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Interplay between the Ubiquitin-Proteasome System and mechanisms of

neurodegeneration in the context of Machado-Joseph disease

Abstract

The Ubiquitin-Proteasome System is a major intracellular pathway for regulated protein
turnover. This system is essential for maintaining cellular homeostasis and signaling. Varying
the ubiquitin linkage type and chain length influences the fate of ubiquitylated substrates.
Substrate ubiquitylation can be reversed by the action of Deubiquitylating Enzymes (DUBs).
DUBs act by editing or disassembling polyubiquitin chains, and are responsible for cleaving
ubiquitin precursors, avoid target substrate degradation, editing of the ubiquitin chain at
proteasome entrance and for the generation of free ubiquitin pools.

The role of the UPS in nervous system disease has been characterized over the last years, and
in particular concerning polyQ disorders has been extensively described, starting with evidence
that components of the UPS were consistently found in misfolded protein aggregates. Ataxin-3
(ATXN3) is a DUB present in all or most tissues in humans and mice. Functions of ATXN3 range
from the editing of polyubiquitylated proteins, sequestering aggregated proteins in
aggresomes and modulating E3 ubiquitin ligases, to regulating protein degradation and stress
response, determining cell adhesion and cytoskeletal structure, modulating cell differentiation
and regulating transcription. Expansion of a polyglutamine tract in ATXN3 results in the
development of the neurodegenerative disease Machado-Joseph disease (MJD), also called
spinocerebellar ataxia type 3, the most common dominantly inherited ataxia worldwide.

The aims of this work were the identification of the putative roles of the UPS in
neurodegeneration, namely through the identification of a new binding partner for ATXN3, the
characterization of the influence of another DUB (UCH-L1) in MID, and the role of the UPS in
Glutamic Acid Decarboxylase (GAD) cleavage upon calcium deregulation/excitotoxicity.

In this study we identified a new molecular partner for ATXN3, the molecular chaperone
HSP60. The interaction is direct and through the catalytically active domain of ATXN3, the
Josephin domain. ATXN3 was able to interact with both the monomeric HSP60 as with the
heptameric form of HSP60. This interaction might unravel new aspects of the interplay
between molecular chaperones and the UPS and, with the second determining proteins’ fate
after the recognition of altered proteostasis by the first.

Ubiquitin C-terminal Hydrolase 1 (UBH-1) is the C. elegans orthologue of vertebrate ubiquitin

carboxyl-terminal hydrolase 1, an enzyme that besides its deubiquitylating activity also works
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as a monoubiquitin stabilizer, and ubiquitin-ligase. This DUB has been described to be involved
in the etiology of Parkinson Disease due to altered enzymatic activity, and is also described as
an essential component of the synapse. Restoring UCH-L1 protein levels lead to improvements
in synaptic transmission in Alzheimer’s disease models. The upregulation of proinflammatory
genes and the overload of reactive oxygen species are a known hallmark in most
neurodegenerative diseases and also in MJD. Cyclopentenone prostaglandins are metabolites
of prostaglandin D2 (PGD2), some of which, such as 15-deoxy-A12,14-PGJ2 (15d-PGJ2), have
been described as modulators of UCH-L1 activity, also leading to its unfolding and aggregation
and also as inducers of the production of intracellular reactive oxygen species. In our work we
evaluated the specific contribution of UBH-1 (Caenorhabditis elegans homologue of UCH-L1) as
a possible modifier of MID in a nematode model of the disease. We found that upon 15d-PGJ2
treatment, that was able to induce oxidative stress in our reporter strains, no alterations in
terms of animal motility or ATXN3 aggregation were observed. These results might be related
with the redundancy in functions that UCH-L1 shares with the close related UCH-L3.

The characteristic neurodegeneration in MID is characterized by molecular alterations that
interfere with transcriptional regulation, protein aggregation and clearance, perturb UPS
function and deregulate calcium homeostasis. In MJD calcium deregulation is relevant, as
expanded ATXN3 binds aberrantly to type 1 inositol 1,4,5-trisphosphate receptor (InsP3R1), a
calcium channel involved in diverse cellular functions, and induces calcium release by
sensitizing the receptor to its natural ligand (InsP3). Consistently, treatment with a specific
inhibitor of calcium release from the sarcoplasmic reticulum in skeletal muscles improves the
behavior of MJD mice.

The activity of the proteasome has been shown to be downregulated in ischemia and
inhibition of the proteasome has proven to be protective in focal brain ischemia, situations
where calcium deregulation is critical. More recently, it was described that excitotoxic
stimulation leads to the disassembly of the 26S proteasome in its subunits, and activation of
extrasynaptic N-methyl-D-aspartate receptors (NMDA) is responsible for toxicity. We wanted
to evaluate the contribution of the UPS to calcium deregulation and specifically to the
described cleavage of Glutamic Acid Decarboxylase, the enzyme responsible for y-Amino
Butyric Acid (GABA) synthesis, the main inhibitory neurotransmitter in neuronal transmission.
We found that excitotoxic stimulation with glutamate of cultured hippocampal neurons from
rat lead to a time-dependent cleavage of the two enzyme forms (GAD65 and GAD67) leading
to altered distribution in neurites. This cleavage was inhibited in the presence of proteasome
and E1 activating enzyme inhibitors, thus indicating a role for the UPS in the calpain-mediated

processing of GADs.



In summary, this work has contributed for the discovery of new links between UPS

components and neurodegenerative processes.

Keywords: Ubiquitin-Proteasome System; Neurodegeneration; Machado-Joseph disease



Interaccao entre o Sistema Ubiquitina-Proteosoma e mecanismos de

neurodegenerescéncia no contexto da doenca de Machado-Joseph

Resumo

O Sistema Ubiquitina-Proteosoma (SUP) é um dos maiores sistemas de degradacdo regulada de
proteinas. O sistema é essencial para a manutencdo da homeostase e sinalizacdo celulares. O
tipo de ligacdo entre ubiquitinas e o seu comprimento vao definir o destino dos substratos
ubiquitinados. A ubiquitinacdo de substratos pode ser revertida pela ac¢do das enzimas
desubiquitinadoras (DUBs). As DUBs podem actuar através da edicdo ou desmontagem das
cadeias de poli-ubiquitina, sdo responsaveis pela clivagem dos precursores de ubiquitina, por
evitar a degradacdo de substratos-alvo, pela edicdo das cadeias de ubiquitina a entrada do
proteossoma e também pela manutencdo das reservas celulares de ubiquitina livre.

O papel do SUP nas doencgas do sistema nervoso tem sido caracterizado ao longo dos ultimos
anos, e em particular nas doenca de expansdo de poliglutaminas, tendo comecado por
evidéncias de que componentes do SUP faziam parte dos agregados de proteinas desnaturadas.
A ataxina 3 (ATXN3) é uma DUB presente em todos ou quase todos os tecidos do corpo
humano e do murganho. As fung¢Bes da ATXN3 vao desde a edigdo das proteinas poli-
ubiquitinadas, ao sequestro de proteinas agregadas em agregossomas, a regulacdo da
degradacdo proteica e resposta ao stress, a determinacdo da adesao celular e da estrutura do
citoesqueleto, a modulacdo da diferenciacdo celular, até a regulacdo da transcricdo. A
expansdo de um tracto de poliglutaminas na ATXN3 resulta no desenvolvimento de uma
doenca neurodegenerativa, a Doenga de Machado-Joseph (DMJ), também chamada Ataxia
Espinocerebelosa Tipo 3, uma das ataxias mais comuns no mundo.

Os objectivos deste trabalho foram a identificacdo de possiveis pontos de envolvimento do SUP
em processos de neurodegenerescéncia, nomeadamente através da identificacdo da interaccdo
entre a ATXN3 e uma chaperone molecular, a caracterizagao da influéncia de uma outra DUB
(UCH-L1) na DMJ, e o papel do SUP na clivagem da Descarboxilase do Acido Glutamico (DAG)
em situacdes de desregulacdo do célcio celular/excitoxicidade.

Neste estudo foi identificado um novo parceiro molecular da ATXN3, a chaperone molecular
HSP60. A interac¢dao é mediada pelo dominio catalitico activo, o dominio Josefina. A ATXN3
interactuou tanto com a forma monomérica como com a forma heptamérica da HSP60. Esta

interaccdo pode levar a descoberta de novos mecanismos na interligacdo entre as chaperonas
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moleculares e o SPU, com o ultimo a determinar o destino das proteinas depois do
reconhecimento pelas primeiras da alteragdo na proteostase.

A Hidrolase de Ubiquitina do terminal Carboxilico 1 (UBH-1) é o ortélogo da UCH-L1 dos
vertebrados, uma enzima que para além da sua actividade de DUB também funciona como
estabilizador de mono-ubiquitina, e como ligase de ubiquitna. Esta DUB tem sido descrita como
estando envolvida na etiologia da Doenca de Parkinson devido a alteracdes na sua actividade
enzimatica, e estd descrita também como sendo um componente essencial da sinapse. A
restauracao dos niveis proteicos de UCH-L1 leva a um melhoramento na transmissado sindptica
em modelos da Doenca de Alzheimer. A sobre-expressdao de genes pro-inflamatérios e a
sobrecarga de espécies reactivas de oxigénio sdo uma marca reconhecida na maioria das
doencas neurodegenerativas e também na DMJ. As Prostaglandinas (PGs) Ciclopentenonas sdo
metabolitos da Prostaglandina D2 (PGD2), algumas das quais, como a 15-desoxi-A12,14-PGJ2
(15d-PGJ2), tem sido descrita como modulador da actividade da UCH-L1, também provocando a
sua desnaturacdo e agregacdo. Neste trabalho avalidmos a contribuicdo especifica da UBH-1 (a
homdloga em C. elegans da UCH-L1) como possivel modificador da DMJ num modelo de
nematode da doenca. Verificdmos que, sob tratamento com 15d-PGJ2, que foi capaz de induzir
stresse oxidativo em estirpes repdrter, ndo houve alteracdes em termos de motilidade ou
agregacdo da ATXN3 nos animais. Estes resultados podem estar relacionados com a
redundancia funcional que a UCH-L1 partilha com a relacionada UCH-L3.

