich protein BAG6 0.0541 0.0481
RPS6 40S ribosomal protein S6 -0.0599 0.0454
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Gene name Protein name Log; FC P-value
LRPPRC Leucine-rich PPR motif-containing protein, mitochondrial -0.0622 0.0351
LONP1 Lon protease homolog, mitochondrial -0.0763 0.0434
DARS Aspartate-tRNA ligase, cytoplasmic -0.0766 0.0453
ALDH7A1 Alpha-aminoadipic semialdehyde dehydrogenase -0.0787 0.0213
DDB1 DNA damage-binding protein 1 -0.0817 0.0417
FANCI Fanconi anemia group | protein -0.0901 0.0375
RPS9 40S ribosomal protein S9 -0.0926 0.0082
SF3B3 Splicing factor 3B subunit 3 -0.0949 0.0342
MDH2 Malate dehydrogenase, mitochondrial; Malate dehydrogenase -0.0982 0.0184
DYNC1H1 Cytoplasmic dynein 1 heavy chain 1 -0.0986 0.0341
AP1G1 AP-1 complex subunit gamma-1 -0.1029 0.0258
GRHPR Glyoxylate reductase/hydroxypyruvate reductase -0.1083 0.0286
GCN1L1 Translational activator GCN1 -0.1096 0.0229
ATPSB ATP synthase subunit beta, mitochondrial; ATP synthase subunit -0.1105 0.0315
beta
SLC25A17 Peroxisomal membrane protein PMP34 -0.1110 0.0194
HMBS Porphobilinogen deaminase -0.1118 0.0150
MTHFD1L Monofunctional C1-tetrahydrofolate synthase, mitochondrial -0.1133 0.0484
MRPS2 28S ribosomal protein S2, mitochondrial -0.1147 0.0422
cap Synthase; epartotscarbamoylransiorase Dimarooromsse | 01153 | 00380
FLNB Filamin-B -0.1163 0.0048
PDHB :’T:/i;z\éa';en(;z};}/drogenase E1 component subunit beta, -0.1206 0.0004
NHP2L1 NHP2-like protein 1; NHP2-like protein 1, N-terminally processed | -0.1253 0.0162
GANAB Neutral alpha-glucosidase AB -0.1271 0.0312
GTF3C5 General transcription factor 3C polypeptide 5 -0.1308 0.0482
PHB2 Prohibitin-2 -0.1347 0.0345
UQCRC1 Cytochrome b-c1 complex subunit 1, mitochondrial -0.1362 0.0378
HDLBP Vigilin -0.1362 0.0039
NDUES2 :?t[;?hc(l)enf:jyr(iiz:logenase [ubiguinone] iron-sulfur protein 2, -0.1370 0.0078
ot s oot | oo
NUP155 Nuclear pore complex protein Nup155 -0.1444 0.0206
STT3A SDuotI)iJ:i\:-Stzlri_:t_):zsphooligosaccharide--protein glycosyltransferase -0.1453 0.0302
FLNA Filamin-A -0.1466 0.0085
RPRD1A Regulation of nuclear pre-mRNA domain-containing protein 1A -0.1469 0.0439
WDR1 WD repeat-containing protein 1 -0.1480 0.0078
ACACA Acetyl-CoA carboxylase 1; Biotin carboxylase -0.1484 0.0098
ATAD3A ATPase family AAA domain-containing protein 3A -0.1485 0.0011
EIF3H Eukaryotic translation initiation factor 3 subunit H -0.1498 0.0291
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Gene name Protein name Log; FC P-value
BCAP31 B-cell receptor-associated protein 31 -0.1539 0.0343
ALDH9A1 4-trimethylaminobutyraldehyde dehydrogenase -0.1542 0.0500
PFKP ATP-dependent 6-phosphofructokinase, platelet type -0.1547 0.0075
CYP51A1 Lanosterol 14-alpha demethylase -0.1569 0.0012
