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Summary

Summary

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are two entangled
neurodegenerative diseases that were shown to form a disease continuum. Besides common
mutations in chromosome 9 open reading frame 72 (C9orf72), fused in sarcoma (FUS) and
transactive response (TAR) DNA-binding protein of 43 kDa (TDP-43), also mutations in
ubiquilin 2 (UBQLNZ2) are known to cause ALS/FTD. Interestingly, most ALS/FTD-associated
mutations are in or close to the PXX repeat motif of UBQLNZ2. This region is not present in any
other member of the ubiquilin protein family. The main cellular function of UBQLN2 is the
shuttling of ubiquitinated cargo to the proteasome for degradation. Accordingly, disturbances
in the ubiquitin-proteasome system (UPS) are one of the most studied mechanisms in
UBQLN2-associated pathologies. Despite intensive research, the specific pathomechanism of
ALS/FTD-linked UBQLNZ2 mutations remains elusive.

Hypothesizing that mutations in UBQLN2 lead to alterations of cellular components regulated
by UBQLN2, we performed a multi-omics screening. Systematic proteomic and transcriptomic
analyses of patient-derived UBQLN2 mutant lymphoblast cell lines (LCLs), CRISPR/Cas9-
engineered Hela cells harboring the same mutations and their wild-type counterparts revealed
changes in ALS/FTD-associated pathways, such as RNA metabolism or mitochondrial
function. Additionally, we uncovered a strong enrichment of a protein which was poorly
characterized in the context of ALS/FTD: the microtubule-associated protein 1B (MAP1B).
Based on the consistent up-regulation in all analyzed data sets and its importance in the
modulation of cytoskeletal dynamics in neuronal cells, further experiments within this thesis
focused on MAP1B. To clarify if MAP1B up-regulation can be ascribed to a UBQLN2 loss-of-
function or gain-of-function, a CRISPR/Cas9-mediated UBQLN2 knockout (KO) HelLa cell line
was generated. As in UBQLN2 mutant cells, a strong increase in MAP1B was detected in
UBQLN2 KO cells. The relevance of this finding was further substantiated by depletion of
UbgIn2 in primary hippocampal and cortical rat neurons. Also, in these neuronal cells a MAP1B
elevation was observed. Consistent with MAP1B’s capacity to associate with microtubules, we

found an increase in microtubule mass in UBQLN2 KO cells.

In a phosphoproteomic screen of the LCLs, we discovered that ALS/FTD-linked mutations in
UBQLN2 result in a hypophosphorylation of serine 439 (S439) in FUS. Phosphorylation of this
site was reported but not further dissected before, even though it is in the zinc finger domain
of FUS which is crucial for RNA-binding. We found that modulation of this phosphosite not only
regulates FUS-RNA-binding but also MAP1B protein abundance. In summary, this work
provides first evidence for increased mRNA and protein abundance of MAP1B caused by
ALS/FTD-linked UBQLNZ2 mutations as a result of a UBQLN2 loss-of-function mechanism. In
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addition, this work links phosphorylation of S439 to FUS’ RNA-binding capacity and to
ALS/FTD. Thus, this thesis further interconnects three main pathogenic mechanism of

ALS/FTD: dysfunctional protein homeostasis, disturbed RNA metabolism and cytoskeletal

defects.
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Zusammenfassung

Amyotrophe Lateralsklerose (ALS) und Frontotemporale Demenz (FTD) sind zwei eng
miteinander verknipfte, neurodegenerative Erkrankungen, welche als zwei Auspragungen
eines Krankheitskontinuums betrachtet werden. Neben den haufigeren genetischen Ursachen
von ALS/FTD wie Mutationen in Chromosome 9 Open Reading Frame 72 (C9orf72), Fused in
Sarcoma (FUS) und Transactive Response (TAR) DNA-binding protein of 43 kDa (TDP-43),
kénnen auch Mutationen in Ubiquilin 2 (UBQLN2) ALS/FTD verursachen. Hierbei wurde
festgestellt, dass die meisten dieser Mutationen nahe oder in der PXX-Region von UBQLN2
liegen, einer Region, welche in keinem anderen Mitglied der Ubiquilinfamilie zu finden ist. In
der Zelle ist UBQLN2 hauptséachlich fir den Transport von ubiquitinierten Substraten zum
Proteasom zustandig, wo diese dann abgebaut werden. Entsprechend wurden UBQLN2-
Mutationen in der Vergangenheit vor allem hinsichtlich ihrer Auswirkungen im Ubiquitin-
Proteasom-System (UPS) untersucht. Trotz intensiver Forschung ist der Pathomechanismus
von ALS/FTD-assoziierten UBQLN2-Mutationen noch nicht vollstandig aufgeklart.

Basierend auf der Annahme, dass Mutationen in UBQLN2 zu Verdnderungen von zellularen
Komponenten filhren, haben wir ein Multi-Omics Screening durchgefihrt. Systematische
proteomische und transkriptomische Analysen von aus Patienten isolierten lymphoblastoiden
Zelllinien (LCLs), CRISPR/Cas9-editierten HelLa-Zellen, welche die gleichen Mutationen in
UBQLN2 tragen, sowie deren Wildtyp-Gegensticke, zeigten Verdnderungen in ALS/FTD-
assoziierten Mechanismen, wie dem RNA-Metabolismus oder der mitochondrialen Funktion
auf. Zudem haben wir eine starke Erhdhung des Mikrotubuli-assoziierten Proteins 1B
(MAP1B), einem Protein welches bisher kaum im Kontext von ALS/FTD erforscht wurde,
aufgedeckt. Die konsistente Erhéhung in allen Datensétzen, sowie die Bedeutung von MAP1B
fur die Regulation des Cytoskeletts in Neuronen veranlasste uns dazu dieses Protein genauer
zu untersuchen. Zunachst wurde ermittelt, ob die validierte Erh6hung von MAP1B auf einen
Funktionsverlust oder einen toxischen Funktionsgewinn von UBQLN2 zuriickzufiihren ist.
Hierfir wurde mithilfe von CRISPR/Cas9 eine UBQLN2-Knockout (KO)-HeLa-Zelllinie
generiert. Wie bereits in den UBQLN2-Mutanten, haben wir auch bei den UBQLN2-KO-Zellen
eine starke Erh6hung von MAP1B festgestellt, was einen Funktionsverlust von UBQLN2 als
Ursache dieser Erhohung nahelegt. Die Relevanz dieser Erkenntnisse wurden durch die
Verminderung von UbgIn2 in hippocampalen und kortikalen priméren Rattenneuronen
unterstrichen, in welchen ebenfalls eine Erhhung von MAP1B gemessen wurde. Im Einklang
mit der Rolle MAP1B's als Mikrotubuli-assoziiertes Protein, haben wir zudem eine erhdhte

Menge an a-tubulin in UBQLN2-KO-Zellen zeigen kdnnen.



Zusammenfassung

Daruber hinaus haben wir in einem phosphoproteomischen Screening der von Patienten
isolierten LCLs mit Mutationen in UBQLN2 eine Hypophosphorylierung von FUS Serin 439
(S439) entdeckt. Obwohl bekannt ist, dass diese Stelle in FUS phosphoryliert werden kann
und sie in der fur die RNA-Bindung essenziellen Zinkfingerdoméane von FUS liegt, wurde diese
Position bisher noch nicht genauer untersucht. Wir haben gezeigen, dass die Modulation
dieser Phosphorylierungsstelle sowohl die FUS-RNA-Bindekapazitat als auch die

Proteinmenge von MAP1B regulieren kann.

Diese Arbeit beschreibt erstmalig eine Erhéhung von MAP1B auf mRNA- und Proteinebene
infolge eines Funktionsverlusts von UBQLN2 ausgeltst von ALS/FTD-assoziierter UBQLN2
Mutationen. Zudem verknipft sie die Phosphorylierung von FUS S439 mit ALS/FTD und mit
FUS‘* RNA-Bindekapazitat. Somit verbindet diese Arbeit drei wichtige Krankheitsmechanismen
von ALS/FTD: eine funktionsgestdrte Proteinhomoostase, einen gestorten RNA-Stoffwechsel

und eine Beeintrachtigung des Cytoskeletts.
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Introduction

1 Introduction

1.1 Amyotrophic lateral sclerosis and frontotemporal dementia

Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease in adults with
a median prevalence of 4.8 per 100,000. It is rare before age 50, but in the middle-to-late 50s
incidence rates increase [1]. ALS is defined by the degeneration of the upper and lower motor
neurons resulting in progressive muscle atrophy. With respect to the affected motor neurons,
the clinical presentation of ALS is diverse. In general, early manifestations include muscle
weakness of the limbs, but occasionally cases are bulbar with slurred speech and difficulty in
swallowing [2]. Ultimately, paralysis of the respiratory muscles leads to death due to respiratory
failure on average 3-5 years after disease onset [3]. In the early 2000s, it was reported that a
significant subset of individuals with ALS also presented cognitive impairment which met the

criteria for frontotemporal dementia (FTD) [4, 5].

FTD, formerly known as Pick's disease, is a leading type of early-onset dementia and
particularly common in patients younger than 65 years. It is caused by the degeneration of the
frontal and temporal cortical lobes. Two main clinical variants of FTD are distinguished: the
behavioral variant and primary progressive aphasia. The latter is subdivided in the non-fluent
variant and the sematic variant [6]. Early symptoms of patients with the behavioral variant are
personality and behavioral changes as well as apathy, whereas in patients with primary
progressive aphasia mainly language is impaired [7]. Over time, all FTD patients develop
global cognitive impairments and motor deficits. The disease duration is about 8 years after

which patients typically die from pneumonia or secondary infections [6].

It was not only reported that some ALS patients develop FTD-like symptoms but vice versa,
about 15% of FTD diagnosed patients show over time symptoms characteristic of ALS [8].
However, the overlap between these two diseases is not limited to clinical features but includes
pathological and genetic characteristics. A common pathological hallmark of a variety of
neurodegenerative diseases, including ALS and FTD, is aberrant protein accumulation and
aggregation. One major aggregation-prone protein, whose ubiquitinated and
hyperphosphorylated form was found in cytoplasmic inclusions in ALS and FTD, is the
transactive response (TAR) DNA-binding protein of 43 kDa (TDP-43) [9, 10]. Aggregates of
this RNA-binding protein (RBP) were detected in in more than 90% of ALS and over 40% of
FTD patients (Figure 1-1). Another RBP, fused in sarcoma (FUS), can also be found in
aggregates in both diseases, however to a much lesser extent [11, 12]. FUS is observed in

cytoplasmic inclusions in approximately 9% of FTD and in less than 1% of ALS cases [13].
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In general, both ALS and FTD can occur either based on a familial history or sporadic. While
approximately 5% of all ALS cases were reported as familial, the proportion is with 20-50%
higher in FTD [14-17]. In the last decades, multiple genes were linked to ALS, FTD or both
(Fig. 1B). However, the classification is not always clear and varies between publications [13,
18-22]. Mainly associated with the clinical phenotype of ALS are mutations in in the genes
encoding for TDP-43 and FUS [23-29] as well as superoxide dismutase 1 (SOD1), vesicle-
associated membrane-protein-associated protein B (VAPB), Optineurin (OPTN),
heterogeneous nuclear ribonucleoprotein A1 and A2/B1 (hnRNPA1 and hnRNPA2B1) and
profilin 1 (PFN1) [27-33]. Mutations, which are likewise linked to clinical phenotypes of ALS
and FTD include those in chromosome 9 open reading frame 72 gene (C9orf72), cyclin F
(CCNF), sequestosome 1 (SQSTM1/p62), TANK-binding kinase 1 (TBK1), tubulin alpha 4a
(TUBA4A), ubiquilin 2 (UBQLNZ2) and valosin-containing protein (VCP) [34-41]. Primarily FTD
associated are mutations in triggering receptor expressed on myeloid cells 2 (TREM2),
charged multivesicular body protein 2b (CHMP2B), microtubule-associated protein tau
(MAPT) and progranulin (GRN) [42-47].

A
ALS FTD
SOD1 FUS FUS UPS
(2%) (<1%)
B
ALS ALS-FTD FTD
SOD1 FUS CCNF CO9orf72 MAPT
OPTN hnRNPA1 TBK1 SQSTM1 GRN
VAPB hnRNPA2B1 VCP TUBA4A TREM2
PFN1 TDP-43 UBQLN2 CHMP2B

Figure 1-1: The ALS-FTD continuum — schematic illustration of shared and distinct pathological
and genetic features.

(A) Pathological protein inclusions are a hallmark of several neurodegenerative diseases including ALS
and FTD. Inclusions containing mainly TDP-43 or FUS are found in ALS and FTD. Tau proteinopathies
are exclusively found in FTD patients, while SOD1 protein inclusions are specific for ALS. Less than 1%
of FTD inclusions are primarily positive for ubiquitin-proteasome system (UPS) markers. (B) Pure ALS
and pure FTD are the two extremes of the ALS-FTD continuum. A variety of genes linked to FTD, ALS
or both are depicted and assigned based on their main association. Adapted from Ling et al. (2013).

Due to the pathological as well as genetic overlap between ALS and FTD, these diseases are
considered to form a neurodegenerative disease continuum. This ALS/FTD continuum also

includes shared pathogenic pathways which are involved in disease initiation and progression.
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1.1.1 Multiple pathogenic mechanisms are linked to ALS/FTD

Although the exact disease mechanisms are still elusive, genes implicated in ALS/FTD offer
valuable insight in the complex underlying pathological processes. In the recent years,
excessive whole-genome sequencing and whole-exome sequencing resulted in the discovery
of a variety of novel ALS/FTD genes [48]. Today, more than 50 genes are associated with
either or both diseases [49]. Clusters of those genes operate in a subset of molecular
processes; primarily in RNA metabolism, protein homeostasis, mitochondrial function and

cytoskeleton dynamics (Figure 1-2).

TDP-43, FUS,
C9orf72, hnRNPA1,
hnRNA2B1

UBQLN2, OPTN, p62,
TBK1, C9orf72,
TDP-43, VCP, FUS,
CHMP2B,GRN

TUBA4A, PFEN1, N~y
TDP-43, MAPT .ol g
RNA metabolism

___ Cytoskeleton | ' Autophagy

= S

UBQLN2, CCNF,
VCP, p62, SOD1,
UPS C9orf72

Mitochondria

SOD1,
TDP-43, FUS

Figure 1-2: ALS/FTD linked genes elucidate key underlying mechanisms of the disease.
ALS/FTD-linked genes, noted in Figure 1-1, can be grouped in four categories depending on the cellular
pathway they are involved in: RNA metabolism, protein homeostasis (including UPS and autophagy),
mitochondrial function and cytoskeleton dynamics. UPS, Ubiquitin-proteasome system.

1.1.1.1 Disturbed RNA Metabolism in ALS/FTD: of FUS and TDP-43

The fact that the two main aggregating proteins in ALS/FTD, FUS and TDP-43, are RBPs
implies a central role of RNA metabolism in disease pathogenesis. Besides those two, several
more ALS/FTD-associated genes are implicated in RNA metabolism, for example
heterogeneous nuclear ribonucleoprotein A1 and A2/B1 (hnRNPA1 and hnRNPA2B1).
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However, since FUS and TDP-43 are the most studied RBPs and play a role in multiple steps
of RNA processing, this paragraph focuses on these two. In healthy neurons, FUS and TDP-43
are mainly localized to the nucleus, but they can also shuttle to the cytoplasm [50, 51]. Both
are assigned to the heterogenous nuclear ribonucleoprotein (hnRNP) protein family and harbor
one or more RNA recognition motif (RRM), a low complexity domain and a nuclear localization
signal (NLS) [52] (Figure 1-3). The low complexity domains influence protein self-assembly,
which can result in liquid-liquid phase separation (LLPS) from an aqueous environment [53].
In addition to the RRM, FUS contains a zinc finger (ZnF) domain, which is also capable of
binding RNAs [54].

FUS 165 269 285 371 422 453 501 526
N | QGSY-rich region | RGG1 [ TBRRM __ [ RGG2 | ZnF[RGG3 ] __|cC
NES NLS
TD P'43 82-98 106 176 191 262 414
N [ TL_ RRM1_| [ RRM2J[[[ _ Gly-richregion | c
NLS NES

Figure 1-3: FUS and TDP-43 protein structures.

FUS and TDP-43 share common motifs. Both include an RNA recognition motif (RRM; dark green), a
low-complexity domain (QGSY-region and GLY-rich region, respectively; blue), a nuclear localization
signal (NLS; yellow) as well as a predicted nuclear export signal (NES; dark green). In addition, FUS
harbors three Arginine/Glycine rich regions (RGG, dark red) and a zinc finger domain (ZnF; light green).
Arabic numbers indicate amino acid position of the motifs.

FUS and TDP-43 are implicated in multiple steps of RNA processing. They have roles in
transcription, pre-mRNA splicing, mRNA stability, mRNA trafficking, translation and in stress
granules (Figure 1-4). TDP-43 was initially characterized as a transcriptional repressor of
transactivation response (TAR) element of the human immunodeficiency virus type 1 [55].
Later, it was reported to associate with sites of transcription and to interact with transcriptional
regulators [56, 57]. One of these transcriptional regulators is FUS [58]. FUS can associate with
RNA Polymerase Il and its general transcription factor 11D but it can also interact with additional
transcription complexes and bind to single-strand DNA promoters [59-64]. FUS and TDP-43
regulate the splicing of several hundred non-coding and protein-coding RNAs. Yet, FUS and
TDP-43 have distinct functions in splicing and bind to different RNA targets [65]. TDP-43
induces, for example, exon skipping or exon inclusion, autoregulates itself and represses
cryptic exons [66-75]. In contrast, FUS influences splicing through binding to preferentially long
introns of pre-mRNAs and interaction with components of the spliceosome machinery [76-79].
Furthermore, FUS and TDP-43 are able to destabilize and stabilize various mRNA transcripts
by binding to or close to the 3’'UTR [65, 73, 75, 80-82]. Due to the substantial distance of the
nucleus in the cell body to the dendrites and axons as well as the high polarization of neurons,

MRNA transport and local translation is especially critical in this cell type. mRNA transport is
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controlled by RBPs which recognize specific mRNAs and associate with them to
ribonucleoproteins (RNPs) which often assemble into RNP granules. Some RNPs enable
transport by direct contact with motor proteins whereas others are transported indirectly via
vesicles [83]. For instance, TDP-43 was shown to co-purify with several proteins involved in
MRNA transport and to modify RNA transport along axons [84-86]. Also, FUS has been
implicated in mRNA trafficking. It was shown to be associated with microtubule as well as actin
motor proteins and to be crucial for the transportation of several mRNAs to dendrites [87, 88].
Furthermore, FUS and TDP-43 were reported to modulate protein translation. They interact
with translation regulators as well as with ribosome subunits [58, 89-91]. One common
interactor of FUS and TDP-43 is fragile X mental retardation protein (FMRP), which acts as a
translational repressor [92-96]. Colocalization of FUS, TDP-43 and FMRP is especially visible
during stress conditions, such as heat stress or sodium arsenate treatments. Under these
conditions, RBPs undergo LLPS mediated by intrinsically disordered low-complexity domains
forming so called stress granules. Stress granules are membrane-less organelles whose main
function is the temporal blockage of translation and storage of mRNAs during stress conditions
by clustering translating initiation factors, non-RNA-binding proteins, RBPs and non-translated
mRNAs [13, 97].

& <™
Transcription mRNA trafficking - /@WA
<> L4

\ / 1i1tiss,
Crus)

28) Splicing <€«—— " TDP-43 —— > Translation
_ / \ RAEV-N
\V,QS,DAAAA - I/ d “; ,\\‘
, mMRNA stability Stress granules \ -~ 2y
T N asttel

Figure 1-4: Schematic diagram of known cellular roles of FUS and TDP-43.

The RNA-binding proteins FUS and TDP-43 are involved in multiple processes. In the nucleus they are
involved in transcription, while in the cytoplasm they regulate splicing, mRNA stability, mRNA trafficking,
translation and the formation of stress granules.

Due to the widespread roles of FUS and TDP-43 in RNA processing, pathogenic mutations in
FUS and TDP-43 severely impact RNA metabolism. It is suggested that mutations in FUS and
TDP-43 result in both gain- and loss-of-function of the proteins. Mutated FUS and TDP-43
cause alterations in mRNA splicing, transport, stability and translation [75, 80, 90, 98, 99].
However, mutations in FUS and TDP-43 can also give rise to mislocalization and abnormal
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protein aggregation in the cytoplasm [100-102]. Evidence shows that pathogenic protein
aggregates colocalize with stress granules markers and that mutations in FUS and TDP-43
result in increased stress granule formation during stress [103-105]. Indeed, stress granules

are considered as a seed for toxic protein aggregation [106].