A neurodegenerag¢do caracteristica na DMJ é caracterizada por alteragdes moleculares que
interferem com a regulagdo da transcri¢ao, agregacao proteica, perturbam a fungao do SUP e
desregulagao da homeostasia do calcio. Na DMJ a desregulagdo do calcio é relevante, dado que
a ATXN3 expandida se liga anormalmente ao receptor do tipo 1 de inositol 1,4,5-trifosfato
(InsP3R1), um canal de célcio envolvido em diversas func¢des celulares, e induz a libertagdo de
calcio pela sensitizacdo do receptor ao seu ligando natural (InsP3). Em concordancia, o
tratamento com um inibidor de célcio especifico para o reticulo sarcoplasmatico nos musculos
esqueléticos melhora o comportamento de murganhos com DMJ.

Tem sido demonstrado que a actividade do proteossoma é diminuida em situacdes de isquémia
e a inibicdo do proteossoma tem provado ser protectora em isquémia cerebral, situacGes onde
a desregulagdo do calcio é critica. Mais recentemente, foi descrito que a estimulagdo
excitotoxica leva ao desmembramento do proteosoma 26S nas suas subunidades, sendo a
activagdo dos receptores N-metil-D-aspartato extra-sinapticos a responsdvel pela toxicidade.
Assim, quisemos avaliar a contribuicdo do SUP para a desregulagdo do cdlcio celular e
especificamente para a clivagem da DAG, a enzima responsavel pela sintese do dcido amino-

butirico y (GABA), o principal neurotransmissor inibitério na transmissdo neuronal.
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Descobrimos que o estimulo excitotdxico com glutamato em culturas primarias de hipocampo
de rato leva a uma clivagem dependente do tempo das duas enzimas (GAD65 e GAD67)
levando a uma alteracdo na distribuicdo das GADs nas neurites. Esta clivagem foi inibida na
presenca de ininbidores do proteosoma e da enzima activadora de ubiquitina E1, indicando um
papel para o SUP no processameento das GADs mediado pelas calpainas.

Em sumario, este trabalho contribuiu para a descoberta de novas interaccbes entre

componentes do SUP e processos de neurodegenerescéncia.

Palavras-chave: Sistema Ubiquitina-Proteosoma; Neurodegenerecéncia; Doenca de Machado-

Joseph
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Thesis outline

In this work we focus on the interplay between the UPS and the mechanisms of

neurodegeneration, particularly in the context of Machado-Joseph disease.

The Ubiquitin-Proteasome System plays a particularly relevant role in the nervous system, and
in the etiology and pathology of neurodevelopmental and neurodegenerative diseases. In this
thesis the role of the UPS in normal and diseased nervous system is explored in the
Introduction. A role for the UPS in the clearance of misfolded or unfolded proteins in normal or
diseased conditions is well established. For the identification of proteins in these conditions,
the cooperation with other molecular systems is required, namely with the molecular
chaperones, which are responsible for the recognition of nonnative proteins conformation.
The cooperation between the UPS and chaperones is thus essential when the last are not able
to help proteins reach their native state. We tested the interaction between the
deubiquitylase involved in the etiology of Machado-loseph disease — ataxin-3 — and a
molecular chaperone that plays a fundamental role in mitochondrial proteostasis - Heat Shock
Protein 60 (HSP60). Another relevant player in neurodegeneration is calcium signaling and
homeostasis, and also here the UPS can act as a downstream effector, since its components
are directly regulated by calcium ™. We wanted to specifically evaluate the contribution of the
UPS in the cleavage of Glutamic Acid Decarboxylase (GAD), the key enzyme in the synthesis of
y-aminobutiric acid (GABA) which is the main inhibitory neurotransmitter in the vertebrate
nervous systems, with relevance for excitotoxicity >. One relevant component of the UPS,
particularly in the brain where it represents 1-2% of the total soluble protein °, is Ubiqutin

carboxy-terminal hydrolase L1 (UCH-L1). This deubiquitylase ” has other putative roles in cells,

acting also as a monoubiquitin stabilizer ® and as an ubiquitin ligase °. Its role in
neurodegeneration, namely the close association with Parkinson Disease, and the potential
demonstrated in the improvement of synaptic transmission in Alzheimer’s Disease *°, could be
indicative of a broader implication in neurodegeneration and our objective was to assess the
effects of deletion or modulation of UBH-1 (UCH-L1 C. elegans homologue) by prostaglandins

in our Caenorhabditis elegans model of Machado-Joseph disease ™.
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Chapter 1

General Introduction

This chapter is partially based on the published (peer-reviewed) review article:

Baptista M, Duarte C and Maciel P. “Role of the ubiquitin-proteasome system in nervous
system function and disease: using C. elegans as a dissecting tool”. Cellular and Molecular

Life Sciences, 69(16):2691-715, 2012.
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General Introduction

The UPS is an evolutionarily conserved and tightly regulated biochemical pathway that
modulates the levels of critical proteins in specific cellular contexts and is responsible for the
degradation of irreversibly damaged proteins. Ubiquitylation can also be uncoupled from
proteasomal degradation, regulating protein location and activity. Although the relevance of
this system in neuronal function and in several disorders of the nervous system is becoming
increasingly evident, in most cases the identity of the molecular players and the detailed

mechanisms of UPS regulation remain to be clarified.

1. The ubiquitin-proteasome system

Degradation of proteins via UPS involves two steps: (1) covalent attachment of ubiquitin to the
target protein and (2) degradation of the ubiquitin-tagged protein by the 26S proteasome,
with release of re-usable ubiquitin, by the action of deubiquitylating enzymes (DUBs). Two
main structures are part of the 26S proteasome: the core or 20S particle, responsible for
protein hydrolysis, and the 19S regulatory particle, which is involved in the recognition of the
substrate *2. The C. elegans 26S has 14 conserved subunits in the 20S core and 18 conserved
subunits in the 19S core. The interactions between subunits within the 26S complex have been
identified recurring to two-hybrid-based protein interaction mapping .

The tagging of a protein for degradation is regulated by consecutive action of three classes of
enzymes: E1, E2 and E3. First, ubiquitin is adenylated by an ubiquitin-activating enzyme (E1)
and transferred to a cysteine residue in the E1, in an ATP-dependent reaction. Two mammalian

14,15

E1 enzymes were described until now , in contrast with C. elegans, where the uba-1 gene

1617 Activated ubiquitin is then transferred to a cysteine residue

encodes the sole E1 enzyme
on the ubiquitin-conjugating enzyme (E2) through formation of a thioester bond with the
glycine 76 of ubiquitin. Members of the E2 family have a highly conserved ubiquitin-
conjugating catalytic fold (UBC), which is responsible for the binding to activated ubiquitin, to
E1s and ubiquitin ligases (E3s) *. A total of 35 E2s have been described until now in humans *°,
whereas in C. elegans there are 22 proteins with homology to ubiquitin-conjugating enzymes,
based on the criteria of having a UBC motif and the catalytic cysteine residue that accepts
activated ubiquitin. Furthermore, three variant E2s exist in C. elegans that lack the cysteine

residue but share the UBC fold **%°. After conjugation, ubiquitin-loaded E2s selectively interact

with E3s that recruit and bind specific substrates. Ubiquitin is transferred from the E2 to a
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cysteine residue located in the active site of the E3 prior to transfer to a lysine residue on the
target protein. There are about 617 putative E3s in humans, as described in a genome-wide
screen based on the presence of specific catalytic domains *!. Although the number of E3s
present in C. elegans is not yet very clear, until now a few hundreds were suggested .
Ubiquitin ligases are classified in three classes according to the characteristics of their catalytic
domain: RING finger, U-Box or HECT. RING domain are the most abundant E3s and may exist as
monomeric RING fingers or as complexes. In the latter E3s the RING domain binds E2 but the

other subunit is responsible for the interaction with the substrate ***

. Through the use of
ubiquitin fusion degradation substrate — Ubi-GST — it was found that in the presence of solely
E1, E2 and E3 enzymes, the majority of ubiquitin-protein conjugates contained only one to
three ubiquitins. For efficient further elongation an extra enzyme was needed - UFD2 — that
was termed an E4 *°. E4s constitute an extra class of enzymes in the UPS that are necessary in

specific contexts for efficient transition from mono to polyubiquitylation *’.

Ubiquitin is covalently attached to the target protein via an isopeptide bond between its C-
terminal glycine and a lysine in the target protein. After the attachment of the first ubiquitin
others can bind to the target protein, since a substrate can be multi-ubiquitylated in several
lysine residues, or polyubiquitylated at a single residue. In the latter case, E3s can elongate the
ubiquitin chain by creating ubiquitin-ubiquitin isopeptide bonds. Ubiquitin has seven lysine
residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) and the assembly of a chain with at
least four ubiquitins linked through their Lys48 targets the protein for proteasome degradation
829 proteins that are monoubiquitylated or containing Lys63-linked ubiquitin chains are
known to be directed to the regulation of intracellular traffic or transcription, and to DNA

30,31

repair . In some instances, monoubiquitylation also enhances protein activity *>*2. Although

the UPS can negatively regulate transcription by downregulating the levels of transcriptional
activators **, monoubiquitylation often leads to increased potency of these activators ****. This

36

occurs because proteasomal ATPase destabilizes activator-promotor complexes and

activator monoubiquitylation protects it from this destabilization *’.