CPOX O)fygen-dep.endent coproporphyrinogen-IIl oxidase, -0.1593 0.0290
mitochondrial
NDUFA9 E’An[::()(iif;ﬁ%rr(i)aglenase [ubiquinone] 1 alpha subcomplex subunit 01612 0.0157
TECR Very-long-chain enoyl-CoA reductase -0.1639 0.0287
DAP3 28S ribosomal protein S29, mitochondrial -0.1641 0.0311
ACAT1 Acetyl-CoA acetyltransferase, mitochondrial -0.1643 0.0300
ESYT1 Extended synaptotagmin-1 -0.1677 0.0381
GTF2I General transcription factor II-I -0.1695 0.0131
FDPS Farnesyl pyrophosphate synthase -0.1717 0.0179
RPS23 40S ribosomal protein S23 -0.1743 0.0060
HADH Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial -0.1752 0.0383
MCCC2 Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial -0.1755 0.0330
ACO1 Cytoplasmic aconitate hydratase -0.1762 0.0191
SUCLG2 Succinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial -0.1858 0.0163
CCAR2 Cell cycle and apoptosis regulator protein 2 -0.1875 0.0006
NUP160 Nuclear pore complex protein Nup160 -0.1877 0.0355
HIBCH 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial -0.1885 0.0129
EMC3 ER membrane protein complex subunit 3 -0.1964 0.0080
NELFCD; TH1L Negative elongation factor C/D -0.1970 0.0078
MAP2K2 Dual specificity mitogen-activated protein kinase kinase 2 -0.1988 0.0464
MPDU1 Mannose-P-dolichol utilization defect 1 protein -0.1994 0.0056
IDH1 Isocitrate dehydrogenase [NADP] cytoplasmic -0.2030 0.0198
DARS2 Aspartate--tRNA ligase, mitochondrial -0.2035 0.0386
DHCR7 7-dehydrocholesterol reductase -0.2059 0.0320
UQCRC2 Cytochrome b-c1 complex subunit 2, mitochondrial -0.2069 0.0398
RTN4 Reticulon-4; Reticulon -0.2083 0.0493
APMAP Adipocyte plasma membrane-associated protein -0.2086 0.0448
NCSTN Nicastrin -0.2139 0.0078
ARL6IP5 PRA1 family protein 3 -0.2141 0.0336
IDH2 Isocitrate dehydrogenase [NADP], mitochondrial -0.2143 0.0083
HMGCS1 Hydroxymethylglutaryl-CoA synthase, cytoplasmic -0.2147 0.0189
BSG Basigin -0.2154 0.0111
SEH1L Nucleoporin SEH1 -0.2226 0.0397
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Gene name Protein name Log; FC P-value
TMX4 Thioredoxin-related transmembrane protein 4 -0.2246 0.0256
TBRG4 Protein TBRG4 -0.2265 0.0401
SNRPB2 U2 small nuclear ribonucleoprotein B -0.2296 0.0250
RPL35A 60S ribosomal protein L35a -0.2308 0.0008
IKBKAP Elongator complex protein 1 -0.2315 0.0017
MRPL38 39S ribosomal protein L38, mitochondrial -0.2358 0.0248
ALDH2 Aldehyde dehydrogenase, mitochondrial -0.2384 0.0070
Guanine nucleotide-binding protein G(s) subunit alpha isoforms
GNAS XlLas; Guanine nucleotide-binding protein G(s) subunit alpha -0.2388 0.0441
isoforms short
GAA Lysosomal alpha-glucosidase; 76 kDa lysosomal alpha-glucosidase | -0.2407 0.0123
RPL22L1 60S ribosomal protein L22-like 1 -0.2410 0.0446