1.1.1.2 Importance of the cytoskeletal system in neurons and its derogation in ALS/FTD

Neurons are highly polarized cells. Typically, they develop several dendrites and a single axon
which can extend beyond one meter. Due to this extreme polarization and size, neurons
depend highly on the cytoskeleton which is among others required for efficient communication
and transport between the cell body and the axon tip. The cytoskeleton is made up of actin
filaments, intermediate filaments and microtubule filaments. The latter forms tracks on which
several cargos such as mitochondria or lysosomes are transported. Microtubules are
composed of a- and B-tubulin heterodimers and have a tubular structure. Myriad proteins bind
to microtubules; while motor proteins such as dynein and kinesin transport various cargos
along these tracks [107-109], microtubule-associated proteins (MAPS) influence the interaction
with other cellular components and stabilize microtubules [110, 111]. Besides MAPs, post-
translational modifications (PTMs), such as detyrosination and acetylation of tubulins, play an
important role in modulating microtubule dynamics [112-115]. The constant assembly and
disassembly of microtubules, an alteration between growth and shrinkage referred to as
dynamic instability, provides microtubules with a high organizational flexibility. This flexibility is

crucial for neurons, since it enables migration and promotes connectivity to other cells [116].

Due to the high dependency of neuronal integrity on the cytoskeleton system, it is not surprising
that impaired cytoskeletal functions are linked to several neurodegenerative diseases. A well-
known example is the hyperphosphorylation and abnormal aggregation of the microtubule-
associated protein tau in Alzheimer’'s disease (AD), which leads also to microtubule
depolymerization [117, 118]. Alterations in the cytoskeleton system can result in a variety of
severe consequences in neurons, including loss of neuronal polarity and morphology, impaired

signal transduction and intracellular transport deficits [119].

Transport deficits of vesicles and mitochondria are for example reported for ALS-associated
SOD1 mutants [120, 121]. In recent years, the list of ALS/FTD-linked genes which are involved
in the cytoskeleton system has been growing rapidly. In addition to the microtubule-associated
protein tau, it includes subunits of motor proteins, cytoskeletal modulators as well as an
a-tubulin isotype (TUBA4A) [39, 41, 122-125]. The number as well as the multifaceted roles of

those genes highlight cytoskeleton disturbances as a key molecular mechanism in ALS/FTD.
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1.1.1.3 Protein degradation systems and their impairment in ALS/FTD

A hallmark of several neurodegenerative diseases is the accumulation and aggregation of
proteins due to impaired protein degradation. Under physiological conditions, protein quality
control systems prevent such events. Two main systems are primarily responsible for this task;
namely the ubiquitin-proteasome system (UPS) and autophagy. In principle, both pathways
result in the degradation of proteins (Figure 1-5). The UPS process starts with a multi-step,
catalytic process that attaches one or multiple ubiquitin (Ub) molecules to proteolytic
substrates [126]. Firstly, ubiquitin is activated in an ATP-dependent manner by an E1 enzyme.
In this reaction a ubiquitin adenylate is formed which is then transferred to a cysteine residue
of the E1 enzyme, which in turn passes Ub on to the Ub-conjugating enzyme, the E2 enzyme.
Then, an E3 Ub ligase catalyzes the transfer of Ub to substrate proteins. Multiple rounds of
ubiquitination are possible, which can lead to a wide spectrum of distinct Ub chains.
Ubiquitinated proteins are either directly bound by Ub receptors at the proteasome or
recognized by shuttle factors, which bring them to the proteasome [127]. Ub-shuttle factors
harbor ubiquitin-associated (UBA) and ubiquitin-like (UBL) domains, which enable them to bind
ubiquitinated substrates as well as Ub receptors at the proteasome. Irrespective of the mode
of recognition, the proteolytic substrates are deubiquitinated and unfolded prior to degradation.
These first steps occur at the 19S regulatory particle of the proteasome followed by the
translocation of the substrate protein into the 20S core particle. In this barrel-shaped,
proteolytic cylinder proteins are degraded into short peptides [128]. In this way the proteasome
degrades regulatory and short-lived proteins as well as damaged and misfolded proteins [129].
However, the proteasome channel is relatively narrow, and thus cannot degrade protein
aggregates or organelles. These are degraded, amongst other substrates, by the autophagy-

lysosome pathway.

Autophagy, Greek for “self-eating”, describes the delivery of proteolytic substrates to the
lysosome. Three different branches of autophagy exist: microautophagy, chaperon-mediated
autophagy and macroautophagy. Of those, macroautophagy (hereafter called autophagy) is
historically the most prevalent form and describes the engulfment of cytosolic substrates by a
double-membrane structure which then fuses with a lysosome [130]. Most cells exhibit basal
levels of autophagy, however, stress stimuli such as nutrient deprivation or proteotoxic stress
can enhance the autophagy pathway. While starvation induces bulk degradation to provide
new building blocks, other stimuli trigger selective autophagosomal degradation of specific
substrates such as protein aggregates or damaged mitochondria. After autophagy initiation by
the serine/threonine-protein kinase ULK1 complex, numerous ATG (autophagy-related)
proteins orchestrate the formation of the phagophore, a double-membraned cup-shaped

structure [131]. Phosphatidylethanolamines of the growing phagophore membrane become
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conjugated with ubiquitin-like human ATG8 (hATGS8) proteins [132]. The hATG8 family consists
of microtubule-associated protein 1 light chain 3 (LC3) and y-aminobutyric acid receptor
associated protein (GABARAP) subfamilies. This so called ATG8 lipidation is necessary for
cargo recruitment to the forming autophagosome. Like in the UPS, ubiquitination of substrates
can serve as a degradation signal for selective autophagy. Autophagy receptors
simultaneously bind cargo tagged with this “eat-me-signal” and hATGS8s to which they bind
through a LC3-interacting region (LIR) motif. In this way, autophagy receptors bridge cargo
and autophagosomal membranes [133]. Cargo sequestration is followed by closure of the
double-membrane autophagosomes and their subsequent fusion with lysosomes generating
autolysosomes. Finally, lysosomal enzymes digest the autophagosomal cargo and the

degradation products are released into the cytosol [134].
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Figure 1-5: The UPS and autophagy are the two main cellular protein degradation systems.
Ubiquitination of damaged organelles, misfolded, or aggregated proteins occurs through an enzymatic
cascade. After activation by an ATP-depended activation enzyme (E1), ubiquitin (Ub) is transferred to a
conjugating enzyme (E2). A ligase (E3) mediates the Ub transfer to substrates. For proteasomal
degradation, ubiquitinated substrates can either be directly recognized by Ub receptors at the
proteasome or targeted to the proteasome via Ub-shuttle factors. Among other “eat-me-signals’,
autophagy receptors recognize Ub chains and recruit cargo to the forming phagophore. The phagophore
matures into an autophagosome, which ultimately fuses with lysosomes followed by degradation of the
enclosed cargo. UPS, Ubiquitin-proteasome system.

The accumulation of protein aggregates in individuals with ALS/FTD suggests a failure of
protein quality control. This notion is substantiated by numerous observations of which only a
few are outlined hereafter. For instance, it was reported that expression of SOD1 mutations
reduced proteasomal activity in a motor neuron-like cell line [135] Complementary,

proteasomal inhibition enhanced SOD1 aggregation and toxicity in mice [136, 137]. ALS/FTD-
15



Introduction

linked mutations in CCNF, an E3 ligase, was shown to result in an accumulation of
ubiquitinated proteins, including TDP-43 [47]. Interestingly, C9orf72, the most common genetic
cause for ALS/FTD, functions in a complex with WD repeat-containing protein 41 (WDR41)
and the guanine nucleotide exchange protein SMCR8 to regulate autophagy initiation and
autophagsosome maturation [138-140]. ALS/FTD-associated mutations were also described
in the autophagy receptors SQSTM1/p62, OPTN and UBQLNZ2, which all target ubiquitinated
substrates to either proteasomes or autophagy [32, 36, 141].

1.1.2 The ALS/FTD-linked protein UBQLN2

In 2011, Deng and colleagues identified five missense mutations in UBQLN2 in families with
ALS [35]. Since then, UBQLN2 and its association with ALS was intensively studied. UBQLN2
belongs to the family of ubiquilin proteins which are present in all eukaryotes [142]. In humans
the UBQLN family consists of five members, namely UBQLN1-4 and the ubiquilin-like protein
(UBQLNL). Pairwise protein sequence similarity revealed a percentage identity of 29.47% to
74.76% between family members (Figure 1-6A). UBQLN1 and UBQLN2 are the most closely
related members, whereas UBQLN3 and UBQLNL are most distant from the other family
members (Figure 1-6B).
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Figure 1-6: The ubiquilin family.

(A) Pairwise alignment of the UBQLN family members using BLOSUMG62 as scoring matrix presenting
protein sequence similarities. (B) Clustering of the family members in a neighbor joining tree created
with Jalview.

UBQLN members also differ in their expression. While UBQLN1, 2 and 4 are ubiquitously
expressed, UBQLN3 and UBQLNL are primarily expressed in the testis [143]. Based on the
relatively high sequence identity, it is not surprising that the members of the UBQLN family
harbor common protein domains. Besides the Ub shuttle signature UBA and UBL domains,
UBQLNSs have stress-induced protein 1-like (STI1) motifs that mediate chaperone binding. In
addition to these domains, UBQLN2, but no other UBQLN protein, contains an intrinsically
disordered proline-rich repeat domain containing 12 PXX repeats with unknown function
(Figure 1-7) [35, 144].
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Figure 1-7: Schematic representation of the UBQLN2 protein structure.

On the N-terminal UBQLN2 harbors a ubiquitin-like (UBL; green) domain which interacts with the
proteasome, whereas the ubiquitin-associated (UBA; blue) domain on the C-terminal allows binding to
ubiquitinated substrates. Stress-induced protein 1-like motifs (STI-1; yellow) are implicated in chaperone
binding. The function of the UBQLN2-specific PXX region (red) remains elusive. Arabic numbers indicate
amino acid position of the motifs.

1.1.2.1 Physiological functions of UBQLN2

In 1999, UBQLN2 was identified as a protein which mediates the interaction between integrin-
associated protein (IAP, also CD47) and vimentin-containing intermediate filaments [145].
Therefore, it was originally named protein linking IAP with cytoskeleton 2 (PLIC2). Due to the
UBA and UBL domains of UBQLNZ2, its function as a Ub-shuttle factor is the most intensely

studied one.

UBQLNZ2’s roles in protein degradation

UBQLNZ2’s role as a Ub-shuttle factor was already described in the early 2000s [146-149].
Besides the UBA and UBL domains, the STI1 regions were also reported to contribute to
UBQLNZ2’s function in the UPS. The STI1 regions are required for binding of heat shock protein
70 (HSP70) [150]. During non-stress conditions, UBQLN2 mainly forms homomers or
heteromers with UBQLN1 or 4 and the binding to ubiquitinated proteins is negligible. However,
under stress conditions, HSP70 associates with ubiquitinated proteins and binds to UBQLN2,
thereby promoting UBQLNZ2'’s interaction with ubiquitinated proteins and their shuttling to the
proteasome (Figure 1-8A) [151]. Intriguingly, recent evidence suggests that HSP70 is also able
to transfer non-ubiquitinated substrates to UBQLN2 and thereby supports the formation of an
Ub-independent substrate-shuttle-complex [152]

Misfolded proteins in the endoplasmic reticulum (ER) are eliminated by ER-associated
degradation (ERAD). In this pathway, misfolded ER proteins need to be recognized and
transported to the dislocation machineries, the so called dislocons. Following the dislocation
from the ER, substrates are polyubiquitinated by E3 ligases and finally degraded by the
proteasome [153]. UBQLNSs, including UBQLN2, are part of several ERAD complexes and
function in the ERAD pathway. They were shown to interact with several ERAD components,

for example the homocysteine-induced ER protein HERP, UBX domain-containing protein 4
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and FAS-associated factor 2 [154-156]. UBQLNSs are suggested to bring together components
of the ERAD machinery, ubiquitinated substrates and proteasomes at the cytosolic face of ER
membranes (Figure 1-8B). The importance of UBQLN2 in the ERAD pathway is stressed by
the accumulation of ERAD substrates after UBQLN2 knockdown [156].

Interestingly, in addition to its function as an Ub-shuttle factor in the UPS, UBQLN2 is also
implicated in autophagy. While typical autophagy receptors bind via a conserved LIR motif to
LC3/GABARAP proteins on the forming autophagosome, UBQLN2 is capable of binding to
LC3 via its UBA domain [141, 157]. Thus, it has been proposed that UBQLN2 is able to shuttle
ubiquitinated substrates to both, the UPS and the autophagosome (Figure 1-8C) [158].
Noteworthy, UBQLN2 overexpression results in an increased number of autophagosomes
[141, 157]. Other evidence indicates a role of UBQLNZ2 in autophagy via its interaction with the
serine-threonine kinase TBK1 which is known to phosphorylate SQSTM1, OPTN, LC3C and
GABARAPL2 [159]. In addition, emerging evidence showed that UBQLN2 is involved in the
regulation of autophagosome acidification. First insights in this direction were found in a
Drosophila ubiquilin (dUbgn) knockout model [160]. In this model, impairment of mammalian
target of rapamycin complex 1 (mTORCL1), the master regulator of cells that also regulates
autophagy activity, was detected. mTORCL1 is a negative autophagy regulator and hence an
induction of autophagy was observed in dUbgn ablated Drosophila. Additionally, this study
showed that dUbgn interacts with the v-ATPase proton pump subunit Vhal00-1, modulates v-
ATPase activity and thereby lysosome function. However, flies have only one ubiquilin gene
wherefore these findings may not be transferred to human UBQLN2 functions. Nonetheless,
similar observations were made in a UBQLN2 knockout (KO) HelLa cell line, which has
decreased autophagic flux, altered acidification of autophagosomes and reduced levels of the
V-ATPase subunit ATP6v1g1l [161]. Thus, UBQLN2 seems to be implicated in autophagosome

maturation and might also regulate autophagy induction.

UBQOLN2 is necessary for mitochondrial function

In addition to their role in protein degradation pathways, UBQLN proteins are involved in
maintaining mitochondrial health. Mitochondria are crucial for eukaryotic cells especially
because they provide ATP via oxidative phosphorylation (OXPHOS). Mitochondria have their
own mitochondrial genome that, however, only encodes for a small set of proteins. The majority
of mitochondrial proteins, which are encoded by nuclear genes, need to be targeted to
mitochondria following their translation in the cytosol [162]. UBQLNs were shown to chaperone
transmembrane domain containing proteins, such as the outer mitochondrial membrane
protein Omp25 and thus prevent them from aggregation during their targeting to mitochondria
(Figure 1-8D) [163]. If these clients fail to successfully insert into mitochondria, UBQLNs

facilitate their proteasomal degradation through recruitment of an E3 ligase. Consistent with
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these observations, knockout of UBQLN1 or UBQLN2 caused abundance alterations of
mitochondrial proteins [164, 165]. Recently it was reported that UBQLN2 KO results in
depletion of OXPHOS units, disturbed mitochondrial respiration and ATP production [166]. The
reason therefore was an impaired import of mitochondrial proteins. Taken together, UBQLN2
presumably plays a role in mitochondrial protein quality control and is necessary for

mitochondrial function.

UBQLNZ2 and stress granules

Aside from RNA and RBP, stress granules also contain components of the protein quality
control (PQC) systems such as heat shock protein 90 (HSP90), Ub and UBQLN2 [97, 167-
170]. UBQLN2 was found to locate to stress granules under different cellular stress conditions,
such as oxidative, heat and osmotic stress [169]. However, interactome analysis of a stable
293T cell line with an integrated tetracycline-inducible FLAG-UBQLN2 construct indicate that
UBQLN2 associates with stress granule components also under non-stress conditions and
negatively regulates stress granule size [170]. Typically, intrinsically disordered low-complexity
domains, as they are found in FUS and TDP-43, mediate LLPS and the formation of stress
granules. UBQLN2 also contains disordered low-complexity segments, mainly at the
C-terminus. Those promote UBQLNZ2 oligomerization and LLPS of UBQLN2 at physiological
temperatures and salt concentrations in vitro [169]. While the PXX, the UBL and the UBA-
domain contribute to the LLPS behavior of UBQLNZ2, the second STI1 region is crucial to drive
LLPS [169, 170]. Remarkably, addition of purified Ub to UBQLN2 droplets in vitro resulted in
disassembly of these droplets. This process is depended on an interaction between Ub and
UBQLNZ2’s UBA domain. Thus, it is proposed that UBQLN?2 traffics ubiquitinated proteins out
of stress granules (Figure 1-8E). However, the exact role of UBQLNZ in stress granules is still

obscure.
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Figure 1-8: The multifaceted cellular roles of UBQLN2.

UBQLN2 targets ubiquitinated (A) cytosolic substrates as well as (B) ERAD substrates to the
proteasome for degradation via UBA-Ub and UBL-proteasome interactions. (C) The UBA domain of
UBQLN?2 is also able to bind to LC3 and thus can act as an autophagy receptor. Furthermore, UBQLN2
regulates autophagy and ensures lysosome acidification by stabilizing V-ATPases. (D) UBQLN2 can
prevent aggregation of mitochondrial proteins, safeguard their cytosolic traffic or facilitate their
proteasomal degradation. (E) UBQLN2 LLPS promotes its localization to stress granules where it might
extract ubiquitinated proteins.

1.1.2.2 UBQLN2 in ALS/FTD

UBQLN?2 is a single-exon gene located on the X-chromosome [35, 171] and mutations are
dominantly inherited with reduced penetrance in females [35]. Interestingly, many of the known
sporadic and familial ALS/FTD-linked mutations in UBQLNZ2 are located in the PXX repeat
region (P494L, P497H, P497S, P497L, p.Gly502_lle504del, P500S, P506A, P506T, P506S,
P509S and P525S) [35, 172-175]. Other reported ALS/FTD-linked variants are in a STI1 motif
(P189T, M3921, M392V, S400G, Q425R, P440L and M446R) or outside of an annotated region
(S155N, A282V, A283T, S346C, T4871, N439I, A488T, P533L and V538L) [173, 174, 176-
181]. With the discovery of the first ALS-linked UBQLN2 mutations, the subsequent questions
on how they affect UBQLN2 functions and how they contribute to disease pathology was the

focus of many researchers. Even though the exact mechanism remains elusive, multiple
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studies contributed to elucidate these questions, providing indications for both loss- and gain-
of-function of UBQLNZ2. In addition to the genetical linkage of UBQLN2 to ALS/FTD, the
presence of UBQLN2 in abnormal cytoplasmic inclusions in neurons of ALS/FTD patients also
disclosed a pathological role of UBQLN2. UBQLN2 was found mainly in Ub-positive inclusions

but also a colocalization with TDP-43- and FUS-positive inclusions was reported [35, 172, 182].

UBQLNZ2 mutations impede client delivery for proteasomal degradation

ALS/FTD-linked UBQLN2 mutations are located at several positions, however, so far, no
mutations in the UBA or UBL domain were reported. Nevertheless, since shuttling ubiquitinated
proteins to the proteasome is one of the main functions of UBQLNZ2, first investigations
concerning functional changes focused on the UPS. Usage of the Ub®’®—GFP reporter
system, which cannot be deubiquitinated in cells, revealed an accumulation of the reporter in
N2a and SH-SY5Y cells expressing mutant UBQLN2, suggesting impaired proteasomal
degradation [35]. Concordantly, slower degradation of Myc, a protein rapidly degraded by the
proteasome, was reported in HeLa cells overexpressing mutant UBQLN2 compared to non-
transfected cells [183]. Interestingly, it appears that UBQLN2 proteins with mutations in the
PXX region are still able to bind ubiquitinated proteins but are defective to bind the S5a subunit
of the proteasome [183, 184]. The impaired delivery of clients to the proteasome would also
explain the accumulation of Ub-positive UBQLNZ2 inclusions observed in ALS/FTD patients.
Even though mutations in the PXX region do not seem to influence the direct binding of
UBQLN2 to ubiquitinated proteins, they disturb the binding to HSP70 [151, 152, 174]. The
reduced binding to HSP70 impairs clearing of poly-GA dipeptide repeat protein depositions as
well as heat shock induced protein aggregates [151, 152]. Besides disturbed delivery of
cytosolic substrates, mutations in UBQLN2 also impair delivery of ERAD substrates to the
UPS. For example, expression of the P497H mutation in the PXX region of UBQLN2 disturbs
the interaction between UBQLN2 and FAS-associated factor 2 and causes an accumulation of
ERAD substrates [156]. UBQLN2 mutations may also interfere with the UPS through
sequestration of proteasomal subunits into UBQLN2-positive aggregates, possibly causing

proteasome disassembly [185-187].

Autophagy impairment caused by UBOQLN2 mutations

Accumulating evidence describes an impact of ALS/FTD-associated mutations in UBQLN2 on
autophagy. Immunoreactivity of UBQLNZ2-positive inclusions with the autophagic receptor
SQSTM1/p62 in UBQLNZ2-associated ALS/FTD cases was the first link between UBQLN2
mutations and autophagy [35]. The colocalization of SQSTM1 with UBQLNZ inclusions as well
as an increase in SQSTM1 protein levels was also observed in several rodent models with
ALS/FTD-linked UBQLNZ2 mutations [151, 161, 188]. Intriguingly, mutations in UBQLN2

resulted in decreased autophagosome acidification, which is crucial for the activity of the
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lysosomal hydrolases and thus digestion of the engulfed autophagy cargo [160, 161]. It has
been suggested that UBQLN2 acts as a chaperone for the ATP6v1gl subunit of the V-ATPase
proton pump and that mutated UBQLN2 is unable to bind and facilitate ATP6v1gl biogenesis
[161]. Other data suggest that UBQLN2 mutations affect the interaction between TBK1 and
UBQLN2 by increasing their binding affinity. Consequently, TBK1 binding to its substrates is
disrupted possibly leading to impaired autophagy [189].