Recent evidence show that unconventional ubiquitin chains, linked through different lysines -

Lys6, Lys11, Lys27, Lys29, Lys33 - can also direct proteins to proteasomal degradation, both in

39

S. cerevesiae *® and in 265 knockout mice *°. Whether Lys63-linked chains may also target

| ““*1 The conflicting results that have

proteins to proteasomal degradation is still controversia
been published may arise from the fact that proteins targeted with Lys63 chains are degraded
by the proteasome less efficiently, due to reduced accessibility and increased deubiquitylation

rates *2. There are also polyubiquitin chains formed by the ligation of more than one lysine
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residue, referred as mixed-linkage chains **; these are relevant for protein endocytosis and to

#3745 Although ubiquitylation is emerging as a very

promote or avoid protein degradation
important mode of regulation of protein activity in cells, akin to phosphorylation and involving
an equivalent amount of molecular players (as described below), the “ubiquitin code”, i.e. the
correspondence between the type of ubiquitin chain bound to a given protein and its effect,

remains to be fully clarified.

Polyubiquitin chains can be totally removed or their length reduced, disassembly occurring
through the action of DUBs. These play an important role in cell homeostasis, on the one hand
regenerating free ubiquitin for re-use by the UPS, and on the other facilitating substrate
entrance into the proteasome since the removal of poly-ubiquitin chains by proteasome-
associated DUBs precedes the access of unfolded proteins to the proteolytic chamber of the
20S proteasome. DUBs can also protect Lys48-linked polyubiquitin-conjugated proteins from

46,47

degradation at the proteasome . A chain-editing activity for DUBs has also been described,

as highlighted by the in vitro studies of human ataxin-3 by Winborn and co-workers *.
Another recent study further supports this notion by demonstrating that C. elegans ataxin-3 is
also involved in ubiquitin chain editing, producing chains of three to four ubiquitins (that might
promote protein degradation), revealing an evolutionarily conserved mechanism of action for
this DUB ¥.

DUBs can be sub-divided in five classes: four are cysteine proteases while the other class
comprises metalloproteases (jabl/MPN domain-associated metalloisopeptidase class (JAMM)).
Based on their ubiquitin protease domain cysteine proteases can be further divided in
ubiquitin C-terminal hydrolases (UCHs), ubiquitin-specific proteases (USPs), otubain proteases

(OTUs) and Machado-Joseph disease proteases (MJDs). Mammalian genomes encode

approximately 100 DUBs *°, while in C. elegans there are predictions of 53 putative DUBs *.

The UPS is responsible for the vast majority of regulated protein degradation. It is involved in
the degradation of regulatory, short-lived and aberrant proteins, playing a critical role in the
maintenance of cellular homeostasis. Regulation of cell cycle, intracellular signaling, DNA

51-55

damage response and transcription are major known roles of the UPS In addition to

assuring that basic cell function is preserved, the UPS also contributes to the response to

insults such as ischemia, oxidative stress, DNA damage, inflammation and others 6759,

The UPS assumes a particularly important role in the context of the nervous system. The fact
that neurons in the adult nervous system do not have the capacity to divide makes the

machinery responsible for protein quality control particularly relevant. In addition, UPS
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degradation of key components seems to be necessary for axonal pathfinding, synaptogenesis,
synaptic plasticity, and other neuron-specific activities. In the next sections we will give

examples of the contribution of the UPS for nervous system physiology.

2 Human E1
1C. elegans E1

35 Human E2
25 C. elegans E2

617 Human E3
582 C. elegans E3

1? Human E4
1 C. elegans E4

Fig. 1. Comparison of the UPS between humans and in C. elegans. Els for both species are
already identified and characterized. C. elegans E2s were identified based on the criteria of
having a UBC motif and the catalytic cysteine residue that accepts activated ubiquitin, and
their function has been determined recurring to RNAi studies; Human E2s were identified
through sequence homology using E2 protein sequences from C. elegans and Arabidopsis
thaliana as an initial set. Predictions for E3s number in humans and C. elegans were made
based in a genome-wide screen based on the presence of specific catalytic domains. One E4
was described and characterized until now in each species, although it is possible that many
more exist.
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1.1- The UPS in the developing nervous system

The function of the nervous system relies on its precise connectivity. The formation of the
neuronal networks present in the adult nervous system is a highly dynamic and tightly
regulated process, involving the development of neurons with polarised morphology, axon
pathfinding and the establishment of an intricate network of synaptic connections. The UPS
has emerged as a crucial component in the regulation of the developing nervous system * by

61-65

controlling the proliferation of neuronal precursors and cell specification neuronal

66,67 68-74 75-77

migration , heuritogenesis and synaptic pruning . E3 ligases are particularly
relevant during the development of the nervous system, selecting key regulators for posterior
proteasomal degradation or directing these proteins for specific signalling cascades. The E3
ligases involved in the processes of neural development are listed in table 1.

Axons must then find their target in an environment of negative and positive cues. The axons
that fail to hit a target must be dismantled whereas those that reach their target form

880 Given the key role of the UPS in the regulation of the protein

functional synaptic contacts
content in the cytoplasm and in the nucleus, it is not surprising that it also contributes to this
and other aspects of neuronal development. Thus, during the establishment of neuronal
polarity in cultured rat hippocampal neurons the degradation of Raplb-GTPase by the UPS,
mediated by E3 Smad ubiquitylation regulatory factors 1 and 2 (Smurfl and Smurf2), defines
which neurites become the axon and which are dismantled; only neurites with an
accumulation of active Rap1B-GTP are viable "*.

The axon guidance cues netrin-1 and semaphorin 3A are involved in the regulation of growth

8182 35 well as in mammals ®. The growth cone collapse inducer

cone guidance both in Xenopus
L-a-lysophosphatidic acid (LPA) is also involved in this regulation 3, and both netrin-1 and LPA
upregulate the amount of ubiquitin conjugates in growth cones. Inhibition of the proteasome
was shown to abolish the attraction of retinal growth cones towards a netrin-1 gradient ®
showing a role for the UPS in the tightly regulated control of protein synthesis/degradation
necessary for correct axon guidance.

Major contributions to the understanding of nervous system formation came from studies
using C. elegans as a model organism. This is illustrated by the studies of Shen and co-workers
to discover how precise synapse connectivity is established during development. This group

first identified the SYG-1 protein (homologous to vertebrates’” NEPH1) as a relevant player in

synaptic specificity ®, and additional studies showed SYG-1 as a partner of SKR-1, the core
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component of Skipl-cullin-F-Box (SCF) E3, during the establishment of hermaphrodite-specific
motor neuron (HSNL) synapses. This interaction interferes with the assembly of the SCF
complex and as a consequence there is a decrease in synapse elimination in the area where
synapses are formed in the adult animal, the primary synapse region (PSR). In these studies it
was suggested that the SCF is rate-limiting for synapse elimination in a proteasome-dependent
manner. In the area surrounding the PSR — the secondary synapse region - synapses are more
likely to be eliminated due to the absence of SYG-1 and consequent presence of more
functional E3 7.

Another E3 that has been implicated in neuronal development, the Regulator of Pre-synaptic
Morphology-1 (RPM-1), is localized to pre-synaptic terminals in C. elegans neurons ¥’. In rom-1
C. elegans mutants the extension and stabilization of synaptic branches are disrupted and an
alteration in synaptic vesicle localization is also observed. Furthermore, in this model the

8 More recent

neurons do not form correct mature synapses at the right time and place
evidence identified the specific partners of this E3 in the regulation of axon outgrowth: RPM-1
seems to act by negatively regulating UNC-5/UNC-5 and SAX-3/robo-mediated axon
outgrowth-promoting activity ®. Another target of RPM-1 regulation is GLO-4, a Rab guanine
nucleotide exchange factor. The interaction between these proteins is thought to activate the
GLO pathway with RPM-1 acting as a positive regulator, promoting vesicular trafficking
essential for correct axon termination and synaptogenesis in mechanosensory neurons .
RPM-1 forms a SCF-like complex E3 ligase with the F-box protein FSN-1 , the SKP1 ortholog
SKR-1 and the Cullin CUL-1 ** and besides its role in the regulation of axon outgrowth RPM-1
also acts as a negative modulator of a MAP kinase cascade that regulates pre-synaptic
architecture, including the Dual-Leucine zipper Kinase MAPKKK (DLK-1), MKK-4, and the p38
MAPK ortholog, PMK-3 7.

In the context of nervous system development, DUBs also play an important role, with relevant
examples in most DUB classes. Repressor element 1-silencing transcription factor (REST) plays
a key role as a transcriptional repressor of neuronal differentiation-associated genes ®2. REST is
targeted for proteasomal degradation by the E3 SCF-B-TrCP. The ubiquitin-specific protease
Herpesvirus-Associated Ubiquitin-Specific Protease (HAUSP) - also termed ubiquitin-specific
protease 7 (USP7) - negatively regulates REST ubiquitylation, promoting REST stabilization and
thus preventing neural precursor cell differentiation *>.

Ubiquitin C-terminal hydrolase 37 (Uch37) was identified as essential for early nervous system
development in mouse. The complete deletion of Uch37 resulted in prenatal lethality resultant
from deficient formation of the telencephalon, mesencephalon and metencephalon **. In the

group of metalloprotease DUBs, associated molecule with the SH3 domain of STAM (AMSH) °
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was identified as essential for postnatal development in mice. AMSH deficient mice generated

by gene targeting are normal at birth but have postnatal growth retardation and die

prematurely. These mice show significant loss of CAl hippocampal neurons at day 6.

Hippocampal neurons cultured in vitro were unable to survive without the presence of AMSH

while other cell types were able to survive, further suggesting a role for this DUB in the normal

development of these neurons. Also, neuron numbers in the cerebral cortex were significantly

reduced in sixteen day old AMSH 7" mice, revealing an important role for this DUB in the

neuronal cell survival in the hippocampus and cerebral cortex *.