PRKDC DNA-dependent protein kinase catalytic subunit -0.2427 0.0029
MRPS27 28S ribosomal protein S27, mitochondrial -0.2483 0.0339
NNT NAD(P) transhydrogenase, mitochondrial -0.2493 0.0332
EXOSC7 Exosome complex component RRP42 -0.2501 0.0380
RPS10; RPS10P5 IZIlE: ribosomal protein S10; Putative 40S ribosomal protein S10- -0.2502 0.0359
RPL28 60S ribosomal protein L28 -0.2507 0.0267
CLPB Caseinolytic peptidase B protein homolog -0.2562 0.0063
THEM6 Protein THEM®6 -0.2575 0.0190
ERLIN2 Erlin-2 -0.2581 0.0166
AFG3L2 AFG3-like protein 2 -0.2598 0.0192
ACADM Medium-chain specific acyl-CoA dehydrogenase, mitochondrial -0.2633 0.0010
ADAR Double-stranded RNA-specific adenosine deaminase -0.2648 0.0480
AMOT Angiomotin -0.2684 0.0069
POLR2B DNA-directed RNA polymerase Il subunit RPB2 -0.2696 0.0155
NOC3L Nucleolar complex protein 3 homolog -0.2713 0.0006
SLC25A12 Calcium-binding mitochondrial carrier protein Aralarl -0.2725 0.0148
CDS2 Phosphatidate cytidylyltransferase 2 -0.2739 0.0244
RNF2 E3 ubiquitin-protein ligase RING2 -0.2743 0.0310
KIF11 Kinesin-like protein KIF11 -0.2761 0.0168
PDHAL ]E’g/:rt:]\ji?tgs:z:;?ielnase E1 component subunit alpha, somatic -0.2786 00177
e e Sy ORI | 0352 | oass
SYNGR2 Synaptogyrin-2 -0.2861 0.0291
ACADSB Sh.ort/branc.hed chain specific acyl-CoA dehydrogenase, -0.2868 0.0129
mitochondrial
DPYSL5 Dihydropyrimidinase-related protein 5 -0.2868 0.0458
QPRT Nicotinate-nucleotide pyrophosphorylase [carboxylating] -0.2901 0.0364
SURF4 Surfeit locus protein 4 -0.2901 0.0147
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Gene name Protein name Log; FC P-value
SEC22B Vesicle-trafficking protein SEC22b -0.2909 0.0204
TMEM14C Transmembrane protein 14C -0.3068 0.0168
FAM213A Redox-regulatory protein FAM213A -0.3102 0.0118
NUP210 Nuclear pore membrane glycoprotein 210 -0.3195 0.0002
TBL3 Transducin beta-like protein 3 -0.3198 0.0255
SACM1L Phosphatidylinositide phosphatase SAC1 -0.3269 0.0023
SQLE Squalene monooxygenase -0.3345 0.0084
SGPL1 Sphingosine-1-phosphate lyase 1 -0.3576 0.0251
Bifunctional ATP-dependent dihydroxyacetone kinase/FAD-AMP
TKFC; DAK lyase (cyclizing); ATP-dependent dihydroxyacetone kinase; FAD- -0.3674 0.0039
AMP lyase (cyclizing)
GHITM Growth hormone-inducible transmembrane protein -0.4197 0.0163
IGF2R Cation-independent mannose-6-phosphate receptor -0.4554 0.0497
FAM98B Protein FAM98B -0.4639 0.0026
RCC1 Regulator of chromosome condensation -0.4675 0.0095
PTGFRN Prostaglandin F2 receptor negative regulator -0.4707 0.0077
PDCD11 Protein RRP5 homolog -0.5345 0.0070
LSS Lanosterol synthase -0.5474 0.0195

Table B.3 Label-free quantitative proteomics identified 215 proteins that have been altered

significantly upon KPNB1 overexpression (CTRL vs KPNB1). FC = fold change.