Mutations in UBQLNZ2 disturb mitochondrial functions

Recently, mitochondrial health has been proposed as another mechanism how UBQLN2
mutations contribute to the ALS/FTD pathology. First evidence emerged from whole proteomic
analysis of isolated hippocampus and spinal cord from transgenic mice overexpressing human
UBQLN?2 variants [165]. In mice expressing P497S mutant UBQLN2 (hUBQLN2P4°"S) a down-
regulation of mitochondria-associated pathways was observed. Indeed, mitochondria of motor
neurons in the lumbar spinal cord of hUBQLN2”49S mice were shorter and displayed
mitochondria cristae deformities [166]. Shorter mitochondria are possibly a result of
deregulated levels of mitochondrial fission and fusion. Furthermore, mitochondria from aged
hUBQLN2P4"S mice showed a decline in several steps of OXPHOS. Ultimately, mislocalization
of the mitochondrial import factor TIMM44 (translocase of inner mitochondrial membrane 44)
in UBQLN2 knockout HelLa cells was reversible by the re-expression of wild-type (WT)
UBQLN2 but not P497S mutated UBQLN2. Since mutated UBQLN2 binds weaker to TIMM44
than WT UBQLNZ2, it is suggested that mutations in UBQLN2 may result in altered delivery of
TIMM44 to mitochondria [166].

UBOQLNZ2 mutations alter self-assembly stress granule dynamics

Since stress granules are dysregulated in ALS/FTD and UBQLN2 can undergo LLPS, it seems
likely that mutations in UBQLN2 might impair UBQLN2 LLPS and stress granule dynamics.
Interestingly, ALS-linked mutations in UBQLNZ2 reduce its interaction with RBPs such as
hnRNPA1 and FUS, that are known components of stress granules [170, 190, 191].
Consistently, UBQLN2 has been shown to regulate FUS-RNA interaction and stress granule
formation. This regulation is impaired in mutated UBQLNZ2, possibly hindering the capacity of
UBQLN2 to negatively regulate stress granule formation [170]. In vitro purified UBQLN2 PXX
mutants have an increased propensity to oligomerize, promote LLPS and form non-liquid like
amorphous droplets or aggregates. Importantly, this modulation is strongly depended on the
position of the mutation and only applies for hydrophobic but not for polar residues [192].
Consistent with this biochemical data, UBQLN2 carrying a P497H mutation forms intense
cytosolic puncta while UBQLN2 WT is mainly diffusely localized throughout the cytoplasm in
Drosophila neuronal cells [193]. Similarly, primary rodent cortical neurons expressing UBQLN2

carrying a P506T mutation are more prone to form puncta compared to those expressing WT
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UBQLNZ2 [186]. However, contradictory evidence suggests that ALS/FTD-linked mutations in
UBQLN2 might perturb the ability of UBQLN2 to assemble into biomolecular condensates in
cells under stress [194].

Having introduced ALS/FTD, its pathological pathways as well as UBQLNZ2 and its role in the
disease, in the following the current scientific knowledge of MAP1B, a protein of interest in this

thesis is summarized.

1.2 MAP1B

Microtubule-associated proteins (MAPs) were initially discovered as proteins that co-purify with
tubulin from brain extracts [111, 195]. While the first identified MAPs were classified based on
their capacity to bind and stabilize microtubules, today a large variety of MAPs with various
functions are known. MAPs bind to microtubules in several ways and can influence microtubule
structure, function or dynamics. Classical, also called structural, MAPs include members of the
MAP1, MAP2, MAP4 and tau family and are non-enzymatic proteins which bind along the
microtubule lattice [196]. In general, they can promote microtubule polymerization, stabilization
and microtubule bundling, though some of them also regulate the dynamic fraction of
microtubules [197, 198]. Several MAPs also have the capability to bind other cytoskeletal
components beside microtubules such as intermediate and actin filaments and thus can act as
cytoskeletal crosslinkers [199, 200]. Some MAPs were even shown to protect microtubules
against severing enzymes or modulate the movement of motor proteins [201-203].
Furthermore, evidence suggests that a subset of MAPs acts in various neuronal signaling
networks [204]. Since MAPs are crucial for microtubule dynamics and consequently to
neuronal health, it is not surprising that various MAPs are linked to neurological diseases. Due
to its association with several neurodegenerative diseases including AD, Pick’s disease and

FTD, the best known and most intensively studied MAP is tau [205].
1.2.1 Structure and expression of the MAP1 family member MAP1B

Along with tau, proteins of the MAP1 and the MAP2 family are the major structural MAPs in
neurons. In mammals, the MAP1 family consists of three members, MAP1A, MAP1B and
MAP1S [206]. While MAP1S is ubiquitously expressed, MAP1A and MAP1B are primarily
expressed in the nervous system [207]. After translation, all three members are proteolytically
cleaved near the carboxyl terminus into a larger heavy chain (HC; 100-350 kDa) and a smaller
light chain (LC; 26-32 kDa) [207-209]. In addition, all LCs harbor an actin-binding domain
(ABD) and a microtubule-binding domain (MBD), while the HCs have one or two MBD [210].
Intriguingly, the MAP1B HC harbors an ABD as well. The MAP1B HC was reported to bind the
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MAP1A LC (LC2), the MAP1B LC (LC1), as well as the autophagy-associated LC3, which is
expressed by the hATG8 genes LC3A-C (Figure 1-9) [211].
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Figure 1-9: Schematic representation of the MAP1B protein structure.

The MAP1B protein is proteolytically cleaved into a heavy chain and a light chain (LC1). Both chains
contain a microtubule-binding domain (MBD; red) and an actin-binding domain (ABD; green). The
MAP1A LC (LC2), the MAP1B LC (LC1), as well as the autophagy-associated LC3 were reported to
bind to the heavy chain at the light chain binding domain (LCBD). Arabic numbers indicate amino acid
position of the cleavage site.

Originally discovered in the 1980s, MAP1B was also known as MAP1.2, MAP1x, or MAP5
[212-215]. MAP1B is among the first structural MAPs expressed in developing neurons [216].
It was suggested to be especially important in early embryonic development, since its
expression levels are highest in newborn rats and decrease postnatally [211]. In developing
neurons, MAP1B is enriched in the distal region of the growing axons indicating a role in axonal
growth [214, 217]. Accordingly, suppression of MAP1B with antisense oligonucleotides in
cultured rat cerebellar neurons inhibits laminin-enhanced axonal elongation [218].
Consistently, cultured neurons from MAP1B-deficient mice display a delay in axonal outgrowth
and a reduced rate of elongation [219]. Although MAP1B expression is highest at birth, it
continues to be expressed in the mature brain, especially in areas with high synaptic plasticity
such as the hippocampus, the olfactory bulb or the cerebellum [211, 216, 220]. Furthermore,
after lesions of motor neurons in cats and after brain injury in rats, an increase in MAP1B was

observed, suggesting a role of MAP1B in the regeneration of neurons [221, 222].
1.2.2 MAP1B phosphorylation determines its localization and function

Interestingly, MAP1B’s role in axonogenesis as well as other functions depend on MAP1B
phosphorylation. MAP1B contains several potential phosphorylation sites. A proteomic
analysis of in vivo phosphorylated murine synaptic proteins revealed 33 phosphorylated sites
(phosphosites) [223]. However, protein databases (PhosphoSitePlus and Uniprot) list more
than 90 phosphosites for MAP1B [224]. So far, two types of MAP1B phosphorylation can be
functionally distinguished: mode | or proline-dependent kinase phosphorylation and mode I
phosphorylation catalyzed by casein kinase 11 [225, 226]. While mode | phosphorylated MAP1B
is mainly present in the distal part of axons, mode Il phosphorylated MAP1B is present in all

subcellular domains of the neuron [227]. Mode | phosphorylation decreases with development
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and is suggested to control the dynamic properties of neuronal microtubules which is especially
important in developing neurons [219]. On the contrary, MAP1B mode Il phosphorylation is
proposed to promote the assembly and stabilization of microtubules [228, 229]. While mode |
and mode Il phosphorylation were extensively studied in the last decades, the multiplicity of
annotated MAP1B phosphosites and their potential regulation by several other kinases raise
the question whether additional phosphorylation modes linked to distinct MAP1B functions may

exist.
1.2.3 MAP1B and the regulation of microtubule dynamics

Since  MAP1B co-purifies with microtubules, extensive research concentrated on its
microtubule polymerization properties. Overexpressed MAP1B was observed to stabilize
microtubules against depolymerizing reagents in fibroblasts [113]. In general, acetylation and
detyrosination are considered to be enriched in mature/stable microtubules, whereas
tyrosination is associated with more labile/dynamic microtubule regions [230]. In mouse Map1lb
knockout neurons a reduced number of acetylated microtubules in growth cones was detected,
substantiating a stabilizing effect of MAP1B. However, compared to other MAPs, MAP1B is
unable to induce microtubule bundle formation and does not suppress microtubule dynamic
instability [113, 231, 232]. Yet, other groups reported increased microtubule dynamics upon
MAP1B expression, a reduction of stable microtubules in MAP1B-deficient neurons and
exclusive binding of MAP1B to tyrosinated tubulins [219, 233]. Moreover, recent evidence
showed an increase of acetylated tubulin in the presence of MAP1B, but a negative regulation
of this effect through phosphorylation of MAP1B by glycogen synthase kinase-3 (GSK3) [234].
Overall, this data supports the notion that MAP1B regulates the balance of acetylated,
detyrosinated and tyrosinated microtubules based on its phosphorylation status. In addition,
MAP1B is also able to influence microtubule dynamics indirectly. For example, it can interact
with the microtubule plus-end tracking proteins EB1 and EB3 and thereby sequester these
factors in the cytosol. MAP1B deficiency leads to increased binding of EB1 and EB3 to
microtubule plus-ends, microtubule overstabilization and looping [235]. Furthermore, MAP1B
interacts with tubulin tyrosine ligase (TTL), promoting its activity and the formation of
tyrosinated tubulins [197].

1.2.4 MAP1B functions beyond regulation of microtubule dynamics

MAP1B and its LC1 were reported to be involved in multiple processes which are unrelated to
microtubule stabilizing functions. Among other proteins, MAP1B chains associate with ion
channels, neurotransmitter receptor and receptor regulatory proteins, such as metabotropic
glutamate receptor sub-group Il members, gamma-aminobutyric acid C receptor, calcium

channel Cav2.2, the N-methyl-d-aspartate receptor (NMDAR) subunit NR3A, the glycine
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receptor alpha subunit and the serotonin receptors 5-HTs and 5-HTza as well as with glutamate
receptor interacting protein 1 (GRIP1) [236-244]. These interactors suggest a role of MAP1B
in regulating the localization, trafficking and activity of surface receptors possibly by anchoring

these proteins to microtubules [238].

The hypothesis that MAP1B might play a role in autophagy emerges from the ability of MAP1B
to associate with LC3 [245]. Furthermore, evidence suggests that binding of MAP1B to the
death-associated protein kinase-1 (DAPK-1) is necessary for DAPK-1-stimulated autophagy
[246]. In addition, LC1 interacts with the autophagic receptor NBR1 and might target it to the
microtubule network allowing NBR1 to recruit cargo to autophagosomes [247]. In contrary,
recent findings propose that LC1 links syntaxin 17, a protein implicated in autophagosome-

lysosome fusion, to microtubules, resulting in a blockage of autophagosome formation [248].

MAP1B seems also to be implicated in neuronal mRNA trafficking. LC1 binds to nuclear export
factor proteins (NXFs), their cofactor U2AF as well as to the mRNA-binding protein Staufen 1
(STAUL) and the WD-repeat protein UNRIP. Thus, MAP1B seems to be involved in nuclear
export and cytoplasmic trafficking of NXF-containing mRNPs, possibly by tethering the
complex to microtubules [249]. In addition, LC1 directly interacts with neuronal Hu proteins,
which are RBP that stabilize and transport AU-rich elements (ARE)-containing mRNAs [250,
251]. Since Hu proteins simultaneously bind RNA and LC1, it is suggested that LC1 associates

the Hu-mRNA complex to microtubules and thus participates in mMRNA expression.
1.2.5 MAPI1B is implicated in several neurological disorders

MAP1B also emerges in the context of neurodegenerative diseases, such as Parkinson's
Disease (PD), AD and ALS/FTD. For example, MAP1B is a component of Lewy bodies, a
neuropathological hallmark of PD. MAP1B has the ability to bind monomeric and filamentous
a-synuclein and hence might be involved in the formation of Lewy bodies [252]. Interestingly,
loss-of-function mutations in DJ-1 (also Parkinson disease protein 7) cause an accumulation
and aggregation of LC1 possibly leading to ER stress-induced apoptosis [253]. However, also
a neuroprotective role of LC1 was suggested in PD. Indeed, LC1 rescues leucine-rich repeat
kinase 2 (LRRK2) mutant-mediated cytotoxicity, probably by inhibiting LRRK2 activity [254].
Fragments of phosphorylated MAP1B are also found in neurofibrillary tangles, aggregates of
hyperphosphorylated tau, a hallmark of AD [255, 256]. In addition, MAP1B plays a role in giant
axonal neuropathy (GAN). GAN is a rare disorder affecting both the central and peripheral
nervous system and is caused by mutations in the gigaxonin gene (GAN) and characterized
by neurons with giant axons [257]. Gigaxonin binds directly to LC1 and controls its degradation
[258, 259]. Ablation of gigaxonin in mice causes an accumulation of LC1, neurodegeneration

and cell death, all of which can be rescued by Maplb reduction [259]. Hence, LC1
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accumulation contributes directly to the neurodegeneration in GAN. In the last years, MAP1B
was reported to be dysregulated in ALS/FTD. TDP-43 was shown to interact with the mRNA
of the MAP1B fly homolog futsch and regulates its localization and expression [260, 261].
However, it is not completely clear which effect this binding has on MAP1B expression and
translation. Some evidence points towards a positive modulation of futsch mRNA translation
by TDP-43 through its interaction with a UG-rich sequence within the 5'UTR of futsch mRNA
[260]. Other evidence suggests that TDP-43 inhibits futsch expression post-transcriptionally
[261]. Interestingly, overexpression of futsch can be neuroprotective in flies overexpressing
TDP-43 since this reduced TDP-43 aggregation and suppressed ALS-like locomotor
dysfunction [261]. A translation-repressing activity of TDP-43 is substantiated by its association
with the known MAP1B repressor FMRP [262]. It is hypothesized that TDP-43 helps to recruit
FMRP to the vicinity of mRNAs, including MAP1B mRNA [96]. Importantly, MAP1B
accumulation in spinal cord motor neuron cell bodies was seen in some ALS patients [261].
Besides TDP-43, FUS seems to be involved in the regulation of MAP1B mRNA. Expression of
mutated FUS (R521C) causes an increase in synaptic MAP1B levels in zebrafish embryos
[92]. It was hypothesized that the cytosolic increase of mutated FUS enhances binding
between FUS and FMRP, thus preventing FMRP to repress MAP1B translation. The
observation that FUS is capable to bind the same G quadruplex structure of MAP1B mRNA as
FMRP, supports a directional competition between FUS and FMRP for MAP1B binding [263].
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1.3 Aim of the study

The ubiquitin-binding protein UBQLNZ2 is among others implicated in the main protein
degradation pathways autophagy and the UPS. Mutations in UBQLN2 are genetically and
pathologically linked to ALS/FTD. Although multiple functions of UBQLN2 and their impairment
in ALS/FTD were reported since the first discovery of ALS/FTD-linked UBQLN2 mutations, the

specific pathomechanism remains elusive.

The aim of my thesis project was to further elucidate the role of UBQLN2 in the disease context
of ALS/FTD. We sought to pursue this aim with the hypothesis that UBQLN2 deficiency leads
to alterations of cellular components regulated by UBQLNZ2. To test this notion, we combined
different omics screening approaches. In detail, we employed protein expression profiling,
transcriptomic analysis, interaction proteomics and phosphoproteomics to further understand
the impact of ALS/FTD-linked mutations in UBQLN2. In addition to CRISPR/Cas9 gene-edited
HelLa cells, patient-derived cells carrying ALS/FTD-causing mutations were used to mimic
cellular disturbances present in patients. Further on, we sought to dissect the most prominent
candidates and unravel a possible linkage between those. To strengthen the relevance of the

new findings, primary rat neurons were studied for validation in a neuronal context.
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2 Materials and Methods

2.1 Materials

2.1.1 General chemicals and reagents

Name
1kb DNA Ladder

2-Propanol

Acetic acid

Acetic acid (eluent additive for LC-MS)
Acetone

Acetonitrile (ACN)

Acrylamide 4K Solution (30%)
Ammonium bicarbonate (ABC)
Ammonium peroxydisulphate (APS)
Ampicillin sodium salt

Anti-HA agarose

BamHI

Bbsl

BC Assay Reagent A

BC Assay Reagent B

Benzonase Nuclease HC

Betaine

Bovine Serum Albumin (BSA)
Bromophenol blue

BsmBI

Carbenicillin disodium salt
Chloramphenicol

cOmplete EDTA-free Protease Inhibitor
Cocktail

Dithiothreitol (DTT)

DNA Gel Loading Dye (6x)

Dpnl

Ethanol (EtOH)

Formic acid (FA)

Company
NEB

Merck

Merck

Honeywell Fluka
Merck

Roth

PanReac AppliChem
Sigma-Aldrich

Roth

Roth

Thermo Scientific
New England Biolabs
New England Biolabs
Interchim

Interchim

Millipore
Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher

New England BioLabs
PanReac AppliChem
Sigma-Aldrich

Roche

Biomol

Thermo Scientific
New England BioLabs
Roth

Merck
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N3232
109634
100063
49199-50ML
100014
AE70
A0951
09830
9592
K029
88836
R0O136
R0539
UP95424A
UP95425A
71205
61962
A8022
32712
RO739
A1491
C0378
04693132001

04010
R0611
RO176S
9065
100264
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Gateway™ BP ClonaseTM Il Enzyme
mix

Gateway™ LR ClonaseTM Il Enzyme
mix

GeneRuler 100bp DNA Ladder

Glycerol

HA-Peptide

Hard-Shell® 96-Well PCR Plates
Hydrochloric acid 32%

IGEPAL CA-630 (NP-40)

Influenza Hemagglutinin (HA) Peptide
lodoacetamide (IAA)

Kanamycin sulphate

KOD Hot Start DNA Polymerase
Lumigeb ECL Ultra (TMA-6)

Lysyl Endopeptidase® (Lys-C)
Methanol

Methanol

MIDORI Green Advance

Monoclonal Anti-HA-Agarose

Distilled water DNase/RNase free
OneTag DNA Polymerase

One-Tag DNA Polymerase
Paraformaldehyde (PFA) solution 4% in
PBS

PhosSTOP

Ponceau S

Powdered milk

ProLong™ Gold Eindeckmittel mit DAPI
ProSieve QuadColor Protein Marker,
4.6-300 kDa

Protein Marker VI (10-245) prestained
Q5 Hot Start High-Fidelity DNA
Polymerase

ReproSil-Pur 120 C18-AQ 1.9um

Sacl

SeaKem LE Agarose

Thermo Fisher

Thermo Fisher

Thermo Scientific
Roth

Sigma-Aldrich

Biorad

Merck

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roth

Sigma-Aldrich
Lumigen

FUJIFILM

Merck

Roth

Genetics

Millipore

Gibco

New England BioLabs
New England BioLabs

Chemcruz

Roche
Sigma-Aldrich
Roth
Invitrogen

Biozym

PanReac AppliChem
New England BioLabs

Dr. Maisch
New England Biolabs

Lonza
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11789100

11791020

SM0241
3783
12149
HSP9601
100319
18896
12149
11149
T832
71086
TMA-100

106009
AE71
MGO04
A2095
10977-035
M0480S
M0480
sc-281692

04906837001

P3504
T145
P36931
830537

A8889
M0493

r119.aq.
R0O156
50004
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Sequencing Grade Modified Trypsin Promega V5113
Sodium acetate trihydrate Roth Roth
Sodium chloride Roth 3957
Sodium deoxycholate Sigma-Aldrich D6750
Sodium dodecyl sulfate (SDS) Serva 20765
Spectinomycin dihydrochloride Sigma-Aldrich S4014
pentahydrate
SsoAdvanced Universal SYBR Green Biorad 1725270
Supermix
T4 DNA Ligase New England BioLabs MO020
Tetramethylethylenediamine (TEMED) Roth 2367
Thiourea Sigma-Aldrich T7875
Trichloroacetic acid solution (TCA) Sigma-Aldrich T0699
Trifluoroacetic acid (TFA) Sigma-Aldrich 302031
Tris ultrapure PanReac AppliChem A1086
Tris-EDTA buffer solution Sigma-Aldrich 93302
Triton X-100 Millipore 108603
Tropix I-BLOCK Invitrogen T2015
Tween-20 Sigma-Aldrich 822184
Urea Serva 24524
Water LC-MS Grade Roth AE72
Western Lightning Plus-ECL/ Perkin Elmer NEL105001EA
2.1.2 Cell culture chemicals and reagents
Name Company Identifier
0.25% Trypsin-ETDA (1x) Gibco 25200056
Bafilomycin Al (BafA) Biomol Cay11038
Blasticidine InvivoGen ant-bl-1
Bortezomib (Btz) LC laboratories B-1408
Dimethyl sulfoxide (DMSQO) PanReac AppliChem A3672
Cell culture grade
Dulbecco’s modified Gibco 61965026