UPS component

Mechanism of action

References

Neural stem and progenitor cells

REST/NSFR is a master repressor of neural gene expression; SCF-bTRCP is

61

SCF-bTRCP responsible for UPS-mediated REST degradation, allowing derepression of
pro-neural REST targets
HUWE1 supression of a N-Myc-DLL3 cascade, setting cell-cycle withdrawal
HUWE1 and neuronal differentiation, restrains proliferation and enables neuronal | *
differentiation
BTBD6 acts as an adaptor protein in the SCF E3 ligase complex and targets
BTBD6 65
the transcriptional repressor and neurogenesis inhibitor Plzf for degradation
RING-type E3 MIB1 expressing cells generate Notch signalling in neighboring
MIB1 &
radial glial cells to maintan their stemness and correct differentiation
TRIM11 mediates the degradation of the development regulator
TRIM11 6

transcription factor Pax6

Neural cell migration

E3 ligase complex containing

cullin 5

Cul5 auxiliates Dab1l dgradation in target neurons after a signalling cascade
that involves VLDR and ApoE receptors, directing the speed and correct

migration of neuronal populations

66,67

Axonal growth

RPM-1

RPM-1 E3 ligase negatively regulates axon outgrowth by the guidance

receptors SAX-3/robo and UNC-5/UNC-5

89

CDH1-APC complex

Ubiquitin ligase CDH1-APC operates in the nucleus of neurons to inhibit axon

69,70
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growth through the promotion of transcription factors SnoN and 1d2

degradation

NEDD4 acts as a positive regulator of dendrite extension and arborization

72,73

NEDD4
through the ubiquitination of RAP2A and PTEN downregulation
SMURF1 SMURF1 enhances neurite outgrowth ubiquitinating RhoA o
SMURF2 ubiquitinates RAP1B directing it to proteasomal degradation,
SMURF2 assuring that only one neurite will become an axon "

Synaptic prunning

E3 ligase DIAP1 degradation, mediated by UBCD1 conjugating enzyme, leads

DIAP1

to a caspase-dependent efficient prunning of C4da neuron in Drosophila

RPM-1 E3 ligase negatively regulates a p38 MAPK pathway contibuting to the
RPM-1 &

correct formation of mature synapses in C. Elegans

SKR-1, a core component of SCF E3 contibutes to synapse elimination in a
SKR1 77

proteasoem-dependent mannerin HSNL

Table 1 - List of E3 ligases involved in the processes of neural development.
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Fig. 2. Major contributions of C. elegans to the current understanding of the role of the UPS
in the synapse. a) RPM-1 a RING finger domain protein regulates pre-synaptic differerentiation
by interacting with GLO-4 (Rab GEF), that promotes vesicule-specific membrane proteins
trafficking through GLO-1 and AP-3; this pathway is involved in the regulation of axon
termination and synaptogenesis. b) RPM-1 co-ordinates axon outgrowth by negatively
regulating SAX-3 and UNC-5 guidance receptors; this is achieved by controlling vesicular
trafficking via the GLO-4 pathway. ¢) RPM-1 contributes to regulate pre-synaptic architecture
by forming, with FSN-1 and SKR-1, an SCF complex ubiquitin ligase that leads to DLK-1
ubiquitination and consequent downregulation, thus inhibiting the MAP kinase cascade that
includes MKK-4 and PMK-3, known to be involved in synaptic organization. d) The
transmembrane adhesive molecule SYG-1 determines synaptic sites by preventing SCF*™*°
ubiquitin ligase complex assembly and synapse elimination, through its interaction with SKR-1.
e) RPM-1 and FSN-1, working as an E3, negatively regulate DLK-1 and consequently the
p38MAPK pathway thus leading to GLR-1 accumulation in neurites. f) The deubiquitylase USP-
46 cleaves ubiquitin from GLR-1 receptors thus promoting GLR-1 surface membrane
expression and preventing its degradation in the lysosome. g) Post-synaptic ubiquitylation of
GLR-1, in a mechanism that requires KEL-8, negatively regulates its levels in the membrane by
promoting internalization and posterior degradation by the lysosome. h) APC E3 ligase
promotes loss of GLR-1 containing synapses possibly through the ubiquitination of a scaffold
protein associated with GLR-1. Red arrows represent mechanisms/pathways still not fully
elucidated.
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1.2- The UPS in the mature nervous system

In addition to its function in neurodevelopment, the UPS also plays a critical role in the mature
nervous system, namely in pre- and post-synaptic regulation, and in synaptic plasticity .

The first evidence of the involvement of the UPS in synaptic function came from studies in
Aplysia demonstrating that the degradation of Protein Kinase A (PKA) subunits, an event
necessary for long-term facilitation, was mediated through the UPS *%. Not surprisingly,
additional studies showed that the UPS is also essential for Long-Term Synaptic Depression in
this organism .

Studies in Drosophila neuromuscular junction demonstrated unequivocally for the first time

that UPS components were part of the presynaptic terminal *®°

. Chen and co-workers, using rat
brain synaptosomes, showed that the influx of calcium following membrane depolarization is
rapidly coupled to a general downregulation of ubiquitin-conjugated proteins, and that this
effect was reversible *.

At the presynaptic terminal the influx of calcium is coupled to the release of neurotransmitters
by exocytosis of synaptic vesicles. The synapse-localized ubiquitin ligase SCRAPPER was shown
to be an E3 for Rab3-interacting molecule 1 (RIM1), a Rab-3 effector involved in exocytosis '
and known to be part of a calcium sensor complex *®. Studies using scrapper-knockout and
scrapper-transgenic mice overexpressing the protein in the hippocampus showed that this E3
regulates the levels of RIM1 thus affecting presynaptic vesicle release '®. Loss of this E3
increased the frequency of miniature excitatory postsynaptic currents (mEPSCs) and reduced
paired pulse facilitation in hippocampal neurons, as a consequence of the increased release
probability. This led to anxiety and altered contextual fear-conditioning in heterozygous SCR
KO mice '*.

In Drosophila, the E3 anaphase-promoting complex (APC), besides its role in cell cycle
regulation '®*, is also involved in the regulation of synaptic growth in neuromuscular junctions,
with Liprin-o as effector and possible substrate. APC mutants showed increased levels of the
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAr) subunit GIuA2 at
the post-synaptic level, which increased the sensitivity to the neurotransmitter glutamate .
The activation of post-synaptic receptors by neurotransmitters released from nerve terminals
induces several downstream signaling cascades. These events alter the composition of the
post-synaptic compartment, and the UPS is required for these changes. The use of C. elegans

as a model organism provided significant contributions in the elucidation of some of these
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mechanisms, including the first reports of ubiquitylation of AMPAr, of great relevance for the
current understanding of synaptic plasticity mechanisms. Burbea and co-workers
demonstrated in vivo the ubiquitylation of GLR-1, the C. elegans non-NMDA receptor subunit

107

most similar to mammalian AMPAr = resulting in removal of the receptors from the synapse

1% The mechanism of GIuA1 AMPA receptor endocytosis was recently described in vertebrates
and it was demonstrated that ubiquitylation is also required for internalization of surface
AMPA receptors in response to AMPAr agonist '®. Studies conducted in C. elegans also
showed that the internalization of GLR-1 is mediated by KEL-8 and that this protein forms a

complex with the CUL-3 subunit of the CDL3 ubiquitin ligase **°

. Other E3s specifically involved
in this regulation were also identified in C. elegans. Temperature-sensitive mutants in APC E3
ligase subunits showed an increase in GLR-1::GFP puncta in the ventral nerve cord at restrictive
temperature. This effect was not observed when blocking endocytosis, suggesting that APC
regulates the local recycling of GLR-1 ™.

Besides its role on the organization of the pre-synaptic bouton in C. elegans motor neurons ¥/,
RPM-1 is also involved in the regulation of post-synaptic abundance of GLR-1. This mechanism
involves the p38 MAPK pathway and is most likely related to the E3 ubiquitin ligase activity of
RPM-1, since loss of FSN-1 (the RPM-1 partner in the E3 complex) also results in the same
phenotype 2. LIN-23 is the substrate-binding subunit of a SCF E3 — SCF*"?, [in-23 mutants
have increased GLR-1 expression in the ventral nerve cord and in these an increase in the
cytosolic pool of B-catenin homolog BAR-1 was observed. In bar-1;lin-23 double mutants a
smaller increase in GLR -1 puncta was observed compared with bar-1 single mutants,
suggesting that the effect of LIN-23 on GLR-1 levels is partially mediated through BAR-1.
Another Wnt signalling target, the TCF/Lef transcription factor homolog POP-1, was found to
mediate the effects of BAR-1 in GLR-1 levels, since pop-1 mutants significantly decreased the
increase of GLR-1::GFP puncta intensity in animals expressing dominant-negative LIN-23. These

113

results suggest an involvement of the Wnt signalling in GLR-1 regulation ~. A list of the major

E3s involved in the regulation of the post-synapse is presented in table 2.
More recently, a DUB was identified that might be regulating AMPAr trafficking in the synapse.
The ubiquitin-specific protease 46 (USP-46), homologue to mammalian USP-46, is expressed in

C. elegans nervous system and regulates the abundance of GLR-1 in ventral nerve cord

114

neurons by deubiquitylating the receptor and thus preventing its internalization ~*". Recent

studies showed that the ubiquitin-conjugating enzyme variant UEV1 is also essential for AMPAr

115

endocytosis in C. elegans ~~. The ubiquitin C-terminal hydrolase 1 (UCH-L1) is another example

of a DUB with a relevant role in the maintenance of nervous system function. Besides its DUB

50,116

activity the enzyme also functions as an E3 ligase in the dimeric form ° and as a stabilizer
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of mono-ubiquitin, the last not requiring enzymatic activity ®. The expression of AP-Uch (UCH-
L1 ortholog) in Aplysia increases in sensory neurons after long-term facilitation (LTF) in vivo
and LTF is inhibited upon AP-Uch blockade /**. In mice, Gong and co-workers discovered
that UCH-L1 inhibition reduced both basal synaptic transmission and long term potentiation
(LTP) ™°. Moreover, both in APP/PS1 Alzheimer’s mice model hippocamapal slices or in
amyloid-B treated hippocampal slices UCH-L1 perfusion led to improvement in synaptic