Gene name Protein name Log; FC P-value
KPNB1 Importin -1 1.5348 0.0000
:::E:;ﬁ':_" Histone H2A type 1-J; Histone H2A type 1-H 0.6668 0.0040
PAFAH1B2 Platelet-activating factor acetylhydrolase 1B subunit beta 0.4742 0.0409
H3F3B; H3F3A Histone H3; Histone H3.2; Histone H3.1t; Histone H3.3 0.4085 0.0332
HIST1H4A Histone H4 0.3715 0.0328
KPNA2 Importin a-1 0.3367 0.0001
SF3B6 Splicing factor 3B subunit 6 0.3289 0.0190
GLUL Glutamine synthetase 0.3235 0.0263
HSP90AB2P Putative heat shock protein HSP 90-beta 2 0.2917 0.0209
PWP1 Periodic tryptophan protein 1 homolog 0.2915 0.0357
PSMA2 Zroteasome subunit alpha type; Proteasome subunit alpha type- 0.2671 0.0414
PPME1 Protein phosphatase methylesterase 1 0.2623 0.0289
CNBP Cellular nucleic acid-binding protein 0.2595 0.0152
PURA Transcriptional activator protein Pur-alpha 0.2500 0.0376
KPNA1 Importin a-5; Importin a-5, N-terminally processed 0.2436 0.0191
ACP1 Low molecular weight phosphotyrosine protein phosphatase 0.2423 0.0110
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Gene name Protein name Log, FC P-value
ACTR10 Actin-related protein 10 0.2414 0.0239
SNRPF Small nuclear ribonucleoprotein F 0.2371 0.0397
PPA1 Inorganic pyrophosphatase 0.2360 0.0263
EIF3K Eukaryotic translation initiation factor 3 subunit K 0.2325 0.0169
CDKN2A; CDKN2B Fch.Iir?-dependent kinase inhibitor 2A; Cyclin-dependent kinase 4 0.2320 0.0350
inhibitor B
ATG3 Ubiquitin-like-conjugating enzyme ATG3 0.2126 0.0167
BYSL Bystin 0.2107 0.0041
CDC5L Cell division cycle 5-like protein 0.2107 0.0012
RPA3 Replication protein A 14 kDa subunit 0.2105 0.0168
DDX39B Spliceosome RNA helicase DDX39B 0.2023 0.0236
EEF1A2 Elongation factor 1-alpha 2 0.2015 0.0441
TRMT112 Multifunctional methyltransferase subunit TRM112-like protein 0.1973 0.0015
SRSF7 Serine/arginine-rich splicing factor 7 0.1926 0.0234
CA2 Carbonic anhydrase 2 0.1896 0.0270
IDE Insulin-degrading enzyme 0.1889 0.0191
UBA3 NEDD8-activating enzyme E1 catalytic subunit 0.1830 0.0242
SSB Lupus La protein 0.1814 0.0193
COPB1 Coatomer subunit beta 0.1809 0.0056
PCNA Proliferating cell nuclear antigen 0.1775 0.0167
gzmgﬁ;’ Casein kinase Il subunit alpha; Casein kinase Il subunit alpha 3 0.1769 0.0466
TNPO1 Transportin-1 0.1754 0.0020
TSR1 Pre-rRNA-processing protein TSR1 homolog 0.1739 0.0076
LAS1L Ribosomal biogenesis protein LAS1L 0.1733 0.0180
RPS15 40S ribosomal protein S15 0.1684 0.0399
IPO7 Importin-7 0.1621 0.0185
CFL1 Cofilin-1 0.1496 0.0229
U2AF2 Splicing factor U2AF 65 kDa subunit 0.1477 0.0495
NANS Sialic acid synthase 0.1462 0.0494
CAPRIN1 Caprin-1 0.1403 0.0470
GTPBP4 Nucleolar GTP-binding protein 1 0.1335 0.0203
UBA2 SUMO-activating enzyme subunit 2 0.1318 0.0371
XPO1 Exportin-1 0.1298 0.0051
IPO11 Importin-11 0.1235 0.0415
PRMT1 Protein arginine N-methyltransferase 1 0.1221 0.0390
STIP1 Stress-induced-phosphoprotein 1 0.1210 0.0033
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Gene name Protein name Log, FC P-value
SRRT Serrate RNA effector molecule homolog 0.1189 0.0282
HSP90AA1 Heat shock protein HSP 90-alpha 0.1058 0.0152
PRPF19 Pre-mRNA-processing factor 19 0.1001 0.0439
NAP1L1 Nucleosome assembly protein 1-like 1 0.0996 0.0424