Eagles's Medium (DMEM)

(1x) + GlutaMAX-|
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Dulbecco’s Phosphate
buffered Saline (PBS)

Fetal Bovine Serum (FBS)
Fetal Bovine Serum,
dialyzed

L-Arginine

L-Arginine:HCL (13C6, 99%;
15N4, 99%)

L-Glutamine 200mM
Lipofectamine 2000
Lipofectamine RNAIMAX
L-Lysine monohydrochloride
L-Lysine:2HCL (13C6, 99%;
15N2, 99%)/

Optimal modified Eagle’s
Medium (Opti-MEM) | +
GlutMAX-I

Puromycin dihydrochloride
RPMI 1640 Medium for
SILAC

Sodium pyruvate 100mM

2.1.3 Consumables

Name

1.5 ml, polypropylene tube
2 ml crimp top caps

2 ml crimp top vials

4-10% Mini-PROTEAN TGX
gels

Blotting paper

Capillar tips, 0.5-10 pl

Clear flat-bottom 96-well
plates

Countess cell counting

chamber slides

Gibco

Gibco
Gibco

Sigma-Aldrich
Cambridge Isotope
Laboratories

Gibco

Invitrogen
Invitrogen
Sigma-Aldrich
Cambridge Isotope
Laboratories

Gibco

Sigma-Aldrich
Thermo Scientific™

Gibco

Company
Beckman coulter

Agilent
Agilent
Bio-Rad

Macherey-Nagel
Biozym

Thermo Scientific

Invitrogen
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14190144

10270106
26400044

A8094
CNLM-539-H-PK

25030024
11668019
13778100

L8662
CNLM-291-H-PK

51985026

P8833
88365

11360039

Identifier
357448
5181-1211
5181-3375
456-1094

MN742112
729008

442404

C10228
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CryoTubes

Empore SPE disks C18
Empore SPE disks cation
exchange

Epredia X50 Microscope
Slide

Microscope cover glasses
Mini-PROTEAN short plates
Mini-PROTEAN spacer
plates

Mr. Frosty cryo box
Multiflex tips 100 pl
Nitrocellulose blotting
membranes, pore size
0.45 pm

Nunc™ cell culture petri
dishes 100x15

Nunc™ cell culture petri
dishes 150x21

Nunc™ cell-culture treated
12-well plates

Nunc™ cell-culture treated
48-well plates

Nunc™ cell-culture treated
6-well plates

Nunc™ MicroWell™ 96-well
pH test strips

Super RX-N

Syringe filter, 0.45 um

Vial inserts, 250 pl

2.1.4 Kits

Name

High pure RNA isolation kit

VWR

Sigma

Sigma

Fisher Scientific
Marienfeld
Bio-Rad

Bio-Rad

Thermo Scientific
Sorenson

GE Healthcare Life science
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Macherey-Nagel
Fuijifilm

VWR
Agilent

Source

Roche

33

479-1261
66883-U
66889-U

15998086

0111550

1653308

1653311

5100-0001

28480

10600002

150350

168381

150628

142475

140675

167008

92110

47410 19289

514-0075
5181-8872

Identifier

11828665001
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PureLink™ Genomic DNA

Mini Kit

QIAprep Spin Miniprep Kit
QIAquick Gel Extraction Kit
QIAquick PCR Purification

Kit
Transcriptor  First
cDNA Synthesis Kit

Strand

Thermo Scientific

Qiagen
Qiagen
Qiagen

Roche

K182002

27106

28706

28106

4897030001

2.1.5 Oligonucleotides and other sequence-based reagents

Name

GW_UBQLN2_Ntap

_forward

GW_UBQLN2_Ntap

_reverse

hMAP1B GW N-term

forward

hMAP1b GW N-term

reverse

UBQLN2 gRNA1
forward

UBQLN2 gRNA1
reverse

UBQLN2 knockout
gRNA 1 forward
UBQLN2 knockout
gRNA 1 reverse
UBQLN2 knockout
gRNA 2 forward
UBQLN2 knockout
gRNA 2 reverse

Nucleotide Sequence (5 to 3’) or

Source

Identifier
GGGGACAACTTTGTACAAAAA
AGTTGGCGCTGAGAATGGCGA
GAGCAG
GGGGACAACTTTGTACAAGAA
AGTTGGGTATTACGATGGCTG
GGAGCCC
GGGGACAACTTTGTACAAAAA
AGTTGGCGCGACCGTGGTGGT
G
GGGGACAACTTTGTACAAGAA
AGTTGGGTACTACAGTTCAATC
TTGCATGCA
CACCGCCTACTTCCCTCACTC
CCTT
AAACAAGGGAGTGAGGGAAGT
AGGC
CACCGTTTCGAATCCCGATCT
GATG
AAACCATCAGATCGGGATTCG
AAAC
CACCGACGCAGCCTAGCAATG
CCGC
AAACGCGGCATTGCTAGGCTG
CGTC
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This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

Usage

Gateway PCR

Gateway PCR

Gateway PCR

Gateway PCR

gRNA

gRNA

gRNA

gRNA

gRNA

gRNA
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UBQLNZ2 knockout CACCGACCCCCAAACTGCTCT  This work gRNA
gRNA 3 forward TGTG
UBQLN2 knockout AAACCACAAGAGCAGTTTGGG  This work gRNA
gRNA 3 reverse GGTC
UBQLN2 T487I GTGGGGGTGCTGGGAATCGCT This work Mutagenesis
forward ATAGGC
UBQLN2 T487I GCCTATAGCGATTCCCAGCAC  This work Mutagenesis
reverse CCCCAC
UBQLN2_P497S GGCCCAGTCACCTCCATAGGC This work Mutagenesis
forward CCCA
UBQLN2 P497S GGGGCCTATGGAGGTGACTG  This work Mutagenesis
reverse GGCCT
UBQLN2 Sacl left GCGCCATTCAAGAGCTCATGC  This work PCR
homology TGAATG
arm_forward
UBQLN2 BamHI left GCGCGACAGATTTAAAAGGAT  This work PCR
homology arm CCAAATGAAAGTAAAG
reverse
TBP PrimePCR™ gHsaClD0007122 Bio-Rad RT-gPCR
ACTB PrimePCR™  gqHsaCED0036269 Bio-Rad RT-gPCR
GAPDH gHsaCEDO0038674 Bio-Rad RT-gPCR
PrimePCR™
MAP1B gHsaClD0012114 Bio-Rad RT-gPCR
PrimePCR™
UBQLN2 forward CCTGCAGCAGATGCAGAATCC This work Sequencing
AG
UBQLN2 reverse CAACACTTGTTCACCCAACTGT This work Sequencing
GAAGG
U6 forward GAGGGCCTATTTCCCATGATT  GATC/ Sequencing
CcC eurofins
Genomics
Flag forward CAAGGATGACGATGACAAGC This work Sequencing
CMV forward CGCAAATGGGCGGTAGGCGT  GATC/ Sequencing
G eurofins
Genomics
rat Ubgin2 shRNA GCTTCAAATCGCAA This work shRNA
ACCGA
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ON-TARGETplus J-009497-09-0005 Dharmacon SiRNA

siRNA FUS J-009497-10-0005

ON-TARGETplus D-001810-01-20 Dharmacon siRNA Control

Non-targeting

Control siRNA

2.1.6 Antibodies

Name Source Identifier Application

Rabbit anti-MAP1B Sigma HPA022275 IF (1:100)

Rabbit anti-MAP1B Proteintech 21633-1-AP WB (1:500)

Guinea Pig anti- SYSY 410 005 WB (1:1000)

MAP1B-LC1

Mouse anti-GAPDH Thermo AM4300 WB (1:4000)

Scientific
Rabbit anti-Calnexin Abcam ab22595 WB (1:1000)
Rabbit anti-UBQLN2 Cell Signaling 85509S WB (1:1000);
IF (1:300)

Mouse anti-UBQLN2 Sigma WH0029978M3- WB (1:1000);
100UG IF (1:300)

Mouse anti-FUS Santa Cruz sc-47711 WB (1:5000)

Rabbit anti-HA Cell Signaling 3724S WB (1:1000)

Rabbit anti-Acetyl-a- Cell Signaling 5335 IF (1:800)

Tubulin (Lys40)

FITC Anti-alpha Tubulin  Abcam ab64503 IF (1:300)

antibody

Donkey anti-rb-555 Invitrogen A31572 IF (1:500)

Goat anti-rabbit-488 Invitrogen A11034, IF (1:500)

Goat anti-mouse-555 Invitrogen A21424 IF (1:500)

Goat anti-mouse-488 Invitrogen A11001, IF (1:500)

anti-rabbit-HRP Promega w401B WB (1:1000)

anti-mouse-HRP Promega wW402B WB (1:1000)

Goat Anti-Guinea Pig Sigma-Aldrich AQ108P WB (1:1000)

IgG Antibody, F(ab') 2,
HRP
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2.1.7 Recombinant DNA reagent

Name Reference or Source Identifier

MGC Human UBQLN2 Sequence- Dharmacon MHS6278-

Verified cDNA (Cloneld:4543266) 202831640

ORFeome Collab. Human MAP1B Horizon OHS5893-

ORF w/ Stop Codon 202503825

Cas9 expressing plasmid pX330 Addgene 42230
(Gift from Feng Zhang)

pLentiCRISPR-HF1 Puro plasmid  Addgene 110850
(Gift from Lukas Dow)

PAAV-SEPT plasmid Addgene 25648
(Gift from Todd Waldman)

FU3a tagRFP plasmid Dieter Edbauer; N/A
DZNE Munich

pcDNA3.1-VSVG Dieter Edbauer; N/A
DZNE Munich

psPAX2 Addgene 12260
(Gift from Didier Trono)

pMD.2 Addgene 12259
(Gift from Didier Trono)

pDONR223 Wade Harper; N/A
Harvard Medical School

pHAGE-N Tap (Flag-HA) Wade Harper; N/A

Harvard Medical School

2.1.8 Mammalian and bacterial cells

Cells Reference or Source Identifier
HelLa (Human) ATCC Cat#CCL-2
HEK293T ATCC Cat#CRL-3216
LCL UBQLN2 T487I Jochen Weishaupt; N/A
MCTN Heidelberg
LCL UBQLN2 P497S Jochen Weishaupt; N/A
MCTN Heidelberg
LCL UBQLN2 WT (Control Jochen Weishaupt; N/A
for T487I) MCTN Heidelberg
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LCL UBQLN2 WT (Control
for P497S)

2.1.9 Equipment

Name

Automatic cell counter
Bacteria incubator
Benchtop centrifuge
Cell incubator

Confocal laser scanning

microscope

Cooled benchtop centifuge
Digital Rotary Mixer

Gel Documentation System
Laminar flow hood

Light microscope

Mass spectrometer
Microcentrifuge

Microplate Reader

Multichannel pipette (300 pl)

Nano-flow UHPLC

Pipet-Lite XLS (10 pl, 200 pl,

1000 pl)

Pipette controller
Pipettes (2 ul, 10 pl, 200 pl,
1000 pl)

Power Supply

Power-Pac Basic
Power-Pac HC
Real-Time PCR Detection
System

Scale

Jochen Weishaupt;
MCTN Heidelberg

Source

Invitrogen

New Brunswick Scientific

Eppendorf
Thermo Scientific

Zeiss

Eppendorf
LABINCO
Bio-Rad

Thermo Scientific
hund WETZLAR
Thermo Scientific
VWR

BioTEK
Eppendorf
Thermo Scientific
Mettler Toledo

BRAND

Pipetman

Biorad

Bio-Rad
Bio-Rad

Biorad

Denver Instruments
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N/A

Identifier

Countess |l
innova42

5424

HERACELL 150i
Zeiss LSM800 with
oil-immersion 60x
objective

5810R / 5424R
LD76

Gel Doc XR+

Safe 2020
WilovertS Mikro
QExactive*
MiniStar silverline
PowerWave XS
Research plus
EASY-nLC 1200
17014388,
17014391,
17014382
Accu-jet® pro
MAB2721, EE53946,
ML52581, M52184,
EJ91013
PowerPac™
PowerPac™HC
1645050

1645052

CFX96

MXX-2001
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Sonifier
Spectrophotometer
Thermal Cycler

Thermo Mixer

Ultrasonic baths

Vacuum concentrator
Vortex mixer

X-Ray cassette 20x25 cm

X-Ray developer machine

Branson Ultrasonics™

Thermo Scientific
Bio-Rad

Eppendorf
BANDELIN
Eppendorf

Scientific Industries
Kisker Biotech GmbH

Cawo

W-250D
NanoDrop™ 2000c
T100

F1.5

SONOREX
Concentrator plus™
Vortex-Genie™ 2
ZV0025

Cawomat 2000 IR

2.1.10 Buffers and solutions

General buffers

PBS [pH 7.4]: 0.6 mM Na2HPO4 x 2H20, 0.018 mM KH2P0O4, 0.27 mM KClI, 1.36 M NaCl
TAE [pH 8.3]: 40 mM Tris-HCI, 1 mM EDTA, 20 mM acetic acid (AcOH)

LB [pH 7.0]: 10 g/l bacto trypton, 5 g/l bacto yeast extract, 5 g/l NaCl

LB-Plates: 12 0g/l bacto agar in LB-medium

Immunoblotting and mass spectrometry buffers

Laemmli SDS-PAGE loading dye (3x): 200 mM Tris-HCI [pH 6.8], 20% glycerol, 10% DTT
(m/v), 6%SDS, Bromphenol Blue

Urea buffer: 9 M urea, 50 mM Tris [pH 8], 150 mM NacCl, 1x protease inhibitor

RIPA-lysis buffer: 50 mM Tris [pH 7.4], 150 mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate,
1% NP-40, 1x protease inhibitor, 1x PhosSTOP

MCLB buffer: 50 mM Tris-, 150 mM NacCl. 0.5% NP40, 1x protease inhibitor

Urea buffer: 2 M/ 3 M Urea in 50 mM ABC

Denaturation buffer: 6 M Urea, 2 M Thiourea, 10 mM Tris-HCI [pH 8.0]

Urea lysis buffer: 9 M Urea, 50 mM Tris [pH 8], 150 mM NacCl, 1x protease inhibitor
SDS-PAGE Laemmli running buffer: 25 mM Tris-Base, 200 mM glycine, 1 g/l SDS
SDS-PAGE transfer buffer: 25 mM Tris-HCI, 190 mM glycine

Phos-Tag transfer buffer: 0.1%SDS, 25 mM Tris-Base, 200 mM glycine, 5% v/v. MeOH,

(+1 mM EDTA)
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TBS [pH 7.6]: 20 mM Tris-HCI, 150 mM NacCl
TBS-T: TBS + 0.1% Tween-20
Stop and go extraction (stage) tipping buffers
Loading buffer (Buffer A): 0.1% FA
Elution buffer (Buffer B): 80% ACN, 0.1% FA
Equilibration buffer (Buffer C): 5% ACN, 1 % TFA
Pre-fractioning stage tipping buffers
Reversed-phase ion exchange (ReX)-Buffer 1: 0.5% AcOH
ReX-Buffer 2: 0.5% AcOH, 80% ACN
ReX-Buffer 3: 20mM NH4AcO, 0.5%AcOH
ReX-Buffer 4: 40mM NH4AcO, 0.5%AcOH, 20%ACN
ReX-Buffer 5: 100mM NH4AcO, 0.5%AcOH, 20%ACN

ReX-Buffer 6: 500mM NH4AcO, 0.5%AcOH, 20%ACN

2.2 Methods

2.2.1 Molecular biology

DNA and RNA isolation

Genomic DNA and total RNA were isolated from cell pellets with the PureLink™ Genomic DNA
kit and the High Pure RNA isolation kit according to the manufacturer’s protocol, respectively.
Concentrations were measured by determining the absorption at 260 nm using a NanoDrop™
2000c. While RNA was frozen in liquid nitrogen and stored at -80°C, genomic DNA was stored
at 4°C. Isolated RNA was used for cDNA generation or for RNA sequencing performed in

collaboration with Elisabeth Graf from the Helmholtz Zentrum Minchen, Munich, Germany.

Generation of cDNA and RT gPCRs

Reverse transcription of RNA to cDNA was conducted with the Transcriptor First Strand cDNA
kit according to the manufacturer’s instructions. For real time quantitative PCRs (RT-gPCR)
performed in 96-well plates with cycling conditions shown in table Table 2-1, 1 pl of
20xPrimePCR Assay, 10ul SsoAdvanced™ universal supermix, 2 ul cDNA sample and 7 pl

H.O were pipetted in each well.
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Table 2-1: Cycling conditions for RT-qPCRs.

Step Temperature Time Number of cycles
Activation 95°C 2 min 1

Denaturation 95°C 5 sec

Annealing 60°C 30 sec 40

Melt curve 65-95°C (+0.5°C per step) 5 sec/step 1

PCRs and gel electrophoresis

Polymerase chain reactions (PCR) were performed to amplify full genes as well as gene
fragments using plasmids, purchased open reading frames (ORF) or genomic DNA as
templates. Either KOD-Hot Start or OneTag DNA polymerase kits were used in combination

with respective primers in a thermal cycler.

To separate DNA fragments such as PCR products according to their size, gel electrophoresis
was performed in agarose gels. For these gels, 1-2% agarose (m/v in 1XTAE) was melted in a
microwave, mixed with the DNA dye Midori Green and poured in a gel tray. After gels had
completely solidified, samples were mixed with loading buffer and were loaded together with a
molecular weight ladder into the gel. Agarose gels were run between 80 and 120 V up to

1.5 hours. DNA fragments were visualized with a GelDocTM XR+.

Bacterial transformation and plasmid preparation

To introduce plasmids for multiplication into bacteria, an aliquot of the plasmid was mixed with
30 ul of freshly thawed competent cells in a 1.5 ml tube. This mix was incubated on ice for
30 minutes before performing a one-minute-long heat shock at 42°C. The bacteria were then
placed for 10 minutes onice and 100 pl lysogeny broth (LB) medium was added. The tube was
moved into a 37°C preheated, 300 rpm shaking heat block for 1 hour. Afterwards, the bacteria
were plated onto a LB plate with the appropriate antibiotics. Bacteria were allowed to grow
overnight at 37°C. The next day, isolated colonies were picked and transferred to a bacterial
culture tube containing 5 ml LB medium and appropriate antibiotics. Bacteria were incubated
overnight at 37°C shaking at 200 rpm. For harvesting, pipette tips were removed and bacteria
were centrifuged at 3500 g for 10 minutes. Subsequently, plasmids were purified using the
QlAprep Spin Miniprep Kit according to the manufacturer’s instructions and concentrations
were measured with a Nanodrop™ 2000c at 260 nm. Finally, a portion of the extracted plasmid

was sent for sequencing.
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Gateway® cloning

The Gateway® cloning system was used to clone ORFs of the genes of interest into multiple
vector systems. For this purpose, special Gateway primers were designed, which contain next
to the template specific sequence attB sites (see chapter 2.1.5). The template specific primers
were chosen by applying the cloning tool of Primer3Plus (https://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi). These Gateway® primers were used in a KOD Hot Start PCR
to attach the attB sites to the ORF of the gene of interest. The PCR products were run on a
1% agarose gel containing Midori Green to check for correct product size. Subsequently, 1 pl
of the PCR product was used for a BP reaction including 1 pl BP clonase Il and 0.5 pl of
pDONR223 to introduce the ORF of interest in the donor vector pPDONR223. The reagents
were mixed and incubated overnight at room temperature. The plasmids were then
transformed into E.coli Topl0 competent cells and then validated by sequencing. Correct
PENTR223 vectors were then used to generate destination vectors containing the ORF.
Therefore, LR reagents (1 pl pNTRY223, 0.5 pl destination vector, 1 pl LR clonase Il and 2 pl
H.O) were mixed and incubated for 4 hours at room temperature. Again, plasmids were

transformed in E.coli Top10 cells and validated by sequencing.

Small guide RNAs (gRNAS) design and cloning

For the generation of knockout or mutation cell lines, gRNAs were designed with the Broad
Institute web gRNA designer (https://portals.broadinstitute.org/gppx/crispick/public) and
ordered together with the complementary strand as oligonucleotides. Those gRNAs were
cloned into the pLentiCRISPR-HF1 Puro vector or the pX330 vector, respectively. Therefore,
complementary diluted gRNAs (10 uM) were heated for 5 minutes at 95°C and annealed for
10 minutes at room temperature. Then they were introduced into the digested backbone vector
(Table 2-2) by a ten-minute long incubation with a T4 DNA ligase (Table 2-3). Vectors were
then transformed into XL1-Blue competent cells for multiplication and checked for correct

insertion by sequencing.

Table 2-2: Digestion conditions of backbone vectors.

Vector pLenti pX330
Restriction enzyme BsmBI Bbsl

Buffer 1x NEB Buffer 3.1 1x NEB Buffer 2.1
Incubation temperature 55°C 37°C

Incubation time 1 hour 1 hour
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Table 2-3: Ligation reaction components.