119

function *~. The fact that treatment with amyloid-p led to a decrease of 70% of mono-

ubiquitin levels and that infusion of slices with UCH-L1 prior to amyloid-$ treatment blocks this

decrease ™° points to UCH-L1 as a critical regulator of mono-ubiquitin availability in the
synapse.
E3 ligases Mechanism of action References

UBE3A Neuronal activity promotes UBE3A expression and consequent downregulation of the substrate 120121
ARC, known to be involved in AMPAr endocytosis

APC E3 recruits CDC20 co-factor and regulates the abundance of GLR-1 receptors on the post-
APC synaptic compartment in C. elegans; In Drosophila APC/C is involved in the regulation of synaptic 106,111,122
size in NMJ and also in the regulation of pos-synaptic GIuA2 levels

PDZRNZA PDZRN3A synapse-associated RING finger E3 binds to MuSK and downregulates its surface levels 13
thus regulating the post-synaptic dvelopment of the NMJ

SCF E3 containing F-box protein LIN-23 regulates GLR-1 abundance in C. elegans ventral cord 113

SCF/LIN23
through the ubiquitination of BAR-1

KEL-8 binds CUL3 forming a E3 ubiquitin ligase complex that is required for synaptic removal of GLR-
KEL-8/CUL3 . 110
1in C. elegans

RPM-1 RPM-1 forms a E3 SCF complex with FSN-1, SKR-1 and CUL-1; RPM-1 inhibits p30 MAPK signaling i
inducing GLR-1 endocytosis in C. elegans synapses

MDM2 MDM?2 E3 ligase ubiquitinates the scaffolding protein PSD95 upon NMDA activation, leading to its 12
proteasomal degradation thus regulating AMPA receptors synaptic levels

FBX2/CHIP FBX2, a component of SCF E3 ligase complex, binds CHIP E3, and the interaction facilitates GluN1/2 s
NMDA receptor subunit degradation

- MIB2 ubiquitinates GIuUN2A and NMDA receptor activity is downregulated by MIB2 in a ubiquitin- 126
proteasome dependent manner

Upon neuronal activity the RING-finger-containing E# TRIM3 promotes ubiquitination and
TRIM3 proteasome-dependent degradation of the PSD protein GKAP acting as na inhibitor of dendritic 127
spine growth in hippocampal neurons

SCRAPPER is the F-box component of a SCF E3; SCRAPPER ubiquitinates RIM-1 regulating its levels

103

SCRAPPER

and controling synaptic vesicle release

Table 2. List of E3 ligases involved in the regulation of the post-synapse.
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1.3- The UPS in neurological disease

Given the role of the UPS as a major intracellular pathway for degradation of proteins and a
critical regulator of neuronal function, as described above, it is not surprising that its

dysfunction is associated with several neurological disorders **%°,

1.3.1- The UPS in neurodevelopmental disorders

Dysfunction of the UPS is associated with several neurodevelopmental disorders resulting from
genetic mutations, epigenetic modifications and environmental factors that disturb the normal
development, with onset during periods of ongoing maturation. Defects that occur during the
establishment of the neuronal networks, either related to migration of neurons and/or to
errors in neuronal connections are key factors in the etiology of these diseases *°.

Probably the best-known example of a neurodevelopmental disorder related with the UPS is
Angelman Syndrome which, in most cases, is associated with the lack of a functional (and

B! Ube3A is a E3 found at the synapse and

transcriptionally active) copy of the UBE3A gene
the loss of the maternal Ube3a allele leads to synaptic dysfunction in mice ™°. Activity-
regulated cytoskeleton-associated protein (Arc), a substrate of Ube3A, is involved in AMPAr
endocytosis and acts on the consolidation of LTP through regulation of actin dynamics .
Transfection of neurons with a Ube3A shRNA was found to decrease AMPAr expression at the

12

membrane, and this effect was mediated by Arc "**. The cognitive deficits observed in

Angelman Syndrome patients *** correlate well with the compromised synaptic function and
with the cognitive and behavioural deficits in transgenic mouse models of the disease ***’.

Point mutations and deletions in the UBE2A/HR6A/UBC2 gene, which encodes a E2, were
described to be the cause of an X-linked syndrome characterized by intellectual disability,

138-141

seizures, obesity, marked hirsutism and a characteristic facial appearance . Although the
function of UBE2A is not fully understood, it has been suggested to play a role in ubiquitin-
dependent N-end rule targeting, i.e. the cleavage of proteins with destabilizing N-terminal
residues (bulky hydrophobic or basic amino acids), through interaction with UBR1, the E3
binding N-end rule target proteins **. Interestingly, UBE2A activity is induced in PC12 cells by
treatment with nerve growth factor (NGF) and necessary for the induction of neurite

3 The fact that proteasome inhibition also lead to a

outgrowth by this neurotrophin
diminished neurite outgrowth lead to the concept that this E2 plays an active role in the
promotion of neurite extension in response to NGF, through enhanced rates of synthesis of

ubiquitin-protein conjugates, but by mechanisms other than targeting them for proteasome
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degradation. The knockdown of UBE2B (a UBE2A paralogue gene with 80% homology but less
abundant in cells) using siRNA also reduced Nerve Growth Factor-induced neurite lengthening
in PC12 cells . UBE2B is known to be involved in chromatin structure modification and

transcription regulation %

, namely through the ubiquitylation of histone H2B, an activity
that is shared by UBE2A. Recently, UBE2A (together with the proteasome subunit Psmd6 and
the ubiquitin hydrolase Usp33) was also proposed to be at the core of a gene network playing
a key role in fear-conditioning in mice, suggesting a role for this protein in learning and
memory .

Intriguingly, mutations in UBR1, the RING finger E3 that cooperates with UBE2A/HR6A in N-end

142,147

rule targeting , have been associated with the Johanson-Blizzard Syndrome which is

18151 patients with this genetic

characterized by intellectual disability as a key feature
syndrome suffer from congenital exocrine pancreatic insufficiency, growth retardation,
hypothyroidism, hearing loss and multiple malformations, such as nasal wing aplasia,
oligodontia, cardiac anomalies, scalp defects and imperforate anus, and frequently
developmental delay/intellectual disability. UBR1 is a member of the N-recognin class of E3s,
proteins that label N-end rule substrates via covalent linkage to ubiquitin, allowing the
subsequent substrate delivery to the 26S proteasome. The yeast homologue of Ubrl is
involved in the degradation of misfolded cytosolic proteins and in the regulation of the
leucine-mTOR signaling pathway *"**°. Mice lacking Ubrl are viable but have defects that
include pancreatic insufficiency, whereas mice lacking both Ubrl and its paralogue Ubr2 die in
mid-gestation, with severe disruption of nervous system and cardiovascular development. In
the nervous system, cell proliferation, migration and differentiation appeared to be affected
156.

A link between UPS dysfunction and neurodevelopment disease was also found in other
subtypes of intellectual disability. An alteration in the CUL4B gene was first identified in eight
of the 250 families studied in a large project to identify genes causing X-linked intellectual

disability ™’

. CUL4B forms a complex that functions as an E3 ubiquitin ligase, known to be
involved in cell proliferation and regulation of numerous nuclear processes, such as DNA
damage response, DNA replication, and chromatin remodeling, through its action as a
regulator of proteins involved in these processes, namely chromatin licensing and DNA
replication factor 1 (CDT-1) in cell cycle regulation *®**°. CUL4A and CUL4B were also shown to
be components of a conserved Wnt-induced proteasome targeting complex that regulates

%0 Cells from patients with

p27(KIP1) levels and cell cycle progression in mammalian cells
CUL4B loss of function mutations exhibit sensitivity to camptothecin (CPT), increased Topo I-

induced DNA breaks and impaired CPT-induced topoisomerase | (Topo |) degradation and
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181 cells from these

ubiquitylation, suggesting Topo | to be a novel Cul4-dependent substrate
patients also displayed overexpression of other known CUL4-dependent substrates, such as
Cdtl and p21, but how these biochemical findings are linked to the neurophsychological
findings in the patients remains unknown.

The Williams—Beuren syndrome is characterized by a recognizable pattern of malformations,
that include growth delay, cognitive disabilities and altered social behaviour (hypersociability),

162 The disease results from hemizygosity of more than twenty genes,

among other deficits
one of which, Trim50, encodes a E3 ubiquitin ligase, opening the possibility of UPS involvement
also in this disease **.

Froyen and colleagues identified mutations in the HUWE1 gene in three unrelated families
with X-linked syndromic mental retardation '®*. HUWE1 encodes a HECT domain E3 ligase

> namely in the brain '*®. Interestingly, prolonged

known to interact with the proteasome
neuronal activity induced 26S disassembly and dissociation of HUWE1, among other proteins,
from the proteasome *® and this change in UPS composition might be relevant for synaptic
plasticity. HUWE1 is known to ubiquitylate histones H1, H2A, H2B, H3 and H4 %7 and to

168 Furthermore, it targets CDC6

modulate transcription of the preprodynorphin gene
(involved in the regulation of DNA replication at the initiation step) **°, MCL-1 (regulating
apoptosis)’**’* and c-MYC °**’2. In particular, c-MYC targeting appears essential in
neurodevelopment, allowing neural precursors to arrest proliferation and enter neurogenesis
#4172 'HUWE1 is also relevant for neuron-radial glia interactions that are key to the proper
migration and spatial arrangement of the cerebellar cortex 3. Accordingly, conditional KO
mice lacking HUWEL in cerebellar granule neuron precursors and radial glia show a high rate of
postnatal lethality and profound cerebellar abnormalities, resulting from aberrant proliferation
and impaired differentiation of the progenitor cell population, as well as from layering
aberrations, with persistence of ectopic clusters of granule neurons, due to severe granule
neuron migration defects. Although this has been demonstrated for the cerebellum, a parallel
role in other parts of the brain may exist.