Crinrs | o ion oy Lo e coresion T3 oss9 | oo
CSE1L Exportin-2 0.0976 0.0070
IPO5 Importin-5 0.0887 0.0130
LTA4H Leukotriene A-4 hydrolase 0.0865 0.0085
COPG1 Coatomer subunit gamma-1 0.0678 0.0369
LAP3 Cytosol aminopeptidase 0.0583 0.0396
IQGAP1 Ras GTPase-activating-like protein IQGAP1 0.0554 0.0350
smca Strl.JcturaI maintenance of chromoso.mes protein 4; Structural -0.0491 0.0472
maintenance of chromosomes protein
CLTC Clathrin heavy chain; Clathrin heavy chain 1 -0.0523 0.0381
SMC2 Structural maintenance of chromosomes protein 2 -0.0560 0.0483
PCBP1 Poly(rC)-binding protein 1 -0.0696 0.0419
HSPA8 Heat shock cognate 71 kDa protein -0.0733 0.0202
PSMC6 26S protease regulatory subunit 10B -0.0790 0.0464
AP1G1 AP-1 complex subunit gamma-1 -0.0794 0.0192
EEF1D Elongation factor 1-delta -0.0814 0.0228
RAB1A Ras-related protein Rab-1A -0.0847 0.0239
cap Sunthase; Aspartate corbamoylransterase, Dimdroorose | 00866 | 00448
VCL Vinculin -0.0881 0.0401
IRS4 Insulin receptor substrate 4 -0.0894 0.0300
FLNB Filamin-B -0.0928 0.0019
DDX3X; DDX3Y ATF?-dependent RNA helicase DDX3X; ATP-dependent RNA -0.0963 0.0158
helicase DDX3Y
RPL5 60S ribosomal protein L5 -0.0968 0.0369
I v R I
PFKP ATP-dependent 6-phosphofructokinase, platelet type -0.0999 0.0033
CSDE1 Cold shock domain-containing protein E1 -0.1005 0.0055
PABPC4 Polyadenylate-binding protein 4; Polyadenylate-binding protein -0.1021 0.0342
AP2B1 AP-2 complex subunit beta -0.1032 0.0280
RPS6 40S ribosomal protein S6 -0.1061 0.0082
NDUES2 :?t[;?hc(l)enf:jyr(iiz:logenase [ubiguinone] iron-sulfur protein 2, -0.1081 0.0380
QARS Glutamine--tRNA ligase -0.1095 0.0085
PYCR1 Pyrroline-5-carboxylate reductase 1 -0.1101 0.0338
MAP4 Microtubule-associated protein; Microtubule-associated protein -0.1107 0.0274

4
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Gene name Protein name Log, FC P-value
FARSB Phenylalanine--tRNA ligase beta subunit -0.1123 0.0126
DCTN1 Dynactin subunit 1 -0.1135 0.0283
MAPK3 Mitogen-activated protein kinase 3; Mitogen-activated protein 01136 0.0068
kinase
MDN1 Midasin -0.1195 0.0415
HDLBP Vigilin -0.1196 0.0007
RFC4 Replication factor C subunit 4 -0.1220 0.0368
CYFIP1 Cytoplasmic FMR1-interacting protein 1 -0.1238 0.0381
PDHB :’T:/i;z\éa';engfi};}/drogenase E1 component subunit beta, 01257 0.0155
CPNE1 Copine-1 -0.1265 0.0363
RPL10 60S ribosomal protein L10 -0.1273 0.0147
SRP54 Signal recognition particle 54 kDa protein -0.1292 0.0093
SEPT9 Septin-9 -0.1316 0.0267
SLC25A11 Mitochondrial 2-oxoglutarate/malate carrier protein -0.1324 0.0138
IDH1 Isocitrate dehydrogenase [NADP] cytoplasmic -0.1345 0.0077
ALDH9A1 4-trimethylaminobutyraldehyde dehydrogenase -0.1367 0.0127
SEC61A1 Protein transport protein Sec61 subunit alpha isoform 1 -0.1372 0.0444
CPOX O)fygen-dep.endent coproporphyrinogen-IIl oxidase, 01375 0.0030
mitochondrial
DDX20 Probable ATP-dependent RNA helicase DDX20 -0.1393 0.0296
VPS26A Vacuolar protein sorting-associated protein 26A -0.1402 0.0147
SUCLG2 Succinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial -0.1409 0.0016
RTN4 Reticulon-4; Reticulon -0.1415 0.0394
CCAR2 Cell cycle and apoptosis regulator protein 2 -0.1417 0.0350
FLNA Filamin-A -0.1437 0.0046
EXOSC2 Exosome complex component RRP4 -0.1447 0.0390