Component Amount [pl]
Digested backbone vector 1

Annealed gRNA mix (0.5ul) 1

T4 ligase buffer (5x) 2

T4 ligase 0.5

H.O 5.5

Cloning of homology arms

To generate homology-directed repair (HDR) templates, UBQLN2 homology arms were cloned
into a pAAV SEPT DTA BSD 2A Tag vector by traditional cloning. For this purpose, homology
arms were amplified from genomic HeLa DNA by PCR. Therefore, primers were used which
simultaneously introduce restriction enzyme binding sites, if such were not already present.
PCR products were separated on a 1% agarose gel and DNA was extracted from the correct
PCR bands with the QIAquick Gel Extraction Kit according to the manufacturer’s protocol. The
homology arm inserts as well as the backbone vector were digested with the same restriction
enzymes and then mixed for ligation as described for the insertion of gRNAs into a backbone

vector. Sequencing was used to check for correct insertion.

Mutagenesis

Site-directed mutagenesis was used to introduce specific nucleotide substitutions. Therefore,
primers were used, which were designed with the QuickChange Primer Design tool
(https:/lwww.agilent.com/store/primerDesignProgram.jsp) and harbored the mutation(s) of
interest. Two subsequent KOD Hot Start PCR reactions were performed. Firstly, two short
PCRs were conducted, separately for the forward and the reverse primer (Table 2-4). Then,
the two products were mixed and a final PCR was run after addition of 0.7 ul fresh KOD Hot
Start Polymerase (Table 2-5). Afterwards, a Dpnl digest was used to eliminate the wild-type
DNA, recognized by its methylation. For this purpose, 1 pl Dpnl was added to the completed
PCR reaction and incubated for 2 hours at 37°C. The mutated vectors were transformed into

E.coli Top10 cells and sequencing was used to check for correct mutagenesis.

43


https://www.agilent.com/store/primerDesignProgram.jsp

Materials and Methods

Table 2-4: PCR cycling conditions for the first part of the site-directed mutagenesis

Step Temperature Time Number of cycles
Activation 95°C 2 min
Denaturation 95°C 20 sec

: 8 cycles
Annealing 60°C 10 sec
Extension 70°C 25 sec/kb
Cool down 10°C infinite

Table 2-5: PCR cycling conditions for the second part of the site-directed mutagenesis

Step Temperature Time Number of cycles
Activation 95°C 2 min

Denaturation 95°C 20 sec 18 cycles
Annealing 60°C 10 sec

Extension 70°C 25 sec/kb

Cool down 10°C infinite

2.2.2 Cellular biology

Maintenance of immortal cell lines

293T and Hela cell lines were maintained in Dulbecco's Modified Eagle's Medium (DMEM)
GlutMax supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate and
antibiotics if needed. Lymphoblast cell lines (LCLs) were maintained using Roswell Park
Memorial Institute (RPMI) 1640 supplemented with 20% or 10% FBS. All cells were cultured
at 37°C with 5% CO; and were passaged after reaching 80-90% confluency. Adherent cells
were detached with 0.25% trypsin/EDTA before passaging. For storage, cell pellets were
suspended in FBS containing 10% DMSO, expect for LCLs which were suspended in RPMI
1640 medium containing 30% FBS and 5% DMSO. Cells were slowly frozen at -80°C using a

freezing container filled with isopropyl alcohol.

Cultivation of primary rat neurons

Primary hippocampal and cortical rat neurons were cultured from embryonic day 19 Sprague-
Dawley rats. They were plated on poly-D-lysine coated plastic dishes or cover slip containing
plastic dishes that were treated beforehand with 65% nitric acid and sterilized at 200°C for
6 hours. Neurons were maintained in Neurobasal medium supplement with 2% B27, 1%
Pen/Strep and 0.25% glutamine or 0.125% glutamate for cortical neurons and hippocampal

neurons, respectively, at 37°C and 5% CO..

44



Materials and Methods

Generation of stable cell lines

Stable cell lines were generated either in the S1 laboratory or in the S2 laboratory via lentiviral
transfection. For the latter, 293T cells were used for virus production. 293T cells were
transfected with Lipofectamine 2000 together with plasmids for viral packaging (psPAX2),
envelop proteins (pMD2.G) and either a pHAGE plasmid for overexpression cell lines or a
pLentiCRISPR-HF1 vector for the generation of knockout cell lines. The two following days,
virus containing medium was collected and filtered (0.45 pm). The filtered medium was
complemented with 8 pg/ml polybrene and recipient cells were transduced through
replacement of the culture medium with the virus containing medium. One day after
transduction, the medium was replaced with virus-free medium and two days after transduction
selection was started by adding selection medium. After three passages cells were moved to
the S1 cell culture laboratory. Endogenous mutant cell lines were generated in the S1 cell
culture laboratory by transfection. HeLa cells were transfected with Lipofectamine 2000
together with the vector containing the gRNA and the pAAV SEPT DTA BSD 2A Tag with the
homology sites with either the wild-type sequence or the sequence with point mutations. After

5 h medium was changed to full growth medium.

Transient transfection of cells

Transient transfections were conducted to achieve transient overexpression of proteins or to

transiently knockdown a protein of interest.

To introduce foreign DNA into HelLa cells, HeLa cells were seeded usually into a 6-well dish
one day before transfection. For transfection of plasmid DNA Lipofectamin 2000 was used. In
detail, 250 pl of OptiMEM were mixed with 10 pl of Lipofectamine 2000 and simultaneously the
0.5 pg plasmid DNA was added to the same amount of OptiMEM, followed by a merge of both
mixtures. The final mixture was incubated for 20 minutes at room temperature and dropwise

added to the cells. Cells were harvest 1 to 2 days after transfection.

To carry out a transient knockdown of a protein of interest, sSiRNAs were transfected using
Lipofectamine RNAiIMax. Also, for this experiment, cells were seeded usually into a 6-well dish
one day before transfection but were harvested 72 hours post-transfection. Before
transfection, 500 ul OptiMEM were mixed with 5 pl Lipofectamine RNAiMax and 4.5 pl siRNA
(20 pM stock) and incubated for 20 minutes. The mixture was drop-wise added to the cells and

medium was replaced with full growth medium 24 hours after transfection.
Treatments

Some experiments required different treatments to trigger or impair specific cellular pathways.

In general, treatments were performed when cells reached a confluency of 80-90%. Autophagy
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was inhibited with bafilomycin A1, which targets the v-ATPase proton pump, at a concentration
of 200 nM for 2 hours. Proteasomal degradation was inhibited by treatment of the cell with a

1 pM bortezomib for 8 hours.

Virus production and transduction of primary rat neurons

Lentiviruses with high titer for transduction of primary rat neurons were generated by
transfecting three 10 cm dishes 293T with constructs for lentivirus generation and packaging:
the envelope protein VSV-G plasmid, the packaging plasmid psPAX2 containing Gag-Pol-Rev
for virus formation and the lentiviral transfer plasmid encoding the insert of interest (Table 2-6).

Table 2-6: Components of the transfection mix used to induce lentivirus production.

Component Amount
LTR vector 18.6 ug
psPAX2 11.0 pg
PVSV-G 6.4 ug
OptiMEM 4.5 ml
Combined with:

Lipofecamine 2000 108 pl
OpiMEM 45

Components were mixed and incubated for 20 minutes prior to addition of 3 ml transfection
mix per 10 cm dish of 293T cells in OptiIMEM supplemented with 10% FBS. After 24 hours
medium was exchanged to DMEM GlutMax (Gibco™) supplemented with 10% FBS,1% NEAA
and 1.3% bovine serum albumin (BSA). 48 hours after transfection the medium was collected,
filtered through a 0.45 pl membrane and centrifuged at 66,000 g for 2 hours at 4°C. The virus-
containing pellet was resuspended in 120 pl Neurobasal medium, aliquoted and stored at -
80°C.

For transduction 2 pl of this virus preparation was added to a 6-well dish of rat primary neurons
three days after their preparation. Five days after transduction, primary neurons were either

fixed in PFA for immunofluorescence or harvested in 3x loading buffer for immunoblotting.

Stable isotope labeling by/with amino acids in cell culture (SILAC) for phosphoproteomics

For the phosphoproteomic experiment, LCLs from healthy donors were SILAC labeled. For
this purpose, LCLs were passaged for at least 5 times in heavy (R10/K8) RPMI medium
containing beside 10% dialyzed FBS also isotopically labeled analogs of the amino acids lysine
(L-lysine; K8) and arginine (L-arginine; R10). Successful incorporation of labeled amino acids
was assessed by mass spectrometry. The other cell population, more specifically LCLs from

patients harboring UBQLN2 mutations, were labeled with light lysine and arginine residues (KO
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and RO). Cells were counted, mixed on a 1:1 ratio and phosphoproteomics were performed in
collaboration with J6rn Dengjels group (Department of Biology, University of Fribourg,

Switzerland).

2.2.3 Biochemistry

Cell lysis

Cells were harvested by centrifugation and then washed with PBS. Depended on the cell
amount, an appropriate volume of lysis buffer was used to resuspend the cells. RIPA, MCLB,
or urea lysis buffer was used as lysis buffer, contingent on the subsequent experiment. Lysis
was allowed to proceed for 40-45 minutes on ice. Then cell debris was removed by
centrifugation at 20,000 g at 4°C for 5 minutes. The protein concentration of the supernatant
was estimated by using a bicinchoninic acid (BCA) protein assay kit in combination with a BSA
standard curve following manufacturer’s instructions. In general, for western blotting protein
concentration was adjusted to a final concentration of 2 pg/ul by addition of lysis and Laemmli
buffer. The samples were then denatured by boiling them for 5 minutes at 95°C. Protein
samples which were also used to blot for MAP1B were directly boiled in sample buffer after

cell number adjustment.

SDS-Page and Immunoblotting

Proteins were separated on SDS-PAGE gels with a percentage suitable for the protein size.
Therefore, 6%, 8%, 10%, 12%, or 15% polyacrylamide gels were self-casted using the Biorad
Mini-PROTEAN Tetra Cell Casting Stand & Clamps (Table 2-7). Alternatively, precast 4—15%
Mini-PROTEAN® TGX™ were used. Normally, 20 ug of protein were loaded together with
protein marker VI or ProSieve QuadColor and separated for 1 hour at 100 V in a Mini-
PROTEAN Tetra cell. Afterwards, the proteins were transferred to either a nitrocellulose or a
polyvinylidene difluoride (PVDF) membrane for 135 minutes at 0.3 mA in Mini Trans-Blot®
chamber. Successful protein transfer was verified by a Ponceau S staining. Then, membranes
were blocked for 1 hour at room temperature with either 5% milk, 5% BSA or |-Block™ solved
in Tris-buffered saline (TBS)-Tween-20 (TBST). The primary antibody was incubated overnight
at 4°C. The next day it was washed 3 times with TBST, followed by a 1-hour incubation with
the secondary antibody (1:1000) at room temperature. Finally, washed membranes were
covered with Western Lightening Plus ECL solution and developed on X-ray films in a dark
room. Primary as well as secondary antibodies and used concentrations are listed in 2.1.1.6.
Quantification of immunoblot bands of at least 3 independent biological experiments were

performed in ImageJ.
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Table 2-7: Self-casted gels

Component Resolving gel Stacking gel
Acrylamide 6-15% 4-6%

Tris-HCI [pH 6.8] 375 mM [pH 8.8] 125 mM [pH 6.8]
SDS 0.1% (m/v) 0.1% (m/v)

APS 0.1% (m/v) 0.1% (m/v)
TEMED 0.01% (m/v) 0.01% (M/V)

Phos-tag ™ assay

For detection of changes in phosphorylation phosphate-affinity electrophoresis technique was
performed by using SuperSep™ Phos-tag™ precast gels according to the manufacturer’s
protocol. Cell pellets were lysed in urea lysis buffer and by performing 3 short sonification
steps. Samples were centrifuged at 2500 g, 4°C for 10 minutes and after a BCA assay, protein
concentrations were adapted. TCA precipitation was performed by adding TCA to final volume
of 20% to remove possible impurities. After an incubation of half an hour on ice, samples were
centrifuged at maximal speed at 4°C for 30 minutes. Afterwards, samples were washed 3 times
with ice-cold acetone. Finally, the samples were solved in 3x Laemmli buffer with
B-mercaptoethanol and loaded on gels for electrophoresis. Afterwards, gels were washed 3
times in transfer buffer containing 10 mM EDTA and were then immersed in transfer buffer
without EDTA. Gels were transferred onto a PVDF membrane and further steps (blocking and

antibody incubation) were performed as for conventional immunoblots.

Immunofluorescence

HelLa cells were seeded onto uncoated coverslips while LCLs and rat neurons were seeded
on poly-L-lysine coated coverslips. They were fixed with cold 4% PFA or methanol for
10 minutes at room temperature as soon as they reached 70-90% confluency. After removing
the fixation solution by washing 3 times with PBS, cells were permeabilized with 0.5% Triton-
X 100 for 10 minutes at room temperature. Cells were then washed again and blocked for
1 hour with 1% BSA in PBS. Primary and secondary antibodies were incubated for 1 hour in
0.1% BSA at room temperature. For acetylated-tubulin staining of HeLa cells, the antibody was
solved in 1%BSA, 10% goat serum and 0.2% Trition-X and primary antibody staining was
performed overnight at 4°C. Finally, the coverslips were mounted with ProLong Gold Antifade
Mountant with DAPI. Images were acquired with a Zeiss LSM 800 confocal microscope. Mean
fluorescence intensity measurement of orthogonal projections (maximum intensity projection)

was performed with ImageJ.
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Incorporation check

To assess successful incorporation of heavy amino acids in proteins of treated cells, cells were
harvested from one 6-well dish and lysed in denaturation buffer supplemented with 0.5 pl
Benzonase® nuclease. After 15 minutes incubation at 25°C, lysates were centrifuged at
16,000g for 10 minutes and 20 pl supernatant was transferred to a fresh tube. 80 pl 20mM
ABC and 0.4 pl to start the tryptic digest. The next day, 10 pl TFA were added to stop the

digest and samples were desalted by stage tipping.

HA-Immunoprecipitation (IP)

For HA-IPs destined for mass spectrometry (MS) analysis, 4x15 cm cell culture plates were
harvested and collected by centrifugation. Washed pellets were lysed by addition of 3 mI MCLB
lysis buffer, a subsequent incubation of 30 minutes on ice and centrifugation at maximum
speed for 10 minutes at 4°C. Lysates were cleared by filtration through a 0.45 pm spin filter
and concentrations were adapted after performing a BCA assay. Anti-HA beads were pre-
equilibrated and combined with the cleared lysates. After an overnight incubation with rotation
at 4°C, beads were washed 5x with MCLB and 5x with PBS. Proteins were eluted by addition
of 50 pl HA-peptide in PBS (250 pg/ml) and a subsequent centrifugation step. This elution step
was performed 3 times and the supernatants were pooled. TCA was added to a final
concentration of 20%, vortex and incubated for 30 minutes on ice to remove contaminants.
After centrifugation at maximum speed, the supernatants were aspirated and samples were
washed 3 times with ice cold acetone. For the in-solution tryptic digest, tried samples were
resuspended in 30 pul 50 mM ABC/10% ACN [pH 8] with 0.5 pl trypsin. After an incubation for
4 hours at 37°C, the digest was stopped with 30 pl 5% formic acid/5% ACN. Samples were
dried by vacuum condensation, resuspended in Buffer C and desalted by stage tipping.

Desalting by stage tipping

Stage tips were assembled by embedding two C18 disks in a 200 pl pipette tip. Stage tips were
activated with methanol, equilibrated with buffer B and washed two times with buffer A without
trying out before sample loading. Then the C18 material was washed with buffer A, followed
by the peptide elution using buffer B. Eluted peptides were collected in a fresh tube and buffer
B was evaporated in a vacuum condensator. Dried peptides were resuspended in 10 ul buffer

A before analysis on the MS.

Whole proteome analysis

Cell pellets were resuspended in Urea lysis buffer, sonicated and cleared by centrifugation at
2,500 g. A BCA assay was performed and protein amounts were adapted. For protein

reduction, DTT was added to a final concentration of 5 mM and incubated for 25 minutes at
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56°C. Protein alkylation was performed by adding IAA to a final concentration of 14 mM
followed by an incubation of 30 minutes in the dark. This reaction was quenched with DTT
(5 mM final). To reduce the urea concentration, samples were diluted 1:5 with 1 M Tris [pH
8.2]. Protein digestion was started using 2 g Lys-C per 100 g protein. After 3 hours at room
temperature, CaCl,was added (1 mM final) together with trypsin (0.5 ug/100 ug protein)). After
an overnight incubation at 37°C, the tryptic digest was stopped by adding 1/10 volume 10%
TFA. Peptide samples were pre-fractioned by custom made C18-SCX stage tips according to
Rappsilber et al. (2007) [264]. Pre-fractioning stage tips were pre-conditioned with methanol,
ReX-Buffer 2, ReX-Buffer 1, ReX-Buffer 6 and again ReX-Buffer 1. Then, peptide samples
were loaded onto the pre-fractioning stage tips and once washed with ReX-Buffer 1. ReX-
Buffer 2 was used to elute peptides from the C18 disks and allow the transfer to the SCX disks.
To obtain four separate fractions, peptides were eluted sequentially by using 20 pl ReX-
Buffer 3, 4, 5 and 6. Eluates were collected separately and mixed with 60 pl ReX-Buffer 1. The

mixed fractions were desalted on custom-made C18 stage tips before MS analysis.

Recombinant protein expression and electrophoretic mobility shift assay (EMSA)

For expression and purification of recombinant FUS protein variants (WT, S439A and S439E),
bacterial expression vectors were introduced into E. coli BL21-DE3-Rosetta LysS and
expanded in LB medium. At an optical density (OD) of approximately 0.8, isopropyl-beta-D-
thiogalactopyranoside (IPTG) was induced for 22 h. Lysed cells were purified using Ni-NTA
Agarose (QIAGEN) and amylose resin (NEB) and washed. Concentrations were measured
and 0-10 pM recombinant protein were mixed with 5 nM of a Cy5-labelled SON transcript
containing both the stem loop and a downstream GUU
(GGAUCUUUAACUACUCAAGAUACUGAACAUGACAUGGUA). After allowing binding for
20 min at room temperature, samples (20 ul) were loaded onto a non-denaturating
polyacrylamide gel (6%) in 0.5 x TBE. Gels were rim at 100 V for 40 min at room temperature
and imaged with a Bio-Rad ChemiDoc MP Imaging system. Protein purification and EMSA
experiments were performed in collaboration with Dorothee Dormann (Institute for Molecular

Physiology, Johannes Gutenberg-University Mainz, Germany).
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3 Results

The purpose of this work was to further elucidate the role of ALS/FTD-associated UBQLN2
mutations using an unbiased multi omics approach. Parts of the results presented hereinafter
are based on a previously published article in Life Science Alliance by Strohm et al. (2022)
[265].

3.1 Patient-derived LCLs and CRISPR/Cas9 engineered HelLa cell lines

Pursuing to further characterize the role of UBQLN2 in the disease context of ALS/FTD, we
firstly focused on two cellular models. On the one hand, immortalized lymphoblastoid cell lines
(LCLs) from patients with a familial history of ALS were used. Those harbored either the T487I
mutation, preceding the PXX region, or the P497S mutation, located in the PXX region of
UBQLN2. On the other hand, to complement this cell model, we generated HelLa cells carrying
either one of those mutations by CRISPR/Cas9-mediated homology-directed repair (HDR).
Since this process is decisive for the valuation of the engineered cell lines, it is shortly
described and illustrated below (Figure 3-1). To prepare the donor plasmid template, we
isolated two regions flanking the cut site, the left and right homology arm, by PCR amplification
from genomic HeLa DNA and cloned them into the vector backbone with a Neomycin (Neo)
cassette. Subsequently, a site-directed mutagenesis was performed to introduce the T4871 or

the P497S mutation in the left homology arm that contains the PXX region.
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Figure 3-1: Workflow of introducing UBQLN2 mutations in HelLa cells using CRISPR/Cas?9.
PCR-amplified UBQLN2 from HelLa cells was mutated and cloned into the pSEPT vector backbone to
serve as a homology-directed repair (HDR) template. The HDR template was transfected together with
a vector co-expressing Cas9 and a gRNA targeting UBQLN2.
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After simultaneous transfection with an UBQLN2-specific gRNA and Cas9 expressing vector,
we checked Neo-selected, single cell clones for insertion of the Neo-cassette by PCR followed
by gel electrophoresis (Figure 3-2A). In addition to the Neo-cassette containing PCR
fragments, also a wild-type (WT) UBQLN2 (lower bands) was present, pointing to the
heterozygous character of the generated cell lines. DNA was extracted from the lower (WT)
and higher bands containing the Neo-cassette and sequence verified for correct introduction
of the mutations (Figure 3-2B).
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Figure 3-2: Validation of CRISPR/Cas9 engineered HelLa cells.
(A) Electrophoretic gel preceded by a UBQLN2-specific PCR demonstrating the successful introduction
of the Neomycin (Neo) cassette and thereby UBQLN2 mutations. (B) Sequencing results of WT and
mutated UBQLN2 HelLa cell lines obtained by Sanger sequencing.