Using whole genome copy number variant assessment, in a sample of more than 800 cases of
individuals with Autism spectrum disorders (ASDs), mutations were found in four UPS-related
genes previously unrelated with the disease: UBE3A — the ubiquitin ligase also related to
Angelman Syndrome, PARK2 — a ubiquitin ligase also related to Parkinson’s disease (PD),
RFWD2 and FBX040 — also ubiquitin ligases. These genes were reported as ASDs candidate
genes with altered copy number variants in the patients *’*.

A region on chromosome 15g24 vulnerable to both deletions and duplications has been

previously implicated in a range of phenotypes including autism, Asperger's syndrome, delayed

34



175

development, and mild to severe mental retardation “°. Recent studies allowed narrowing the

critical region and identification of ubiquitin-like 7 as a key gene '’

. This protein, also
designated BMSC-UbP, contains a UBQ domain at its N-terminus and a ubiquitin-associated
domain at its C-terminus. Its role in the nervous system remains unknown.

Overactivation of the UPS in the brain cortex has also been proposed to play a role in Down
syndrome (DS), the most common genetic form of intellectual disability, caused by complete

or partial trisomy of chromosome 21 '

. Chymotrypsin and peptidyl-glutamyl peptide-
hydrolyzing (PGPH)-like activities of the proteasome are upregulated in the frontal cortex of
hAPP-YAC tg mice, which model the overexpression of one of the genes triplicated in DS
patients. These proteasome activities were augmented by cholinergic stimulation in control
mice, but not in hAPP-YAC tg mice, and a similar up-regulation of the UPS activities was
detected in the frontal cortex of DS and Alzheimer's disease (AD) patients. Another link
between the UPS and DS comes from the evidence that the tetratricopeptide repeat domain 3
gene, TTC3, located in the DS critical region of chromosome 21, encodes an E3 ligase that
targets phosphorylated Akt, facilitating its polyubiquitylation and degradation, and inhibits
neuronal differentiation through modulation of the Rho A small GTPase pathway. TTC3
physically interacts with Citron kinase (CIT-K) and Citron N (CIT-N), two Rho A effectors known
to be involved in neuronal proliferation and differentiation. In PC12 cells, TTC3 overexpression
leads to strong inhibition of neurite extension, which can be prevented by CIT-K RNAi *°.
Therefore, the upregulation of TTC3 may contribute to some of the pathological findings,
namely the cognitive deficits, present in DS patients. Ubiquitin-specific protease 25 (USP-25)
has also been related to DS, with the protein being overexpressed in human DS fetal brains **.
The role of the UPS in the development of the nervous system, and its clear involvement in
neurodevelopmental diseases, opens a whole new field of research concerning the outcomes
of a perturbed UPS. As the system becomes better characterized and its involvement in
disease increasingly known, its components may become important targets for

181-184

pharmacological treatment , as is happening already in the cancer field **%°,
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Components of the C. elegans C. elegans neuronal
Disease References
UPS homologue expression
expression still not
Angelman Syndrome UBE3A Y48GS8AL.1 121
defined
Williams-Beuren expression still not
TRIMS50 Not described 1
Syndrome defined
Intellectual  disability | CUL4B cul-4 no evidences 157,187,188
non otherwise specified | HUWE1 eel-1 yes
expression still not
UBE3A Y48G8AL.1
defined
174,189
PARK2 pdr-1 yes
Neurodevelopmental | Autism Spectrum
expression still not
Disorders RFWD2 Not described
defined
expresion still not
FBX040 C10E2.2
defined
Johanson-Blizzard expresion still not
UBR1 C32E8.11 e
Syndrome defined
TTC3 Not described | yes
179
Down Syndrome expression still not
USP-25 Not described
defined
PARK pdr-1 yes
expresion still not
UCH-L1 ubh-1
defined 190-195
Parkinson’s disease expresion still not
DJ-1 djr-1.1, djr-1.2
defined
Neurodegenerative expresion still not
ATP13A2 catp-6
defined
Machado-Joseph
ATXN3 atx-3 yes 196,197
Disease
expresion still not
Ataxia USP-14 usp-14 108
defined

Table 3. List of neurodevelopmental and neurodegenerative diseases for which a component of
the UPS is known to be involved in the etiology of the disease and their C. elegans homologues.
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1.3.2- The UPS in neurodegenerative disorders

The accumulation of misfolded protein aggregates is observed in a range of neurological
diseases, which includes PD, AD, amyotrophic lateral sclerosis, frontotemporal dementia and

199-204

polyglutamine (polyQ) expansion disorders, among others . These aggregates are often

immunoreactive for components of the UPS, namely ubiquitin 2°°72%

. The exact significance of
this phenomenon is still a matter of debate.

The concept that UPS dysfunction leads to accumulation of misfolded proteins in
neurodegenerative diseases is reasonable and may be supported by the available evidence, as
described below. However, it is not possible to exclude that protein aggregation is an earlier
step in the etiology of the disease that leads itself to UPS dysfunction, even before inclusion

body formation %

. Alternatively, the observed accumulation of UPS components in aggregates
may constitute an adaptation, a cellular response to the aggregation phenomenon. In this
process, UPS components may become trapped into the protein aggregates, which act
simultaneously as the cause of UPS impairment and its consequence, in a positive-feedback
mechanism *®. In normal aging brains there are reports of protein aggregation **°, decreased

21212 3nd activation of the “immunoproteasome” *°. These studies suggest

activity of the UPS
a direct contribution of the UPS dysfunction for age-related neurological disorders. This is
certainly the case for PD, where the most common familial disease form, autosomal recessive-
juvenile Parkinsonism, results from mutations in parkin, a RING E3 ligase *°. A mutation in the
gene coding for UCH-L1 was also associated with familial forms of the disease, thought to be
due to a decrease in the activity of this enzyme ***. Six of the nine PD genes known to date, a-
synuclein being the exception, have an identified C. elegans orthologue, including the UPS
components, UCH-L1 and parkin **>. Springer and co-workers identified the C. elegans parkin
homolog, PDR-1, and contributed to elucidate the mechanisms by which parkin is involved in
the disease. The nematode strain expressing an in-frame deletion allele of pdr-1 was more
prone to protein aggregation and more sensitive to ER stress, suggesting that expressing the
mutant form of the enzyme may be more useful to understand the neurotoxicity in the disease
than completely abolishing its expression **°, a concept that may be relevant for the study of
other diseases.

In polyQ disorders, including Huntington’s disease (HD), spinocerebellar ataxias, Kennedy’s
disease and dentatorubropallidoluysian atrophy, a CAG triplet repeat expansion encodes

an expanded polyQ stretch, and the resulting mutant proteins misfold, often forming protein

37



214

inclusions “**. An important role for the UPS is suggested in these disorders, namely through

the observation that the presence of ubiquitin-positive protein intranuclear inclusions is a

common feature 2>,

In HD UPS dysfunction was demonstrated in several models 2%’

, and ubiquitin-positive polyQ
inclusions were found in the brain of HD as in other neurodegenerative diseases such as MJD,
spinocerebellar ataxia type 7 (SCA7) and dentatorubral-pallidoluysian atrophy patients
215218219 Hgwever, the question of whether the UPS dysfunction is the cause or a consequence
in neurodegenerative diseases is still under debate. In a transversal study using cell lines, HD
mice and post-mortem brains of HD patients, it was suggested that accumulation of N-terminal
fragments of mutant huntingtin (htt), which may be toxic and drive the formation of
aggregates through "seeding" effects, were a consequence of age-related UPS dysfunction
rather than its cause *°. A recent study also suggested that toxic htt forms do not impair the
proteasome and that, instead, the impairment of the UPS arises from the accumulation of N-

221 Supporting this model, an HD mouse study showed no global

terminal fragments
impairment of UPS activities, and the forms of polyubiquitylated proteins accumulated in this
model were of a different nature than those found upon proteasome inhibition ?*2. In contrast,
impairment of the UPS was demonstrated in transfected HEK293 cells upon polyQ aggregation,
even before inclusion body formation *®. A recent report reconciles apparently different
models, demonstrating a poly-Q-induced global UPS impairment in vivo in a mouse model of
HD *’. These authors attributed the discrepancy between the results obtained in different
models to the early onset of the disease in transgenic animals, which are therefore exposed to
mutant htt for longer periods. This may lead to adaptation and formation of inclusion bodies,
restoring of the UPS function, and this was suggested in the earlier studies to be beneficial in

22 Recent reports trying to further unravel the mechanisms

the context of the disease
through which the UPS might be related to the disease showed that mutant htt interferes with
the degradation of B-catenin, leading to its toxic accumulation ***.

The loss of the de-ubiquitylating enzyme Usp14 due to the ax’ mutation in ataxia mice was
suggested to lead to a decrease in the availability of monomeric ubiquitin > and to synaptic
transmission defects **°, which may be due to a dysfunction in the Usp14-regulated gamma-

198

aminobutyric acid type A (GABA,) receptor turnover ~°. Neuronal expression of Usp-14 was

able to rescue the motor system defects observed in mice carrying the ax’ mutation %/,
showing that the function of this DUB is highly relevant in neurons. Intriguingly, recent work
has described inhibition of ubiquitin-protein conjugate degradation, in vitro and in vivo, by
USP-14. This occurs through the trimming of substrate-bound ubiquitin chains on the

proteasome. A specific inhibitor of USP-14 was described, 1-[1-(4-fluorophenyl)-2,5-
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dimethylpyrrol-3-yl]-2-pyrrolidin-1-ylethanone, that can potentially be used to enhance
proteasome function, and to improve clearance of misfolded proteins in neurodegenerative
diseases **%.