MLEC Malectin -0.1450 0.0465
NUP155 Nuclear pore complex protein Nup155 -0.1479 0.0319
POLR2B DNA-directed RNA polymerase Il subunit RPB2 -0.1486 0.0267
PARP1 Poly [ADP-ribose] polymerase 1 -0.1509 0.0044
ACO2 Aconitate hydratase, mitochondrial -0.1522 0.0391
IKBKAP Elongator complex protein 1 -0.1523 0.0163
CLPB Caseinolytic peptidase B protein homolog -0.1549 0.0384
STT3A SDuotI)iJ:i\:-Stzlri_:t_):zsphooligosaccharide--protein glycosyltransferase -0.1552 0.0135
RAB21 Ras-related protein Rab-21 -0.1571 0.0042
MRPL46 39S ribosomal protein L46, mitochondrial -0.1575 0.0467
POLDIP3 Polymerase delta-interacting protein 3 -0.1576 0.0352
APMAP Adipocyte plasma membrane-associated protein -0.1578 0.0489
MRPS27 28S ribosomal protein S27, mitochondrial -0.1619 0.0273
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Gene name Protein name Log, FC P-value
GTF2I General transcription factor II-I -0.1626 0.0268
SCRN1 Secernin-1 -0.1641 0.0484
SLC25A1 Tricarboxylate transport protein, mitochondrial -0.1647 0.0136
DHCR7 7-dehydrocholesterol reductase -0.1657 0.0210
HYOU1 Hypoxia up-regulated protein 1 -0.1687 0.0337
NCSTN Nicastrin -0.1707 0.0439
NNT NAD(P) transhydrogenase, mitochondrial -0.1709 0.0330
DARS2 Aspartate--tRNA ligase, mitochondrial -0.1715 0.0077
ABCD3 ATP-binding cassette sub-family D member 3 -0.1724 0.0340
HIBCH 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial -0.1733 0.0049
PRKDC DNA-dependent protein kinase catalytic subunit -0.1739 0.0013
DECR1 2,4-dienoyl-CoA reductase, mitochondrial -0.1742 0.0293
HMGCS1 Hydroxymethylglutaryl-CoA synthase, cytoplasmic -0.1746 0.0034
MYDGF Myeloid-derived growth factor -0.1761 0.0063
TBL3 Transducin beta-like protein 3 -0.1798 0.0276
MAP2K2 Dual specificity mitogen-activated protein kinase kinase 2 -0.1816 0.0020
CPSF7 Cleavage and polyadenylation specificity factor subunit 7 -0.1822 0.0135
PHF6 PHD finger protein 6 -0.1830 0.0304
SDHA Su.ccinate dghydrogenase [ubiquinone] flavoprotein subunit, -0.1838 0.0244
mitochondrial
PRPF31 U4/U6 small nuclear ribonucleoprotein Prp31 -0.1872 0.0331
MRPL19 39S ribosomal protein L19, mitochondrial -0.1877 0.0142
ACOT2; ACOT1 AcyI-.coenzymg A thioesterase 1; Acyl-coenzyme A thioesterase -0.1907 0.0073
2, mitochondrial
DOCK7 Dedicator of cytokinesis protein 7 -0.1912 0.0464
SCPEP1 Retinoid-inducible serine carboxypeptidase -0.1930 0.0205
TBRG4 Protein TBRG4 -0.1946 0.0097
QPRT Nicotinate-nucleotide pyrophosphorylase [carboxylating] -0.1969 0.0463
UQCRC2 Cytochrome b-c1 complex subunit 2, mitochondrial -0.1973 0.0354
ALDH2 Aldehyde dehydrogenase, mitochondrial -0.2008 0.0077
ACADM Medium-chain specific acyl-CoA dehydrogenase, mitochondrial -0.2022 0.0030
PITRM1 Presequence protease, mitochondrial -0.2064 0.0422
FDPS Farnesyl pyrophosphate synthase -0.2087 0.0006
IDH2 Isocitrate dehydrogenase [NADP], mitochondrial -0.2090 0.0015
TST Thiosulfate sulfurtransferase -0.2100 0.0299
WDR18 WD repeat-containing protein 18 -0.2111 0.0064
UGGT1 UDP-glucose: glycoprotein glucosyltransferase 1 -0.2128 0.0072
AFG3L2 AFG3-like protein 2 -0.2160 0.0098
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Gene name Protein name Log, FC P-value