Cells are susceptible to changes in UBQLNZ2 protein levels [165]. Therefore, UBQLN2 protein
levels were evaluated by immunoblotting, to confirm that they remained unchanged in
UBQLN2 mutant LCL and CRISPR/Cas9 engineered Hela cells (Figure 3-3).
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Figure 3-3: Unchanged UBQLN2 protein levels in patient-derived LCL and CRISPR/Cas9
engineered Hela cells.

Protein lysates from LCL and Hela cells were separated by SDS-PAGE and immunoblotted against
UBQLN2 and GAPDH.

After checking for correct introduction of the UBQLN2 ALS/FTD-associated mutations in HeLa
cells and the verification of unchanged UBQLN2 protein levels in mutant LCLs and generated

Hela cells, the cellular tools were ready for our multi-omics screening.
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3.2 Whole proteome analyses of ALS/FTD-linked UBQLN2 mutant lines

show alterations in ALS/FTD-associated pathways

Global, label-free quantification-based proteomics of engineered HelLa and patient-derived
LCLs were performed to gain broad-scale insights into changes at the protein level in
ALS/FTD-associated UBQLN2 mutant variants. For this purpose, digested protein lysates were
subjected to a pre-fractionation using cation exchange (SCX) stop-and-go-extraction tip (stage
tip) before liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis
(Figure 3-4).

Protein extraction Pre-fractioning MassSpec
| N
i

UBQLNZ WT

UBQLN2 Mutants

Intensity
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Figure 3-4: Schematic representation of the global, label-free quantification-based proteomic
workflow.

UBQLN2 WT and mutant cell lines were expanded, protein extracted, digested and then pre-fractioned
using a C18-strong cation exchange (SCX) StageTip prior to LC-MS/MS analysis.

More than 4000 proteins were quantified with this approach (Table 3-1). To filter for most
prominently changed proteins, a cutoff of a log, fold change (Log.FC) of 2 1 or < -1 and an
FDR-corrected p-value (g-value) of < 0.05 was applied. With these threshold parameters on
average 123 and 181 proteins significantly increased and decreased in their abundance in
UBQLN2 mutant compared to UBQLN2 WT cells, respectively.

Table 3-1: Total and significantly altered (Log2FC 21 or £-1 and g-value < 0.05, t-test) proteins in
patient-derived LCL and engineered Hela cells.

Total | Down | Up
T4871 136 96
LCL 4034
P497S 146 102
T4871 318 158
HelLa 4142
P497S 126 134

In a first analysis, we examined candidate proteins with significant changes for their disease
involvement (Figure 3-5). However, none of the candidates that were associated with ALS/FTD
was altered in a similar manner across the two different mutants or the two different cell types
compared to their respective WT counterpart. Nevertheless, a few ALS/FTD-linked candidates
were indeed found in individual cell lines. For example, GRN was significantly decreased in
UBQLN2 T4871 but increased in P497S mutant LCLs. SOD1 was significantly decreased in
P497S mutant LCLs, but not significantly changed in any other mutant line. The same applies
for SQSTM1, which was only significantly elevated in UBQLN2 T487] HelLa cells. Thus,
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mutations in UBQLN2 did not consistently affect the abundance of proteins genetically linked

to ALS/FTD.
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Figure 3-5: Quantitative proteomic analyses of UBQLN2 mutant patient-derived LCL and

engineered Hela cells.

Volcano plots showing increased and decreased proteins as log: fold change (Logz2FC) versus the -logio
of the p-value. Proteins reaching a Log2FC 2 1 or < -1 and p-value < 0.05 are highlighted in light red and
blue, respectively. Those with a g-value < 0.05 are highlighted in a darker shade. Detected ALS/FTD-

linked proteins are labelled.

To assess alterations that are mutual within cell types or mutants, we performed an overlap

analysis (Figure 3-6). On the proteomic level, most common changes were observed between

UBQLN2 mutants in HeLa cells, while only a few proteins were commonly altered between

UBQLN2 mutants in LCLs or in HelLa cells and LCLs carrying the same UBQLN2 mutation.

The lower number of enriched or reduced proteins shared between the two LCL UBQLN2

mutants were likely due to the fact that they originate from patients of different ethnicity, sex

and age. In contrast, UBQLN2 mutants in HeLa cells were engineered from an identical genetic

background. No protein was commonly decreased across all mutants and cell types. However,

one protein was significantly elevated across all conditions.
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Figure 3-6: Overlap analyses of enriched or decreased proteins across cell types and mutation

types.
Overlap of proteins between LCLs and Hela cells, as well as P497S and T4871 UBQLN2 mutants, which

were significantly decreased or increased (Logz2FC = 1 or < -1 and g-value < 0.05).

Since the number of proteins significantly altered in the same direction was limited, we
performed in a next step an unbiased gene ontology (GO) analysis of significantly altered
proteins. This analysis allows the identification of biological processes, cellular location and
molecular functions mutually impacted across cell types and mutants. The assessment
revealed the overrepresentation of several GO terms for each individual data set. To focus on
GO terms appearing in more than one data set, GO terms were filtered for emergence in at
least two of the four data sets with an FDR < 0.05. Upon this filtering step, besides a number
of ALS/FTD-linked terms such as ‘mitochondrion’ and ‘poly(A) RNA binding’, also terms with
no or only preliminary association with ALS/FTD such as ‘extracellular exosome’ or ‘cell-cell

adherens junctions’ were enriched (Figure 3-7).
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Figure 3-7: Gene Ontology (GO) enrichment analysis of significantly altered proteins in mutated
LCL and engineered HelLa cells.

False-discovery rate (FDR)-corrected p-values are used as significance levels and represented in the
color gradient. The percentage of proteins of the input list associated with the GO term are represented
through circle size. BP, biological process; CC, cellular component; MF, molecular function.

3.3 The levels of multiple mRNA are affected by ALS/FTD-linked UBQLN2

mutations but only few are commonly regulated

Concomitantly to the proteomic analyses, we applied a transcriptomic approach to dissect
alterations at the mRNA level in response to UBQLN2 mutations. In short, RNA was extracted,
and RNA sequencing was performed in collaboration with Elisabeth Graf (Helmholtz Zentrum
Minchen, Munich, Germany) (Figure 3-8).
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Figure 3-8: Schematic representation of the transcriptomic workflow.
UBQLN2 WT and mutant cells were expanded, harvested, RNA extracted and then send for RNA
Sequencing (RNASeq).

On the transcriptomic level, more than 20,000 transcripts were detected (Table 3-2). This
almost 5-fold higher detection level compared to the proteomic approach was accompanied by
a larger number of significantly altered candidates when the same cutoffs, a Log-FC of = 1 or

< -1 and an FDR adjusted p-value (g-value) of 0.05, were applied.
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Table 3-2: Total detected and significantly altered (Log>FC 2 1 or < -1 and g-value < 0.05, t-test)
MRNA transcripts in patient-derived LCL and engineered HelLa cells.

Total | Down | Up

TA4871 | 22844 | 2020 | 1204
P497S | 22920 | 1438 | 1756
T4871 | 20421 | 1300 | 1643
P497S | 20635 | 574 1266

LCL

HelLa

As for the proteomic data set, the transcriptomic data set was inspected regarding altered
MRNA levels of known ALS/FTD-associated genes (Figure 3-9). The majority of ALS/FTD-
associated genes was not significantly affected, with a few exceptions. Of those, the receptor
tyrosine-protein kinase erbB-4 (ERBB4) stands out as its mMRNA levels were up-regulated in
three of the four RNASeq data sets. Interestingly, while SQSTML1 protein levels were elevated
in HeLa T4871 UBQLN2 mutants, mRNA levels were significantly decreased in both HelLa
mutants. Although a few ALS/FTD-associated genes were altered at the mRNA level, none of

those were significantly regulated in all UBQLN2 mutants.
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Figure 3-9: Quantitative transcriptomic analyses of UBQLN2 mutant patient-derived LCL and
engineered Hela cells.

Volcano plots showing up- and down-regulated transcripts as logz fold change (LogzFC) versus the -logio
of the FDR-corrected p-value (g-value). Transcripts reaching a Log2FC = 1 or < -1 and a g-value < 0.05
are highlighted in red and blue, respectively. Detected ALS/FTD-linked genes are labelled.
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Compared to the proteomics, on an absolute level, more mRNA transcripts were regulated in
the same direction in the transcriptomic data set (Figure 3-10). While on a proteomic level, the
overlap between the two LCL UBQLN2 mutant lines was considerably smaller than that of the
HeLa UBQLN2 mutants, this divergency was not observed at the transcriptomic level. Similar
to the proteomics, more candidate mRNAs were commonly affected within two mutants of one

cell type than within the same mutation in the two different cell types.

Down Up
LCL Hela LCL Hela

P497s P497S

T4871 T487I

Figure 3-10: Overlap analyses of enriched and decreased transcripts across cell types and
mutation types.

Overlap of transcripts between LCL and Hela, as well as P497S and T4871 UBQLN2 mutants, which
were significantly decreased or increased (Log2FC = 1 or < -1 and g-value < 0.05).

The majority of terms revealed by GO term analysis of all significantly up- and down-regulated
transcripts were known to be affected by ALS/FTD. Amongst others, an overrepresentation of
Golgi-associated, mitochondrial-associated as well as transcription- and translation-related

terms was observed (Figure 3-11).
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Figure 3-11: Gene Ontology (GO) enrichment analysis of significantly altered transcripts in
mutated LCL and engineered Hela cells.

False-discovery rate (FDR)-corrected p-values are used as significance levels and represented in the
color gradient. The percentage of proteins of the input list associated with the GO term are represented
through circle size. BP, biological process; CC, cellular component; MF, molecular function.

3.4 Comparison of proteomic and transcriptomic data sets reveal

commonalities but also independent effects

In addition to the separate analysis of the proteomic and transcriptomic data sets, we examined
the interrelation of both types of data sets. Thereto, a correlation analysis across candidates
that were significantly altered in at least one data set was conducted, revealing a positive
correlation (Pearson's correlation coefficient 2 0.2 and p-value < 0.05) between both HelLa
mutants at the transcriptomic and proteomic level (Figure 3-12). However, no positive
correlation was detected between transcriptomics and proteomics within specific HelLa
mutants. Contrariwise, transcriptomics of each LCL UBQLN2 mutant positively correlated with

the respective proteomics but no positive correlation was present between the LCL mutants.
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Figure 3-12: Correlation plot based on hits significantly changed in at least one data set.
Colors indicate Pearson's correlation coefficient. Blue corresponds to significant positive, red to
significant negative correlation (p-values < 0.05; Student’s t-test). Non-significant cells are shown in

grey.
To address to what extent the observed protein changes can be ascribed to changed mRNA
levels, we compared significantly altered candidates of the proteomic and transcriptomic data
sets (Figure 3-13). Up to 17.8% of proteins with decreased abundance can at least partially be
explained by changes in their transcription while this fraction reached up to 29.4% for proteins
whose levels increased. Given these relatively low percentages, the majority of protein
abundance changes in the ALS/FTD-associated UBQLN2 mutations seemed likely to be a

result of impaired protein translation or degradation.
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Figure 3-13: Altered protein levels caused by changes in transcription.

Inner circles represent altered proteins which are regulated in the same direction on the proteomic level
as on the transcriptomic level, while outer circle present significantly altered proteins not mutually
regulated as on the transcriptomic level.

3.5 Integrated transcriptomic and proteomic analyses of ALS/FTD-linked

mutations identify MAP1B as a novel player in ALS/FTD

After examining the correlation and intersection of the proteomic and trancriptomic data sets,
in the next step, we insepected the top differentially expressed candidates of both profiling
approaches. By focusing only on candidates which were significantly altered in the same
direction in at least four of eight data sets one candidate clearly stood out: the
microtubule-associated protein 1B (MAP1B). Of the top 18 differentially candidates, MAP1B
was the only candidate that significantly changed in the same direction on the transcriptomic

and proteomic level in both UBQLN2 mutants in HeLa cells and LCLs (Figure 3-14).

61



Results

Down Up
% P497S g
§ T4871 | 2
§ P497S 8
T Ta871 | £
P497S | _
o [&]
& Tag7l | 2
<
= P497S| ©
o @
T4871 | T
O O W O N Q0 — N ~—~ % — — © O Mm - —
ML
L=erFrpe<3o 85
=5 bd
s

M g-value <0.05& Log,FC<-1 M g-value <0.05 & Log,FC 2 1
W g-value<0.05&Log,FC=<-2 Mg-value<0.058&LogFC=z2
Mg-value<0.05&LogFC=<-4 Mg-value<0.058&Log,FC=4

g-value > 0.05 or Log,FC < [1]

Figure 3-14: Heat map representing common candidates of the proteomic and transcriptomic
analyses.

Significant (g-value < 0.05) increase and decrease of mMRNA and protein abundance are marked in red
and blue, respectively. Cells are marked in grey if candidates were quantified but did not reach a Log2
fold change (Logz2FC) of |1| or a g-value < 0.05. Cells are marked in white if candidates were not detected
in the data set.

Due to the consistent up-regulation of MAP1B, its known function in regulating cytoskeletal
dynamics and its important role in neuronal cells, we decided to focus subsequent experiments

on this candidate.

To validate this candidate, elevated mRNA and protein levels in the two UBQLN2 mutant cell
types were confirmed by RT-gPCR, immunoblotting and -staining. Since MAP1B is post-
translationally cleaved into a large heavy (HC) and a smaller light chain (LC1), both
proteoforms were analyzed in immunoblotting experiments. In LCLs and HelLa cells, both
forms were strongly increased in UBQLNZ2 mutation carriers compared to the controls
(Figure 3-15A and B). Immunofluorescence staining of the patient-derived LCLs showing
elevated MAP1B levels in UBQLN2 mutant cells further reinforced this observation (Figure 3-
15C).
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Figure 3-15: UBQLN2 mutations result in higher MAP1B protein abundance.

(A+B) Immunoblot of UBQLN2 WT and mutant (A) LCLs and (B) engineered Hela cells analyzed for
full length MAP1B and LC1. (C) Single plane images of patient-derived LCLs carrying either WT or
mutated UBQLN2, fixed and stained with indicated antibodies, were obtained on a confocal microscope.
Elevated levels of MAP1B protein were observed in mutated UBQLNZ2 cells compared to WT
counterparts. Scale bar: 5 um.

MAP1B

DAPI + MAP1B

Also, the transcriptomic alterations of MAP1B were validated. Normalized to the expression of
the housekeeping genes Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), TATA-
binding protein (TBP) and B-actin (ACTB), MAP1B mRNA levels were found to be indeed
significantly increased (Figure 3-16). They reached up to 3.3-fold higher levels in the UBQLN2
mutants compared to the respective WT controls.
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Figure 3-16: Up-regulated MAP1B mRNA levels in UBQLN2 mutant LCLs and engineered HelLa
cells.

Analyses of quantitative RT-gPCR showing mRNA levels of MAP1B relative to the housekeeping genes
GAPDH, TBP and ACTB. Data shown are averages over three biological replicates with three technical
replicates each. Error represent £SE. ***; p-value < 0.001; ** p-value < 0.01; Student’s t-test.

To assure that the observed elevation of MAP1B is not caused by disturbed protein
degradation, blockage of autophagy and proteasomal degradation was performed.
Bafilomycin A1 (BafA) was used to block late-phase autophagy while bortezomib (Btz) was
applied as proteasomal inhibitor. Both treatments did not increase MAP1B protein levels
(Figure 3-17). Even though most changes in protein abundance in UBQLN2 mutant cells were
not caused by changes in transcription, this is clearly the case for MAP1B.
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Figure 3-17: MAP1B elevation is not caused by disturbed protein degradation.
LCLs carrying WT or T4971 UBQLN2 were treated with bafilomycin Al (BafA, 200 nM) or bortezomib
(Btz, 1 uM). Immunoblots of those lysates were exposed to a MAP1B specific antibody.

3.6 Elevation of MAP1B—-a loss-of-function effect

The robust increase in MAP1B mRNA and MAP1B protein levels in cells expressing mutant
UBQLN2 triggered the question whether this effect resulted from a loss-of-function or gain-of-
function mechanism of UBQLNZ2. To address this question, we deleted UBQLN2 in HeLa cells
using the CRISPR/Cas9 system. Strikingly, in these UBQLN2 knockout (KO) cells, MAP1B
protein levels were strongly increased, as shown in Figure 5-18A and B by immunoblotting and

immunofluorescence staining.
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Figure 3-18: UBQLN2 KO leads to increased MAP1B protein abundance.

(A) Immunoblots of WT and UBQLN2 KO HelLa cell lysates subjected to MAP1B and UBQLN2 specific
antibodies. (B) HeLa WT and UBQLN2 KO cells were fixed and stained with MAP1B and UBQLN2
antibodies. Scale bar: 20 um.

To test wether re-introduction of UBQLN2 was able to revert this elevation of MAP1B, we
transfected UBQLN2 KO cells with HA-UBQLNZ2. Indeed, as shown in Figure 5-19A and B, the
overexpression of HA-UBQLN2 was sufficient to significantly lower the MAP1B protein levels
in UBQLN2 KO cells.
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Figure 3-19: Re-expression of UBQLN2 in UBQLN2 KO HelLa cells rescues MAP1B phenotype.
(A) Immunoblots of WT and UBQLN2 KO HelLa cell lysates transfected with HA-UBQLNZ2 or left
untreated (MOCK). (B) Quantification of MAP1B protein levels relative to GAPDH protein levels in (A)
performed with ImageJ. Data represent mean (n = 3) £+ SD. Statistical analysis was performed using
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. n.s., not significant.

While we used HelLa and patient-derived LCLs for the transcriptomic and proteomic screening,
thorough validation of the UBQLN2-depended increase in MAP1B required a neuronal context,
especially since ALS and FTD are neurodegenerative disorders. For this purpose, primary rat
cortical and hippocampal neurons were used. Short hairpin RNAs (shRNAs) against rat Ubgln2

were designed by Dieter Edbauer (German Center for Neurdegenerative Diseases Munich,
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Germany) and tested for efficient Ubgln2 knockdown in 293T cells transiently overexpressing
rat GFP-tagged UbgIn2 (Figure 3-20).
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Figure 3-20: Identification of shRNAs targeting rat Ubgln2.
Immunoblots of 293T cells overexpressing GFP-UbqIn2 and transfected with multiple sShRNAs targeting
rat UbgIn2.

The most efficient UbgIn2-targeting shRNA (#685) was cloned in a FU3a tagRFP vector and
used for the production of lentiviral particles. Viral transduction of Ubgln2 shRNA led to a
significant reduction of UbgIn2 levels in primary rat cortical and hippocampal neurons
compared to the transduction of control shRNA (shCtrl). Importantly, this decrease in UBQLN2
was accompanied by a significant elevation of MAP1B as already observed in HeLa UBQLN2
KO cells (Figure 3-21A-C). In conclusion, in non-neuronal but also neuronal cells increase of
MAP1B is a loss-of-function effect of UBQLN2.
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Figure 3-21: Elevation of Maplb upon UbqgIin2 knockdown in primary rat neurons.

(A) Immunoblots of primary rat cortical neurons transduced with lentivirus expressing either Ubgin2
targeting shRNA (shUbqgIn2) or a control shRNA (shCtrl) and subjected to Maplb and UbgIn2 antibodies.
(B) Quantification of Ubgln2 and Maplb protein abundance in (A) performed with ImageJ. Data
represent mean + SD (n = 3). Statistical analysis was performed using Student’s t-test. (C) Maximum
intensity projection of z-stack images taken from transduced primary rat hippocampal cells fixed and
stained with Map1b and Ubgin2 antibodies. Scale bar: 20 pm.

3.7 Cellular consequences of increased MAP1B abundance

The fact that the increase in MAP1B observed in ALS/FTD patient-derived LCLs and mutation
engineered Hela cells was likely caused by a loss-of-UBQLN2 function mechanism conserved
in neuronal cells raised the question about the molecular consequences of elevated MAP1B
in cells. Given that microtubule binding is a prominent feature of MAP1B, we focused on
microtubules for the next experiments. In particular, we examined microtubule mass and
microtubule acetylation in the UBQLN2 KO Hela cells (Figure 3-22).
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Figure 3-22: Increased microtubule mass and acetylation in UBQLN2 KO HelLa cells.
Maximum intensity projection of z-stack images taken from WT and UBQLN2 KO Hela cells fixed and
stained with indicated antibodies. Scale bar: 20 um.
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Since a trend towards increased microtubule mass and microtubule acetylation was observed,
the mean intensity levels of five biological replicates stained for a-tubulin and acetylated
a-tubulin (Ac-tubulin) were analyzed. For each coverslip the average grey value of 20 cells
was measured, resulting in a total of 100 analyzed cells per condition. This quantification
revealed a significant increase in both, Ac-tubulin and a-tubulin (Figure 3-23). However, the
ratio of Ac-tubulin to total a-tubulin remained unchanged in UBQLN2 KO cells, indicating that

the surplus of microtubules is not present in a stabilized condition.
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Figure 3-23: Quantification of total and acetylated a-tubulin levels.

Quantification of mean grey intensity levels of total and acetylated a-tubulin levels, as well as their ratio
were performed with ImageJ. Data represent the mean of 5 biological replicates, each based on the
mean of 20 individual cells. Statistical analysis was performed using Student’s t-test. Error bar presents
+SD. Ac-Tubulin, acetylated a-tubulin.