Alzheimer’s disease, the most common neurodegenerative disease in humans, is characterized

by the accumulation of extracellular amyloid-f plagues and intracellular neurofibrillary tangles

22 As in other neurodegenerative diseases, the identification of ubiquitin immunoreactivity in

206

histological lesions suggested the link between UPS and disease . A more direct link was

established with the finding of a mutant form of ubiquitin in AD patients, ubiquitin-B+1
(UBB+1). This aberrant ubiquitin has a 19-amino-acid C-terminal extension that lacks the C-
terminal glycine essential for substrate ubiquitylation, and was detected in the cortex in brain
sections of AD patients, as well as in elderly controls whenever plaques and tangles were also
present 2°. Accumulation of UBB+1 leads to neuritic beading, mitochondrial stress and
neuronal degeneration in primary cultures of cortical neurons. UBB+1 is a UPS-substrate itself,
being degraded at low levels; however, at high expression levels it inhibits the proteasome *'.
Table 3 shows examples of components of the UPS involved in nervous system diseases and

their homologues in C. elegans.

1.3.2.1 - The UPS in Machado-Joseph disease

Machado-Joseph disease (MJD) or spinocerebellar ataxia type 3 is a polyQ disorder,
polyglutamine tract expansion in ataxin-3 leads to the development of the disease **°.

Ataxin-3 (ATXN3) is a deubiquitylase (DUB) present in all or most tissues in humans and mice

2223 |t s a component of the Ubiquitin Proteasome System (UPS) that acts as a

deubiquitylating enzyme ***** having several described functions ranging from: sequestering

234,235 236,237

aggregated proteins in aggresomes , modulating E3 ubiquitin ligases , to regulate

49,238,239

protein degradation and stress response , to determining cell adhesion and cytoskeletal

238,240 2 11,49,238

structure , modulating cell differentiation **° and regulating transcription . Until

now ataxin-3 deubiquitylating activity has been described towards to Carboxy Terminus of

48,237 236,241

Hsc70 Interacting Protein (CHIP) and to the Parkinson Disease related E3 parkin

Although polyQ diseases are thought to result predominantly from a gain of toxic function, due
to the presence of the expansion of the polyQ tract, it is nevertheless intriguing that the

protein involved in this particular disease has been reported to possess DUB and de-NEDDylase

242-244

activity , and interacts with valosin-containing protein (VCP) ***?* HHR23A and B %%,

241

parkin **, C terminus of Hsc70-interacting protein (CHIP) **” as well as with components of the
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%8 In the search for physiological roles of ataxin-3 and for the mechanisms of

proteasome
pathogenicity, Pittman and colleagues suggested that ataxin-3 with an expanded polyQ tract
displays increased affinity to VCP, preventing the assembly of the complex - VCP/Ufd1-Npl4 -
responsible for the retranslocation of proteins from the endoplasmatic reticulum to the
cytosol where ubiquitylated proteins are degraded by the proteasome — the endoplasmatic
reticulum-associated degradation (ERAD) **.

The C. elegans orthologue of ataxin-3 (ATX-3) also has DUB activity and interacts with the
worm homologue of VCP and with UBXN-5, a VCP adapter thought to be involved in the

250

transport of specific substrates to the proteasome “>". The ubiquitin ligase CHIP, that interacts

with chaperones to promote the degradation of misfolded proteins ***, has been previously

described to interact with ataxin-3 >

, but the functional meaning of this interaction was
unknown. Scaglione and co-workers identified the ubiquitin—conjugating enzyme Ube2w as
responsible for CHIP mono-ubiquitylation and showed that this ubiquitylation stabilizes the
interaction of CHIP with ataxin-3. In this complex, ataxin-3 is responsible for the editing of the
ubiquitin chains of substrates associated to CHIP promoting their turnover. Ataxin-3 is also
able to deubiquitylate CHIP upon the accumulation of polyubiquitylated substrates. This
dynamic process is disturbed in the context of expanded-polyQ ataxin-3, since the altered form
of the enzyme shows an approximately 6-fold increase in the affinity for CHIP. The functional
meaning of this increased affinity is still not known but in this study it was observed that SCA3
mice (model of MJD) showed a significant decrease in CHIP levels compared with wild-type

animals %%’

, Which suggests that the increased affinity of ataxin-3 for CHIP results in CHIP
degradation with the consequent deregulation of protein quality control mechanisms. Another
contribution to the understanding of the disease came from a recent study demonstrating that

1% _interact both in

ataxin-3 and parkin — an E3 ligase responsible for a familial form of PD
vitro and in cells, and that ataxin-3 has DUB activity towards parkin. The expanded-polyQ
version of ataxin-3 deubiquitylates parkin more efficiently and is also responsible for increased
parkin degradation through the autophagy degradation pathway ***, and this correlates with

253

decreased parkin levels in a transgenic mouse model of the disease “°. Taking into account the

247236 the fact that expanded-polyQ ataxin-3-induced parkin

neuroprotective role of parkin
clearance is altered might contribute to neurodegeneration in MJD.

Intriguingly, and perhaps counter-intuitively, ATX-3 knock-out C. elegans strains show an
improved response to heat stress, with higher expression of chaperones >*, suggesting a
negative regulatory role for this protein in the stress response or perhaps an adaptation of the

knock-out strains to a permanent proteotoxic stress. Another insight to the ATX-3- mediated

mechanisms of lifespan regulation was given by the finding that CDC48 and ATX-3
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synergistically cooperate in ubiquitin-mediated proteolysis and in ageing regulation. Worms
deficient in both ATX-3 and CDC48 have extended lifespan and it was suggested that this was
mediated by the regulation of ubiquitylation of substrates involved in the insulin-IGF-1
signalling *°. How the normal function of ataxin-3 can be related to disease in this context

remains to be further clarified.

1.4 - The UPS in calcium homeostasis deregulation

The deregulation of calcium homeostasis is a common feature not only in neurodegenerative
diseases but also in the cases of brain injury and epilepsy with the consequent excessive
release of glutamate, also here the UPS plays a relevant role. Infusion of rats infused with 6-
hydroxydopamine (6-OHDA), a known inducer of a PD-like phenotype lead to a significant
increase of glutamate in cerebral cortex of injected animals, and also to an upregulation of the

27 A reduction in the expression of

N-methyl-D-aspartate (NMDA) type glutamate receptors
the GLAST glutamate transporter, involved in the reuptake of extracellular glutamate and in
maintaining physiological extracellular glutamate concentrations **¢, was also observed **’. All
these alterations are consistent with a deregulation of calcium homeostasis in PD with an
excessive activation of glutamate receptors and consequent excitotoxicity. According with
previous studies that described enhancement of glutamate receptor activation and

compromised calcium homeostasis in Huntington’s disease (HD) >%*°*

, a study recurring to the
yeast artificial chromosome (YAC) mouse model of Huntington’s disease (YAC128 - that
develops motor abnormalities, age-dependent striatal atrophy and neuronal loss) described a
significant increase in the binding of glutamate to its NMDA, AMPA and metabotropic
receptors. This was due to an increase in the glutamate receptors present in the synaptic

membranes and not due to alterations in mRNA %

. The mislocalization of glutamate receptors
might explain some of the altered calcium homeostasis mechanisms identified previously.
Another study pinpoints that disturbed calcium signaling plays a pivotal role in the
degeneration of medium spiny striatal neurons (MSN) characteristic of HD, and that the

% Along with the other

expanded form of huntingtin is involved in this disregulation
autosomal dominant spinocerebellar ataxias (SCAs), evidence point that related to the
characteristic neurodegeneration in these diseases are molecular alterations that interference
with transcriptional regulation, protein aggregation and clearance, alter the ubiquitin-

264,265

proteasome system and deregulate calcium homeostasis . Alterations in calcium

homeostasis, its role in apoptosis and disarrangement of correct calcium
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2% |n MID the expanded ataxin-

compartmentalization have long been related to cytotoxicity
3, opposite to WT ataxin-3, has been described to bind to type 1 inositol 1,4,5-trisphosphate
receptor (InsP3R1), a calcium channel involved in diverse cellular functions and that is

activated by InsP3 2¢

. Mutant ataxin-3 binds specifically this receptor and induces calcium
release through sensitizing the receptor to the natural ligand (InsP3), while treatment with a
specific inhibitor of calcium release from the sarcoplasmic reticulum in skeletal muscles
improves the behavior of SCA3 mice (mouse model of MJD). Calcium inhibitors also decreased
neuronal loss in pontine nuclei and substantia nigra, which are among the most affected brain
areas in the disease *%.

Brain damage in traumatic brain injury, epilepsy, and consequent hypoxia-ischemia, excessive
release of the neurotransmitter glutamate is known to lead to an excessive calcium
accumulation and consequent neuronal death *****’*. The specific contribution of the UPS to
the mechanisms of excitotoxicity, namely the contribution to the cleavage of the Gamma-
Amino Butyric Acid (GABA) synthesis responsible enzyme — Glutamic Acid Decarboxylase (GAD)

272

was, however, still not evaluated. GAD occurs in two isoforms, GAD65 and GAD67°'%, while the

273-275

first is responsible for the synthesis of the synaptic vesicles GABA , the second, besides

constitutively active, produces the cytosolic pool of GABA and is responsible for the fine tuning

276-280

of inhibitory transmission . Under excitotoxic conditions, activation of calcium-dependent

proteases occurs, and cleavage of both isoforms can be prevented with calpain inhibitors %

% Also cathepsin inhibitors were able to inhibit GADs ***

, suggesting the involvement of
multiple proteolytic enzymes in GADs cleavage under calcium deregulation. The activity of the
proteasome has been demonstrated to be downregulated in ischemia **® and inhibition of the

287"289, more recently it was

proteasome has proven to be protective in focal brain ischemia
described that excitotoxic stimulation leads to the disassembly of the 26S proteasome in its
subunits, and activation of extrasynaptic N-methyl-D-aspartate receptors (NMDA) is
responsible for toxicity *°. The role of the UPS in the cleavage of GAD enzymes is relevant
because it contributes to the understanding of the specific roles of the UPS when calcium

signaling in deregulated in cells, and to the understanding of GABA metabolism in these

conditions.
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1.5 - Targeting the UPS in disease