RPL28 60S ribosomal protein L28 -0.2160 0.0219
RPL35A 60S ribosomal protein L35a -0.2175 0.0005
NOC3L Nucleolar complex protein 3 homolog -0.2176 0.0282
TMX4 Thioredoxin-related transmembrane protein 4 -0.2183 0.0186
CYP51A1 Lanosterol 14-alpha demethylase -0.2205 0.0181
BSG Basigin -0.2227 0.0166
CDIPT CDP-diacylglycerol--inositol 3-phosphatidyltransferase -0.2227 0.0331
GNAI3 Guanine nucleotide-binding protein G(k) subunit alpha -0.2237 0.0217
FAR1 Fatty acyl-CoA reductase 1 -0.2245 0.0246
Guanine nucleotide-binding protein G(s) subunit alpha isoforms
GNAS XLas; Guanine nucleotide-binding protein G(s) subunit alpha -0.2255 0.0323
isoforms short
PAFAH1B1 Platelet-activating factor acetylhydrolase IB subunit alpha -0.2292 0.0232
CTNNB1 Catenin beta-1 -0.2300 0.0432
PDHA1L rg:;Yiz?tgs:;/:;?ielnase E1 component subunit alpha, somatic -0.2333 0.0144
DDI2 Protein DDI1 homolog 2 -0.2341 0.0424
ADAR Double-stranded RNA-specific adenosine deaminase -0.2368 0.0143
TMEM14C Transmembrane protein 14C -0.2399 0.0105
DHRS7 Dehydrogenase/reductase SDR family member 7 -0.2415 0.0114
NUP210 Nuclear pore membrane glycoprotein 210 -0.2416 0.0137
LMNB1 Lamin-B1 -0.2447 0.0405
GAA ;/j:;;r::slealpha-glucosidase; 76 kDa lysosomal alpha- -0.2460 0.0058
gsg:gicoxm Synaptojanin-2-binding protein -0.2463 0.0296
SGPL1 Sphingosine-1-phosphate lyase 1 -0.2482 0.0207
ACADSB Sh.ort/branc.hed chain specific acyl-CoA dehydrogenase, -0.2485 0.0064
mitochondrial
SQLE Squalene monooxygenase -0.2485 0.0085
EIE2AK2 :(?:](;rstron-induced, double-stranded RNA-activated protein -0.2528 0.0436
KIF11 Kinesin-like protein KIF11 -0.2572 0.0076
SLC7A5 Large neutral amino acids transporter small subunit 1 -0.2577 0.0094
ERLIN2 Erlin-2 -0.2591 0.0148
AMOT Angiomotin -0.2631 0.0002
NKRF NF-kappa-B-repressing factor -0.2632 0.0218
PTPN1 Tyrosine-protein phosphatase non-receptor type 1 -0.2696 0.0427
SLC25A17 Peroxisomal membrane protein PMP34 -0.2724 0.0313
PCK2 Phosphoenolpyruvate carboxykinase [GTP], mitochondrial -0.2733 0.0486
DPYSL5 Dihydropyrimidinase-related protein 5 -0.2863 0.0078
TRAM1 Translocating chain-associated membrane protein 1 -0.2953 0.0471
SACM1L Phosphatidylinositide phosphatase SAC1 -0.2992 0.0033
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Appendix B: Mass spectrometry

Gene name Protein name Log, FC P-value
MAVS Mitochondrial antiviral-signaling protein -0.3010 0.0014
CCNB1 G2/mitotic-specific cyclin-B1 -0.3035 0.0020
PDCD11 Protein RRP5 homolog -0.3035 0.0090
THEM6 Protein THEM®6 -0.3070 0.0160
DPM1 Dolichol-phosphate mannosyltransferase subunit 1 -0.3085 0.0068
MRPS7 28S ribosomal protein S7, mitochondrial -0.3161 0.0457
GHITM Growth hormone-inducible transmembrane protein -0.3215 0.0456
RPL22L1 60S ribosomal protein L22-like 1 -0.3489 0.0033
PTGFRN Prostaglandin F2 receptor negative regulator -0.3713 0.0384
RCC1 Regulator of chromosome condensation -0.3871 0.0024
FAM98B Protein FAM98B -0.3893 0.0006
PLOD3 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 -0.4076 0.0207
SPCS3 Signal peptidase complex subunit 3 -0.4291 0.0015
P4HA1 Prolyl 4-hydroxylase subunit alpha-1 -0.4891 0.0034
ATXN3 Ataxin-3 -1.6792 0.0141
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