Analysis of the interactome of a specific protein can contribute to the understanding of protein
functions. Thus, an HA-IP followed by mass spectrometry was conducted in HeLa cells stably

overexpressing HA-tagged full length MAP1B (Figure 3-24A and B). Statistical analysis of
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quadruplicate HA-MAP1B overexpressing cells compared to parental HeLa cells revealed
several MAP1B interactors. Among these MAP1B interactors, three categories were in
particularly interesting. In addition to expected cytoskeleton-linked MAPL1B interaction
candidates (indicated in yellow in Figure 3-24C), the most prominent category is the UPS with
several subunits of the proteasome complex, the ubiquitin binding proteins (SQSTM1 and
FAF2) and the ubiquitin ligase HUWE1 labelled in purple. An additional category includes
multiple chaperones, such as BAG6 and SMAKAL, but also all eight members of the
chaperonin containing tailless complex polypeptide 1 (CCT). The accumulation of chaperones
and proteins of the UPS points towards an overutilization of the cell’s proteostasis network as

a consequence of increased MAP1B levels.
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Figure 3-24: MAP1B predominantly interacts with constituents of the UPS and the cytoskeleton
as well as with chaperones.

(A) Immunoblots of empty HelLa cells and HelLa cells stably overexpressing HA-MAP1B. (B) Schematic
workflow of HA-immunoprecipitation followed by MS-analysis. (C) Volcano plot showing the interacting
proteins of MAP1B in an overexpressing setup as logz fold change (Log2FC) versus the -logio of the p-
value. Dashed lines indicate significance and Log2FC cutoffs. Proteins belonging to one of the three
categories (UPS, cytoskeleton and chaperones) are labelled and highlighted in the specific color. UPS,
ubiquitin-proteasome system.

3.8 Phosphoproteomics reveal changes in RNA-binding proteins

Since MAP1B is known to be phosphorylated at multiple sites and these posttranslational
modifications strongly influence its function, we used patient-derived LCLs to examine the
phosphorylation state of mutant UBQLN2-driven MAP1B. Therefore, the LCL panel was
subjected to a phosphoproteomic experiment performed in collaboration with Jérn Dengjel
(Department of Biology, University of Fribourg, Switzerland). UBQLN2 WT and mutant LCLs
were differentially labeled by stable isotope labeling by amino acids in cell culture (SILAC) and
phosphopeptides enriched prior to LC-MS/MS analysis (Figure 3-25A). Overall, 41,070
phosphorylation sites (phosphosites) were identified (Figure 3-25B). After filtering for confident
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phosphosite localization and quantification in at least two biological replicates, 11,454 and
11,649 phosphosites were normalized to the corresponding protein abundances. Of those, the
majority of phosphosites was located to serines (89.8%), less phosphosites were detected on
threonines (9.7%) and tyrosines (0.5%) (Figure 3-25C). 101 and 95 phosphosites were
significantly reduced and increased, respectively, in both LCLs carrying a UBQLN2 mutation
compared to LCLs from healthy individuals.
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Figure 3-25: Global phophoproteomic approach to identify phosphoproteomic changes in
UBQLN2 mutant LCLs.

(A) Schematic representation of the SILAC-based quantitative MS workflow. (B) Data analysis pipeline
presenting number of identified and quantified phosphosites as well as sites fulfilling further indicated
criteria. (C) Distribution of identified phosphorylation sites on the amino acids serine (S), threonine (T)
and tyrosine (Y).

Public databases list between 100 (Uniprot) and 250 (PhosphoSitePlus) phosphosites for
MAP1B. The phosphoproteomic analysis within this project revealed a total of 124
phosphosites, with 116 quantified and 95 that could be localized with high confidence (Loc.
Prob = 0.75) to specific amino acid residues. Of those, 16 phosphosites were significantly
altered in at least one of the two LCL cells with UBQLN2 mutations after normalization to
MAP1B protein abundance. Interestingly, all these 16 phosphosites were hypophosphorylated
in the ALS/FTD UBQLN2 mutant cells, indicating that the surplus of MAP1B in these cells is
mostly present in a dephosphorylated form (Figure 3-26). Although 16 phophosites were
significantly less phosphorylated in at least one UBQLN2 mutant cell line, only a single MAP1B
phosphosite, namely pT1864 was commonly less phosphorylated in both UBQLN2 mutant cell
lines. While pT1864 is a known MAP1B phosphosite located outside of any annotated region
in the heavy chain of MAP1B, so far, no function has been reported for this phosphosite. Thus,
further work is required to clarify the effects of MAP1B dephosphorylation in the context of
ALS/FTD-linked mutations in UBQLN2.
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Figure 3-26: Quantitative proteomic comparison of phosphosites identified in UBQLN2 WT and
mutant LCLs.

Intensities of detection are plotted against the fold change of regulation (log2 SILAC ratio). Common hits
that were significantly regulated in both mutants are highlighted in blue and red. Significantly changed
MAP1B phosphosites are labelled.

Subsequently, we used the phosphoproteomic data set to mine for proteins that might play an
intermediator role in the elevation of MAP1B downstream of UBQLN2. For this purpose, we
filtered for phosphosites commonly regulated in both UBQLN2 mutants and for logz ratio =2 1 or
<-1in at least one of the two mutants. 95 up-regulated and 101 down-regulated phosphosites
on 165 proteins fulfilled these criterions. Unbiased functional annotation analysis of these
proteins revealed a significant (FDR < 0.05) enrichment of 19 GO terms, including several
cytoskeleton-associated terms and RNA metabolism-associated terms such as ‘intracellular

ribonucleoprotein complex’ or ‘poly(A)RNA binding’ (Figure 3-27).
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Figure 3-27: Gene Ontology (GO) enrichment analysis of proteins with altered phosphorylation.
False-discovery rate (FDR)-corrected p-values are used as significance levels and represented in the
color gradient. The percentage of proteins of the input list associated with the GO term are represented
through circle size. BP, biological process; CC, cellular component; MF, molecular function.

To analyze the degree of connectivity between proteins found enriched within these GO terms,

we used the STRING protein-protein interaction database to detect interaction clusters.
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Interestingly, MAP1B was found to be present in a cluster which was dominated by RNA-
binding proteins (approximately 78% of all proteins in this cluster), as shown in Figure 3-28. Of
those RNA-binding proteins, three are genetically associated with ALS/FTD, namely
heterogeneous nuclear ribonucleoprotein Al (hnRNPA1), heterogeneous nuclear
ribonucleoproteins A2/B1 (hnRNPA2B1) and fused in sarcoma (FUS).
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Figure 3-28: MAP1B connectivity cluster is dominated by RNA-binding proteins.

The protein—protein interaction network of proteins whose phosphorylation status was significantly
changed in both mutants with at least one mutant exceeding a logz ratio of = 1 or < -1, containing MAP1B.
Significantly up- and down-regulated phosphosites are highlighted in red and blue, respectively. MAP1B
and FUS are marked with a turquoise frame.

3.9 FUS pS439is required for RNA-binding

Of the ALS/FTD-linked RNA-binding proteins in the interaction cluster with MAP1B, FUS
captured our attention. Mutations in this protein are a relatively frequent cause for ALS/FTD
and FUS represents a major aggregating protein in ALS/FTD. Intriguingly, FUS carried one
phosphosite that was significantly less phosphorylated in both LCL mutants compared to the
respective controls. Although this phosphosite, located at the serine 439 (pS439), was so far
not associated with ALS/FTD or any other disease, its location in FUS’ zinc finger domain
awoke our interest because of two reasons (Figure 3-29): First, the zinc finger domain in FUS
participates in FUS-RNA-binding [266]. Second, FUS was reported to bind MAP1B mRNA and
therewith affecting its translation [79, 92, 263].
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Figure 3-29: Schematic representation of the location of pS439 in FUS.

Major motifs of FUS are shown and the location of pS439 in the ZnF motif is indicated. SYGQ-rich,
serine, tyrosine, glycine, glutamine-rich domain. RRM, RNA recognition motif. RGG, arginine-glycine-
glycine-rich region. NLS, nuclear localization signal. ZnF, zinc finger domain.

Since changes in phosphorylation of FUS pS439 might mediate the elevation of MAP1B
observed in UBQLNZ2 deficient cells, we sought to validate the dephosphorylation of this site
in the patient-derived LCLs. Firstly, immunoblot analysis of cell lysates was conducted to
confirm that FUS protein abundance did not change in WT and mutant LCLs (Figure 3-30A).
Since antibodies against FUS pS439 were not yet available, Phos-tag™ gels were used to
separate proteins based on their phosphorylation status. Consistent with the large-scale
phosphoproteomic results, immunoblotting following Phos-tag™ electrophoresis revealed a
prominent, higher phosphorylated band which was less abundant in both UBQLN2 mutant cells

compared to respective control cells (Figure 3-30B).
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Figure 3-30: Reduced levels of phosphorylated FUS in UBQLN2 LCL mutants.

(A) Immunoblots of lysates from LCLs subjected to FUS antibody show unchanged FUS protein
abundance. (B) Analysis of same lysates from (A) separated on a Phos-tag™ gel present lower
abundance of a phosphorylated form of FUS in UBQLN2 mutant LCLs compared to respective controls.

To address whether FUS was in fact involved in the elevation of MAP1B upon depletion of
UBQLN2, FUS was depleted using siRNAs in UBQLN2 KO HelLa cells. Notably, efficient
depletion of FUS in these cells resulted in a significant reduction of MAP1B protein levels
(Figure 3-31).
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Figure 3-31: FUS knockdown results in lower MAP1B abundance in UBQLN2 KO HelLa cells.

(A) Immunoblots of UBQLN2 KO cell transfected with FUS siRNA or MOCK control, lysed and subjected
to MAP1B and FUS specific antibodies. (B) Quantification of protein abundance levels from (A)
performed with ImageJ. Data show the mean + SD (n=3). Statistical analysis was performed using one-
way analysis of variance (ANOVA) followed by Dunnett’s post hoc test.

The findings that FUS pS439 is dephosphorylated in UBQLN2 mutants and that MAP1B protein
levels are reduced in response to siRNA-mediated knockdown of FUS led us to the hypothesis
that the RNA-binding capacity of FUS might be regulated by pS439. To test this notion, we
introduced phospho-mimetic and phospho-deficient mutations at S439 of FUS. The mutation
of serine to glutamic acid mimics the negative charge of a phosphorylated serine residue while
the mutation of serine to alanine prevents potential phosphorylation. FUS WT, FUS S439A and
FUS S439E variants were purified and electrophoretic mobility shift assays (EMSA) were
conducted in collaboration with Dorothee Dormann (Institute for Molecular Physiology,
Johannes Gutenberg-University Mainz, Germany). In these experiments, varying amounts of
synthetic SON pre-mRNA containing the stem loop and a downstream GUU sequence [266]
known to bind to the RRM and ZnF domain of FUS were mixed with purified maltose binding
protein (MBP)-FUS-Hise variants (WT, S439A and S439E). Strikingly, while WT and the S439A
variants, both present in a non-phosphorylated form in this in vitro reaction, were able to bind
the RNA probe, RNA-binding was completely abolished when FUS S439E was used (Figure 3-
32A and B).
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Figure 3-32: The phospho-mimetic mutation FUS S439E hinders the formation of the FUS-RNA-
complex.
(A) Coomassie blue staining of SDS-PAGE from recombinant FUS variants (WT, S439A, S439E). (B)
Electrophoretic mobility shift assay (EMSA) of MBP-FUS-His6 variants (WT, S439A, S439E) and the
SON transcript template containing the stem loop and a downstream GUU (5 nM). 3 biological replicates
were performed.
Lastly, it remained to be examined whether the phospho-deficient FUS S439A variant
influences MAP1B levels in HeLa cells. For this purpose, we generated FUS knockdown (KD)
cells using CRISPR/Cas9 and reconstituted them with either HA-tagged FUS WT or S439A.
Immunoblotting against MAP1B revealed a significant elevation of MAP1B protein levels in
cells re-expressing HA-FUS S439A compared to those expressing HA-FUS WT
(Figure 3-33A-C).
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Figure 3-33: Phospho-deficient FUS induces MAP1B protein elevation in a UBQLN2 knockdown
background.

(A) Immunoblots showing reduced FUS levels in CRISPR/Cas9 engineered FUS knockdown (KD) HelLa
cells. (B) HeLa WT and FUS KD cells were transfected with HA-FUS variants (WT or S439A) or MOCK,
lysed and stained with antibodies specific for FUS and HA. (C) Quantified MAP1B protein levels from
(B) received by ImageJ analysis. Data present means +SD (n=3). Statistical analysis was performed
using Student’s t-test.
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Taken together, this work provides evidence that loss of UBQLN2 function in cells relevant for
ALS/FTD causes an increase in MAP1B mRNA and MAP1B protein levels which is likely
mediated by dephosphorylation of the RNA-binding protein FUS at S439. Hence, FUS might
act as an intermediator between mutated UBQLN2 and elevated MAP1B.
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4 Discussion

ALS and FTD are two entangled diseases. Although this disease continuum is extensively
studied and several pathways suspected to play a role in the disease development are known,
the exact disease mechanism remains unclear. In this project we applied a systematic,
unbiased proteomic and transcriptomic approach to identify molecular alterations in response
to ALS/FTD-linked UBQLN2 mutations. Since UBQLN2 acts mainly in protein degradation
pathways, it was expected that these pathways are predominantly affected by UBQLN2
mutations. Yet, our gene ontology (GO) analyses revealed multiple terms associated with RNA
metabolism to be affected in UBQLN2 mutant cells. Unexpectedly, one specific candidate,
which was so far scarcely associated with ALS/FTD, the microtubule-associated protein
MAP1B, was significantly elevated both at the transcriptomic and proteomic level in UBQLN2
mutant cells. Although changes in this protein cannot be directly linked to UBQLN2 mutations,
its major role in the cytoskeletal organization in neurons match anticipated alterations in
ALS/FTD. Accordingly, MAP1B elevation was accompanied with increased levels of acetylated
and total a-tubulin. However, it remains unclear what specific consequences MAP1B elevation
causes in the ALS/FTD-disease setting. Increased MAP1B levels were also detected in
UBQLN2 knockout cells, ascribing this effect to a loss-of-function mechanism of UBQLN2.
Besides the discovery of MAP1B as a new player in ALS/FTD, this work provided first evidence
for FUS S439 dephosphorylation in ALS/FTD. We hypothesize that this change in FUS
phosphorylation possibly mediates the up-regulation of MAP1B, since the overexpression of
phospho-deficient FUS variant S439A led to MAP1B elevation in FUS depleted cells. Finally,
we suggest that FUS pS439, which so far was not associated with ALS/FTD, is a critical factor
in FUS’ RNA-binding capacity due to disturbed binding of the FUS S439E phospho-mimicking
variant to a known FUS RNA target.

4.1 SQSTML1in UBQLN2-linked ALS/FTD

In this work, only a few ALS/FTD-linked proteins were found to be affected in UBQLN2 mutants
on a transcriptomic or proteomic level and none was commonly changed across multiple cell
lines. The autophagy receptor SQSTM1 was only found to be significantly increased in
UBQLN2 T4871 HelLa cells. Interestingly, SQSTML1 is known to be present in UBQLN2-positive
inclusions in ALS/FTD patients [35]. In addition, this phenotype was also detected in a variety
of ALS/FTD-linked UBQLN2 animal models; in rat, mouse and drosophila disease models an
accumulation of SQSTM1 and its colocalization with UBQLN2 was reported [151, 160, 161,
188, 193, 267, 268]. Thus, the question arises whether the unchanged SQSTML1 levels in most
of our data sets are unexpected. However, available literature is conflicting concerning whether

SQSTM1 accumulation is accompanied by an increase in abundance or might results from
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changes in subcellular distribution. Whereas some studies in fact observed an increase in
SQSTM1 [160, 161, 267], others did not detect abundance changes [151, 188, 268]. In a study
that used overexpression of mutant UBQLN2 P497H in spinal motor neurons of mice, SQSTM1
was found to be elevated at 1 month but not at 6 and 12 months [188]. In this particular study,
also a weaker diffuse cytoplasmic presence of SQSTM1 was seen in UBQLN2 mutant mice,
pointing to an impaired subcellular distribution rather than a change in total protein abundance.
In addition, most of the existing studies are based on an overexpression of human WT and
mutant UBQLNZ2 in transgenic animals and should therefore be treated with caution, especially
since cells react very susceptible to changes in UBQLN2 protein levels [165]. One exception
is the study by Kurz and colleagues, in which the authors knocked-in the equivalent human
P506T mutation (mP520T) by homologues repair. These mice demonstrated cognitive and
pathological features, including SQSTM1 inclusion pathology, but no changes in SQSTM1
protein levels were detected [151]. In a proteomic study by Whiteley et al. which also used an
overexpression of human UBQLN2 variants (WT and P497S), an increase of SQSTM1 was
observed in hippocampal and spinal cord tissue [165]. A significant increase in SQSTM1 was
also reported in lymphoblasts of patients carrying the P497S, P494L and P506A mutations
compared to healthy controls in a study by Teyssou and colleagues [174]. The question arises,
why we detected an increase in UBQLN2 T487I1 HeLa but not in UBQLN2 P497S cells, as the
latter carry the identical mutations as the model used in Whiteley et al. The main difference
between our and Whiteley and colleagues’ study is the disease model. While here human non-
neuronal cell lines with mutations on endogenous UBQLN2 were used, Whiteley et al.
performed whole proteomics from murine brain tissues overexpressing WT and mutant human
UBQLN2. Furthermore, in the present study a relatively strict cutoff of a Log,FC of <-1 or =1
was applied. In Whiteley et al., on the other hand, a cutoff of a Log-FC of |0.5] was applied.
Such a cutoff results in a significant (g-value: 0.04, Log.FC: 0.7) increase of SQSTML1 in
UBQLN2 T4871 LCLs, but not in the P497S mutant cells. In addition to the transgenic
overexpression model, Whiteley et al. also examined a knock-in mouse model with a P520T
mutation. In this model, SQSTM1 was not elevated. However, this does not explain the varying
results between our and Teyssou and colleagues’ study. Possibly, this variation originated from
other patient-dependent features. For example, LCLs carrying the P497S mutation used in our
study originated from a male patient, while LCLs with the P497S mutation from Teyssou and

colleagues’ study were received from a female donor.

Our whole proteomic data set revealed the significant (Log.FC = 1) increase of SQSTML1 in

one UBQLN2 mutant cell line. In cells carrying endogenous P497S mutations, no increase was

observed. In accordance with the available data reporting only in certain cases an elevation of

SQSTML1, the increase of SQSTM1 appears not to be a persistent consequence of UBQLN2

mutations. Since P497S mutations in other disease models result in SQSTM1 elevation, the
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disease model including species, cell type and expression method but possibly also gender,
age and other factors seem to influence SQSTML1 levels. Further work is required, examining
changes in SQSTM1 upon mutations in UBQLNZ in detail to further evaluate the relevance of
SQSTML. For this purpose, the identical Log,FC and significance cutoffs should be applied in
omics screenings and in addition to changes in abundance, also changes in distribution

considered.

Disregarding changes in SQSTM1, proteins from the autophagic pathway were not prominently

deregulated in the proteomic or transcriptomic data sets, as revealed by GO analyses of those.

4.2 Multiple cellular processes are associated with UBQLN2
disturbances and ALS/FTD

Enrichment analyses of the proteomic and transcriptomic data sets were performed to discover
which GO terms are affected in UBQLN2 mutant cells. Based on UBQLNZ2’s main role as a
Ub-shuttle factor in the UPS, occurring terms such as ‘protein binding’ and ‘proteasome
complex’ were not surprising and in line with the literature. However, further categories
emerged, which are to a variable extend associated with mutations in UBQLN2 or at least with
ALS/FTD in general.

On both, the proteomic and the transcriptomic level, proteins assigned to the cellular
compartment ‘mitochondrion’ were afflicted by UBQLN2 mutations. Mitochondria are in many
ways connected to ALS/FTD. Multiple identified ALS/FTD genes were shown to be relevant for
mitochondrial function [48]. A good example are mutations in the coiled-coil-helix-coiled-coil-
helix domain containing 10 (CHCHD10) gene, found in ALS and FTD patients [269, 270]. The
CHCHD10 protein is a mitochondrial protein located in the mitochondrial intermembrane space
with unknown function. The ALS/FTD-associated mutations were reported to disturb the
mitochondrial architecture and result in respiratory chain deficiency [269, 271]. In general,
independent of the disease cause, neurons of individuals affected with ALS/FTD show
morphologic altered and aggregated mitochondria [272]. In accordance with those patients,
disease models carrying mutations in C9orf72, SOD1, TDP-43 or FUS were reported to have
mitochondrial defects, ranging from fragmented, vacuolated, swollen or aggregated
morphology to abnormal mitochondrial transport [273-275, 276 ]. Also, first connections
between disturbed UBQLN2 and mitochondrial function were demonstrated. For instance, in
ubiquilin depletion and UBQLN2 ALS/FTD mutation models an accumulation of mitochondrial
precursor proteins, changes in mitochondrial morphology and impaired mitochondrial fusion
were described, possibly resulting from a disturbed mitochondrial protein quality control [163,
166]. In addition, whole proteomics of UbgIn2 knockout and transgenic mice revealed changes

in mitochondrial proteins [165]. Thus, the observed alterations of mitochondrial protein
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abundance in this work are conform with known disturbances in ALS/FTD as well as with
literature providing a link between UBQLNZ2 and mitochondrial dysfunction. Furthermore, our

findings reinforce the proposed linkage.

RNA metabolism-related GO terms, such as ‘poly(A) RNA binding’ or ‘regulation of mRNA
stability’ were widely present in the enrichment analyses of the proteomic and transcriptomic
data sets. While a disturbed RNA metabolism is an established pathomechanism in ALS/FTD,
only in recent years evidence accumulated that suggest a role of UBQLN2 in RNA metabolism,
in particular in stress granules [169, 170, 192]. In addition to the observation that UBQLN2
itself undergoes liquid-liquid phase separation (LLPS), it was also reported that it interacts with
multiple RNA-binding proteins, such as FUS or members of the hnRNP family and modulates
early-stage LLPS dynamics and stress granule formation [169, 170, 190, 192]. Even though
UBQLN2 was in the past primarily associated with a role in protein quality control, our data is

in line with recent studies, supporting a key role of UBQLN2 in RNA homeostasis.

Finally, Golgi-related GO terms turned up in the proteomic data set and the GO term
‘extracellular exosome’ in both, the proteomic and transcriptomic data sets. Golgi alterations
fit to previous research showing defects in ER to Golgi transport and Golgi fragmentation in
UBQLN2 mutants [277]. However, extracellular exosome effects were so far not studied
extensively in ALS/FTD. Nevertheless, key ALS proteins, including SOD1, FUS or TDP-43,
were found in extracellular exosomes which contribute to the transport of RNA and proteins

from one cell to another [278-280].

Since motor neurons are the cells primarily affected in ALS, the use of HelLa cells, an immortal
epithelial cell line, and LCLs, originating from patient-derived B-lymphocytes, are a major
shortcoming of this work. To overcome this drawback, at least partially, we validated some of
our findings in primary rat neurons. However, GO term analyses of proteomic and
transcriptomic data in this study were limited on data from non-neuronal cells. Thus, an
expansion of our screening approaches to more advanced cell models, such as induced
pluripotent stem cell (iPSC)-derived motor neurons, would be beneficial. Nevertheless,
comparison of GO terms enriched in our proteomic and transcriptomic data sets with the
literature disclosed a high consensus. Importantly, besides the verification of established
ALS/FTD-associated categories, our data also further substantiates recently emerging disease

mechanisms.

4.3 Possible consequences of MAP1B up-regulation in ALS/FTD

Following the gene enrichment analyses, we compared proteins affected in the same direction

in multiple data sets. In doing so, the microtubule-associated protein MAP1B caught our
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attention, especially since it was the only candidate up-regulated in the proteomic and
transcriptomic data sets of all examined cell lines. After validating these effects in ALS/FTD-
associated mutants, the elevation was also confirmed in HelLa cells and primary rat neurons
with depleted UBQLNZ2 levels. As a component of the cytoskeleton and its primarily expression
in neurons [216], changes in MAP1B abundance harmonize with the cytoskeletal defects
reported in ALS/FTD-linked mammalian cell models [281]. Yet, MAP1B hardly received any
attention in the ALS/FTD field. So far, it was reported to be a translational target of TDP-43
and suggested to have a neuroprotective effect in drosophila [261]. Conversely to this
proposed neuroprotective effect in flies, zebrafish embryos expressing an ALS-associated
FUS mutant showed increased synaptic expression of the MAP1B homolog futsch [92].
Overexpression of futsch, in turn, was reported to induce neuromuscular junction abnormalities
and defects in neurotransmission [282]. While such a striking elevation in MAP1B, as we
observed it here, was not reported in ALS/FTD-associated cells before, similarly alterations in
MAP1B were recently described in a spinal muscular atrophy (SMA) model [283]. Since SMA
and ALS are both motor neuron disorders with common pathological hallmarks [284], the

elevation of MAP1B might also be a shared feature between these diseases.

The remarkable increase in MAP1B abundance results inevitably in the question, what
consequences it entails in cells. Based on MAP1B’s ability to bind microtubules and influence
microtubule stability, we examined microtubule mass and a-tubulin acetylation. For both
parameters, a significant increase was observed, however, the ratio of acetylated a-tubulin to
total a-tubulin remained unchanged. Thus, the surplus of tubulin was neither present in an
over- nor under-acetylated state. As acetylation is predominantly found on stable microtubules,
it can be deduced that the elevation of MAP1B does not result in a higher proportion of stable
microtubules. Proposed effects of MAP1B on microtubule stability in the literature are
multifaced. Takemura et al. and Barnat et al., for example, reported enriched acetylation in
MAP1B-transfected cells [113, 234]. Concordantly, futsch deficient drosophila larvae were
shown to have reduced levels of acetylated tubulin [285]. Controversially, overexpression of
futsch in drosophila did not induce a statistically significant difference in the actylated-tubulin
to tubulin ratio [285]. Likewise, other authors, such as Tortosa et al., did not observe a
significant increase in acetylated tubulin upon MAP1B overexpression [235]. Besides
acetylation, also detyrosination is associated with stable microtubules while tyrosination is
associated with dynamic microtubules [286]. Interestingly, previous research has
demonstrated that MAP1B associates with tyrosinated, dynamic microtubules as well [197,
235]. Summing up, MAP1B was occasionally shown to bind to stable microtubules, other times
association with dynamic microtubules was evidenced. This controversiality was suggested to
originate from the multiple phosphorylation states MAP1B can be present in [234]. Indeed,
promotion of MAP1B phosphorylation by the glycogen synthase kinase GSK3(3 led to
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association of MAP1B with tyrosinated microtubules and a decrease in detyrosinated
microtubules. Inhibition of GSK3B on the other hand increased the portion of stable,

detyrosinated microtubules [233].

In our phosphoproteomic analysis, 16 of 95 phosphosites localized to a specific site in MAP1B
were significantly altered upon normalization to MAP1B protein abundance in at least one of
the UBQLN2 mutant lines. All of those were found to be less phosphorylated in the mutant line.
However, only one phosphosite (pT1864) was significantly dephosphorylated (Log: ratio < -1)
in both mutants. Since this phosphosite is neither located in any annotated motif nor was

investigated before, no consequence of its hypophosphorylation can be deduced.

Defects in axonal transport and ALS/FTD-associated mutations in microtubule proteins imply
microtubule impairments in the disease [119]. However, investigations of microtubule
dynamics in vivo are limited and the microtubule interference in ALS/FTD is not fully
understood. Revealing insights came from ALS-linked SOD1 mutant mice, in which an
increased microtubule dynamic was demonstrated [287]. Importantly, administration of a
microtubule stabilizing agent delayed symptoms and increased lifespan of these mice [287].
Since MAP1B was among others reported to bind to dynamic microtubules, it is possible that

an elevation of MAP1B could likewise increase microtubule dynamics.

Here we present strong evidence that MAP1B abundance is increased in ALS/FTD-associated
UBQLN2 mutants as well as in UBQLN2 deficient cell models. Furthermore, we provided first
indication for an increased microtubule mass in UBQLN2 deficient cells. However, a systematic
analysis of other UBQLN2 mutants as well as different ALS/FTD-disease models, dissecting
changes in MAP1B abundance, phosphorylation and microtubule organization including
posttranslational modifications and stability, is needed. It also remains to be uncovered if the
surplus of MAP1B is associated with stable or dynamic microtubules or if it is free in the cytosol
(Figure 4-1). Such investigations could further clarify the relevance of MAP1B impairment and
possible consequences for ALS/FTD pathogenesis. Further research should also focus on
rescue experiments by reducing MAP1B in UBQLN2 mutant or UBQLN2 KO cells, to
substantiate that indeed the elevation in MAP1B is responsible for the observed effects.
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Figure 4-1: Possible subcellular localization of a MAP1B surplus.
The surplus of MAP1B might bind to stable or dynamic microtubules or to both. Also, a non-microtubular
localization is possible.

MAP1B is primarily known for its function as a microtubule stabilizer. However, in the last two
decades evidence accumulated, stating new roles of MAP1B independent of its microtubule
stabilizing effects. Most of them are based on new identified interaction partners of MAP1B.
These studies indicate roles of MAP1B as a regulator of mitochondrial transport,
neurotransmitter trafficking and autophagy [288]. While these areas were not studied in this
work, there is abundant room for further examination of possible consequences of elevated

MAP1B levels aside microtubule stabilizing effects.

4.4 Mutations in UBQLN2 cause ALS/FTD via loss- and gain-of-functions

In this work, the phenotype of elevated MAP1B levels observed in UBQLN2 mutant cells, was
also seen in cells lacking UBQLNZ2, indicating a loss-of-function mechanism. To evaluate to
what extent this observation integrates to the current knowledge, in the following, present
evidence pointing for and against a loss-of-function mechanism of UBQLN2 mutations are
summarized. Multiple mutations in UBQLN2 were found to have a lower penetrance or a later
disease onset in female compared to male mutation carriers [35, 172, 174]. The low
penetrance in females point to a loss-of-function mechanism of pathogenic UBQLN2 mutations
because of the X-chromosomal location of UBQLNZ2. In this case, the retention of the WT
UBQLN2 allele could compensate for the mutant UBQLNZ2 allele in females. On the other side,
due to potential X-inactivation, as detected by Carrel and Willard, it seems also possible that
the mutated UBQLN2 allele is less expressed in females [289]. Such a case would suggest a

gain-of-function of pathogenic UBQLNZ2. Importantly, this topic remains controversial although
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various studies aimed to answer the question whether pathogenic UBQLN2 mutations result
in a loss- or gain-of-function. A strong indication for a loss-of-function mechanism is the
demonstration of reduced neuropathology in P497S UBQLN2 mice upon overexpression of
the close family member UBQLN1 [290]. In accordance with this finding, mitochondrial
dysfunction and disturbed autophagosome acidification observed in UBQLN2 mutant mice
were shown to be reduced by re-expression WT UBQLN2 and thus were ascribed to a loss of
normal function [161, 166]. In addition, several studies reported impaired binding of mutant
UBQLN2 to normal binding partner, further supporting a loss-of-function mechanism [151, 156,
170, 190]. These findings accord with our observed loss-of-function phenotype. However,
depletion of UBQLN2 in animal models led, if at all, to mild motor impairment and no neuronal
loss was observed [165, 267]. In the contrary, rats expressing human or rat WT UBQLN2
showed neuronal death and special learning deficits indistinguishable from rats expressing
mutant UBQLNZ2, suggesting a toxic gain-of-function [291]. Yet, animal models overexpressing
WT UBQLN2 demonstrate variable phenotypes. For example, two mouse models expressing
WT UBQLNZ2 had normal life spans, no accumulation of UBQLN2 inclusions and presented no
or only mild signs of motor neuron disease [292]. In another mouse model overexpressing
human WT UBQLN2 reduced levels of HSP70 and profound retinal degradation, but no signs
of neurodegenerative or behavioral changes were detected [268]. Importantly, one study
examining Ubgin2 KO and P497S overexpressing rats discovered cognitive deficits and
neuronal loss in mutant UbgIn2 rats, but no abnormalities in UbgIin2 KO rats [267]. Taken
together, the data from these studies provide both evidence for a loss-of-function and a toxic
gain-of-function mechanism as illustrated in Figure 4-2. Since both, a simple loss-of-function
and a sole gain-of-function toxicity seem unlikely, it is hypothesized that UBQLN2-linked
ALS/FTD is driven by a coalescence of both [293].
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Figure 4-2: lllustration of indications from the literature arguing either for a loss- or a gain-of-
function of mutant UBQLNZ2.

Rescue of defects observed in UBQLN2 mutants by UBQLN1 or WT UBQLNZ2 indicate a loss-of-function
mutation. Impaired interaction of mutant UBQLN2 with typical binding partner also support a loss-of-
function mechanism. On the other side, neuronal loss upon WT overexpression but no detection of
neurodegeneration in UBQLN2 KO animals suggest a gain-of-function mechanism.

4.5 FUS S439 phosphorylation and its disease relevance

The initial objective of the phosphoproteomic experiment was to identify changes in
phosphorylation in MAP1B. However, an interesting finding that emerged from deeper analysis
of this data set was the significant dephosphorylation of pS439 in FUS in patient-derived
UBQLN2 mutant cells. This phosphosite was reported before, for example in the context of
breast cancer, but did not receive any attention [294, 295]. The situation is different for
phosphosites in the low-complexity domain of FUS, which mediates LLPS [296]. Changes in
phosphorylation in the low-complexity domain are suggested to lead to reduced phase
separation and aggregation eventually seeding FUS inclusions in ALS/FTD [297]. The S439
phosphosite, however, is located in FUS’ zinc finger domain, the domain which is—together
with the RRM domain—responsible for RNA-binding [266, 298]. Due to its localization in such
a relevant domain, changes in FUS S439 phosphorylation could have severe consequences.
However, a note of caution is needed, since validation of changes in pS439 are limited to
observations seen in Phos-tag™ gels. Phos-tag™ gels allow to detect general changes in
phosphorylation. In this work, reduced phosphorylation of FUS was uncovered in patient-
derived cells carrying mutant UBQLNZ2. While no other FUS phosphosite was found to be

significantly changed in the phosphoproteomic data set, we speculate that the observed
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phosphorylated band represents FUS phosphorylated at S439. Its down-regulation in the
mutant cells further argues for this assumption. Yet, it remains to be independently
demonstrated that the observed band indeed depicts FUS phosphorylated at S439. Thus, this
is an important issue for future research. In this regard the development of a phospho-specific
antibody able to detect phosphorylation of FUS S439 is of high importance. Such an antibody
would facilitate the validation of FUS pS439 dephosphorylation in patient-derived UBQLN2
mutant cells. Furthermore, it would allow the examination of this site in patient material of
UBQLN2-linked but also other ALS/FTD cases as well as in ALS/FTD animal models.

4.6 Consequences of altered FUS S439 phosphorylation and effects on
MAP1B

Since no phospho-specific FUS antibody targeting pS439 is yet available, we aimed to
decipher if altered phosphorylation of FUS S439 results in any changes of FUS-RNA-binding.
For this, electrophoretic mobility shift assay (EMSA) experiments with the phospho-mimetic
S439E, the phospho-deficient S439A and the WT FUS protein variant were performed. In vitro
unphosphorylated WT FUS as well as the S439A variant showed clear binding to a known FUS
RNA substrate: the SON pre-mRNA consisting of a stem-loop and a downstream GUU [266].
Strikingly, the phospho-mimetic S439E variant did not bind this substrate. According to these
data, we inferred that phosphorylation of S439 affects FUS’ RNA-binding capacity. This is also
in line with a recent publication emphasizing the importance of phosphorylation events in RBPs
in regulating RNA-binding and splicing [299]. However, our finding is somewhat limited by the
investigation of only one RNA substrate model. FUS was reported to bind a large variety of
RNA motifs possibly in different manners [266]. It cannot be concluded that phosphorylation of
FUS S439 has the identical effect on its binding to all substrates. In contrary, it even seems
possible that changes in phosphorylation of S439 are a deciding factor influencing which RNA

substrate does or does not bind to FUS.

We hypothesized that FUS mediates the increase of MAP1B observed in UBQLN2 mutant
lines. In cell culture experiments, overexpressing HA-tagged WT FUS in FUS KD cells
reversed elevated MAP1B levels. On the other hand, overexpression of HA-tagged FUS
S439A was not capable of reducing MAP1B abundance. Thus, we provide evidence that
alterations in FUS S439 phosphorylation influence MAP1B protein levels. In more detail, S439
phosphorylation, alleged to be present in non-disease conditions, is associated with steady-
state MAP1B levels, whereas FUS hypophosphorylation results in elevated MAP1B
abundance. These findings raise the question how MAP1B abundance is regulated by changes
in FUS S439 phosphorylation. There are several possible explanations. For example, a direct

regulation via an interaction of FUS and MAP1B mRNA that is dependent on the
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phosphorylation of S439 is conceivable. This option is supported by studies, demonstrating
the capacity of FUS to bind MAP1B mRNA and to regulate its translation [92, 263]. In this case,
it would also remain to be clarified whether S439A phosphorylation results in increased or
decreased binding of MAP1B mRNA and what consequences this might have on its translation.
On the other hand, it is also plausible that MAP1B abundance changes are a downstream
effect of alterations of another FUS target. Accordingly, this is an important issue for future
research. The binding capacity of FUS variants (WT and S439E) to MAP1B mRNA could easily
be assessed by EMSA experiments which would provide crucial insights in this aspect.

The observed impact of FUS S439 phosphorylation on its RNA-binding capacity offers an
explanation for the different effects of reduced FUS levels. On first sight it appears conflicting,
that we found decreased MAP1B levels upon knockdown of FUS in a UBQLN2 KO
background, while detecting an elevation of MAP1B abundance in a WT background after
depleting FUS. To resolve this discrepancy, the FUS S439 phosphorylation state needs to be
considered. Hypophosphorylation of FUS S439 in ALS/FTD-patient-derived cells indicate that
FUS is phosphorylated in WT cells. Assuming similar appearance of FUS in UBQLN2 KO cells
as in UBQLN2 mutant cells, FUS is hypophosphorylated at S439 in UBQLN2 KO cells.
Accordingly, in UBQLN2 KO cells, the hypophosphorylated FUS form was reduced, while in
WT cells the phosphorylated form was depleted (Figure 4-3). Importantly, this explanation is

based on a number of assumptions and requires further inspection.
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Figure 4-3: Schematic model illustrating effects of UBQLN2 modifications on FUS
phosphorylation and changes in MAP1B abundance upon FUS alterations.

(1) FUS-RNA-binding is impaired in UBQLN2 WT cells where S439 is constitutively phosphorylated.
(2) Depletion of FUS in a WT UBQLN2 background results in elevated MAP1B levels. (3) FUS S439 is
hypophosphorylated in T4871 and P497S UBQLN2 mutants which show increased MAP1B protein
levels, also detected upon UBQLN2 depletion. (4) Depletion of FUS in a UBQLN2 KO background
rescues the MAP1B phenotype.
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4.7 UBQLN2 mutations affect FUS phosphorylation

In this work, we provide evidence for a hypophosphorylation of FUS S439 as a consequence
of ALS/FTD-associated mutations in UBQLN2. However, how UBQLN2 mutations result in this
change in phosphorylation remains elusive. From the data presented here, it can only be
assumed that this dephosphorylation is due to a loss-of-function of UBQLN2. Nonetheless,
several factors support the hypothesis that UBQLNZ2 indeed can influence FUS
phosphorylation. In fact, UBQLN2 was reported to undergo LLPS and to localize to stress
granules [169]. Thereby, UBQLN2 is known to be able to locate to a cellular compartment,
where also FUS is found. Furthermore, UBQLN2 was reported to associate with FUS in stress
granules and regulate FUS-RNA interaction [170]. Accordingly, those findings support our
hypothesis that UBQLN2 can influence FUS phosphorylation, possibly promoting it even
through a direct interaction with FUS. In addition, the observation by Alexander et al., showing
that ALS/FTD-linked mutations in UBQLNZ2 impair its association with FUS and thus its ability
in regulating FUS-RNA-binding, further underpins our findings [170]. Besides changes in FUS
phosphorylation mediated possibly through a direct interaction of FUS and UBQLN2, also a
more indirect regulation is conceivable. Since UBQLN2 facilitates the proteasomal degradation
of multiple proteins as an Ub-shuttle factor, it seems plausible that mutations in UBQLN2 alter
the degradation of kinases or phosphatases. In turn, resulting changes in kinase or
phosphatase protein levels could cause alterations in phosphorylation of target proteins. In
fact, mutated or depleted UBQLN2 was already associated with changes in phosphorylation in
the past. For example, knockdown of UBQLN2 decreased the phosphorylation of the mTORC1
target elF4E-binding protein 1 (4EBP1) [300]. Similarly, diminished phosphorylation of 4EBP
but also of S6 kinase and the protein kinase B (Akt), targets of mMTORC1 and 2 respectively,
were detected in drosophila with dUbgn ablation [160]. Finally, a recent study showed that
imbalance of UBQLN2 results also in altered tau phosphorylation [301]. Overall, available
literature concurs with our hypothesis that UBQLN2 mutations lead to hypophosphorylated
FUS at pS439. However, so far it can only be speculated how mutations in UBQLN2 induce
this outcome (Figure 4-4). Thus, future studies will be required to determine the mechanism,
how ALS/FTD-linked UBQLN2 mutations result in pS439 dephosphorylation. The availability
of a phospho-specific antibody targeting pS439 would facilitate the achievement of this aim
extremely by allowing to screen for kinases and phosphatases regulating this specific

phosphorylation.
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Figure 4-4: lllustration of two possible scenarios how mutations in UBQLN2 result in FUS pS439
dephosphorylation.

WT UBQLN2 was reported to bind FUS in stress granules. Mutant UBQLN2 possible perturbs this
interaction somehow resulting in changes in FUS pS439. Besides this comparatively direct mechanism,
mutated UBQLN2 might result in changed abundance levels of kinases or phosphatases responsible for
FUS S439 phosphorylation.
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