Combating neurodegenerative disorders by targeting the UPS is an attractive therapeutic

approach 181-184

, taking in consideration the significant involvement of UPS components in
these disorders, as described above. Perhaps the most challenging aspect of this strategy is to
define which step of UPS activity should be interfered with. The first drug used to target the
UPS was the proteasome inhibitor bortezomib that is now used in the treatment of multiple

myeloma under the approval of Food and Drug Administration in 2003 **

. Recently this
proteasome inhibitor was tested in rats subjected to ischemic reperfusion. The mRNA levels
for inflammatory mediators such as Inducible nitric oxide synthase (iNOS), intercellular
adhesion molecule (ICAM-1) and monocyte chemoattractant protein 1 (MCP-1) were
downregulated in bortezomib-treated animals. Other protective outcomes were the decrease
in the levels of NF-kB p65 subunit and the diminished apoptosis in IR animals *°2. These effects
observed under proteasome blocking reinforce the major role of the UPS under ischemic
conditions, and particularly in calcium deregulation situations. The protective effect of
inhibiting the proteasome and the fact that under these conditions the proteasome is already
compromised **° might seem contradictory, but some studies conclude that only a temporary
proteasome inhibition in the acute phase is protective while longer inhibition can be
deleterious **. As substrate selection in the UPS is driven by the ubiquitin ligases, targeting E3s
in the conjugation step would confer more specificity to the therapeutics. In the context of
cancer treatment some neurodegenerative disease-related E3s have been successfully drug
targeted. The E6-associated protein (E6-AP), that is involved in the etiology of Angelman’s
syndrome, has its mRNA downregulated in cervical cancer cells treated with mRNA decay

factor tristetraprolin (TTP), with the last showing an effective inhibition of this E3 2**

. Anyhow,
successful strategies interfering with E3s are still not easy to devise due to enzyme complexity
and lack of knowledge on mechanisms of catalysis **°, but with the increasing number of

296,297. The

neurodegenerative disease-related E3s this will be a pathway to further explore
inhibition of neurodegenerative disease-related DUBs has been pursued. Inhibition of USP-14
might be relevant for the clearance of misfolded proteins according to the study that
postulates that USP14 inhibits the degradation of ubiquitin-protein conjugates. Inhibition of
USP14 by 1-[1-(4-fluorophenyl)-2,5-dimethylpyrrol-3-yl]-2-pyrrolidin-1-ylethanone (IU1), lead
to increased proteolysis of neurodegenerative-related proteins, namely overexpressed Tau in

murine embryonic fibroblasts was substantially more degraded upon USP14 inhibition, and the

MJD-related protein ataxin-3 both in the WT and expanded polyQ form was downregulated
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228 Caution must be taken about the implications of this approach, since it

upon IU1 treatment
can-not be ignored that decreased levels of USP-14 in USP14 ax’ mice also lead to redistributed
membrane expression of GABA, receptors and consequent altered synaptic transmission,
resulting in ataxia *®. Another approach is to facilitate substrate degradation by the UPS; this
can be achieved, amongst other possibilities, by induction of heat shock protein expression.
This has been attempted with Geranylgeranylacetone ****%°, 17-(Allylamino)-17-
demethoxygeldanamycin (17-AAG) and 17-(Dimethylaminoethylamino)-17-

30 Taking into account the

demethoxygeldanamycin (17-DMAG), among other molecules
deleterious effects that disturbing such a widespread system evoke, the combinatorial use of

UPS modifiers might be the greatest promise for the research in this field.
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Chapter 2

HSP60: a new ataxin-3 interactor.
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Abstract

Heath shock protein 60 (HSP60) is a molecular chaperone predominantly located in the
mitochondria but also present in other sub-cellular compartments. It is present in mammalian
cells in monomeric, heptameric and tetradecameric forms and besides its protein folding role
it is also involved in the regulation of many physiological processes such as modulating post-
translation modifications, transcription regulation and acting as a ligand to modulate signaling
cascades. In this study we demonstrate for the first time that HSP60, both in the monomeric
and heptameric forms, is able to interact with the Machado-Joseph disease-related protein

Ataxin-3 (ATXN3). We defined the interaction as being direct and identified the Josephin
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domain of ATXN3 as the responsible for this interaction; furthermore, we show that the
interaction takes place in differentiated neuronal cells, thus opening the possibility that it may

be of relevance for proteostasis in this cell type and for its unbalance in MJD.

Introduction

The HSP family consists of high and low molecular weight chaperones, first identified as
proteins induced upon heat shock treatment. Molecular chaperones are highly conserved
specialized proteins which occur in all organisms and play a key role in cell maintenance and

survival. Their role is to facilitate correct folding of newly synthesized (nascent) or denaturated

301-303

(misfolded) proteins, preventing their loss of function and/or aggregation . Type |

chaperonins are molecular chaperones of the HSP60 family found in bacteria, mitochondria

304

and chloroplasts . The 60-kDa heat shock protein (HSP60) is a resident of the mitochondrial

matrix, also present in the cytoplasm and nucleus, and is a vital cellular complex that mediates

the folding of unfolded or misfolded mitochondrial proteins **7%. It is a homologue of GroEL

(prokaryotic chaperone) and complexes with HSP10, a homologue of the prokaryotic GroES *®.

The mechanism of action of this complex has been described in E. coli. A misfolded or unfolded
protein binds to the surface of one GroEL ring, followed by ATP-dependent GroES binding to
that ring which causes an increase in the cavity size formed by GroEL, together with a switch
from hydrophobic to hydrophilic environment inside the cavity. These conformational changes

allow release of the substrate to the interior of the cavity, where the protein can fold correctly

310-312

Ataxin-3 (ATXN3) is a deubiquitylase (DUB) present in all or most tissues in humans and mice

50,232 48,232

. Functions of ATXN3 range from the editing of ubiquitinated proteins , sequestering

234,235 236,237

aggregated proteins in aggresomes , and modulating E3 ubiquitin ligases , to

49,238,239

regulate protein degradation and stress response , to determining cell adhesion and

238,240 240

cytoskeletal structure , modulating cell differentiation and regulating transcription

1149238 - Eypansion of a polyglutamine tract in ATXN3 results in the development of the

neurodegenerative disease Machado-Joseph disease (MJD), also called spinocerebellar ataxia

196

type 3 7°. MID is the most common dominantly inherited ataxia worldwide, and is a protein

conformational disease defined by the accumulation of proteins with altered conformations

313
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Unchecked protein aggregation and misfolding are major features of age-related

31 polyglutamine diseases arise when proteins bearing an

neurodegenerative diseases
expanded polyglutamine tract adopt non-native conformation that favors their aggregation
and the formation of protein aggregates. Misfolding and aggregation of these proteins results
in gained cytotoxicity promoting inappropriate interactions that are detrimental to the cell or

315,316

may confer loss of function to those proteins . The cooperative action of molecular

chaperones allows proteins to avoid aggregation, and this has been described for several

317-319

diseases . Specifically in the case of HSP60, inactivation of chaperonin has been

demonstrated to be the cause for neurodegenerative diseases. In hereditary spastic paraplegia

(SPG13) the V98I point mutation leads to decreased ATPase activity *****

, and consequently a
deficiency in the folding capacity of HSP60. In MitCHAP60 disease the mutant protein D3G
destabilizes the oligomeric native form of HSP60 and is suggested that this leads to decreased
activity of the enzyme and consequent deficit in folding capacity ***°%.

In the current study we describe the interaction of HSP60 with ATXN3. Given the important
role of HSP60 in preventing protein aggregation and the involvement in the neurodegenerative
diseases described above, this new interaction might undercover new molecular pathways
that are likely to be relevant for cellular homeostasis. By using an array of techniques we were
able to purify the oligomeric form of HSP60 and demonstrate that it interacts directly with
ATXN3; this interaction occurs both in vivo (in neurons) and in vitro. The physiological
relevance of the interaction was still not clarified, and further studies will be needed to

undercover the potential role of HSP60 in the pathogenesis of MJD.

Experimental Procedures

Expression plasmids and recombinant proteins

GST and GST-NEDD8 expression clones were previously produced in our laboratory using a
human cDNA library ***; DNA constructs for expression of Hiss -tagged ATXN3-varl.1 (full-
length of ataxin-3 variant 1.1 with three UIMs-ubiquitin interacting motifs) and Hisg -tagged
Josephin domain (only the Josephin domain-JD) were produced as described ***; DNA for Hisg -

tagged D1 (JD plus two UIMs) and GST-HSP60 DNA was previously produced in our laboratory

244
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Generation of pET_GB1-HSP60 was performed by amplification of GST-HSP60 DNA with the
primers HSP60_Ncol (5'-CCGGCCATGGGGCTTCGGTTACCCACAGTC-3’) and HSP60_Acc65 (5'-
CCGGGGTACCTTAGAACATGCCACCTCCCATAC.3’) and inserted in the pET_GB1 vector between

the restriction sites for Ncol and Acc65l.

Generation of Hisg -tagged mature HSP60

The nucleotide sequence encoding the mature form of human mHsp60 was amplified from
pET_GB1-HSP60 DNA and inserted between restriction sites for Ncol and Acc65I into a
modified pET using mHSP60_Ncol (5-CCGGCCATGGGGGCCAAAGATGTAAAATTTGG-3’) and
mHSP60_Acc65! (5'-CCGGGGTACCTTAGAACATGCCACCTCCCATAC-3’) primers.

Expression of recombinant proteins

Expression of GST, GST-NEDD8, GST-HSP60, pET_GB1-HSP60, pET_GB1-mHSP60 and all the
Hise-tagged versions of Ataxin-3 was induced in Escherichia coli strain BL21(DE3) (Invitrogen),
whereas expression of GST-HSP60 was induced in BL21(DE3)-SI cells (Invitrogen) using 300 mM
NaCl. After inoculation of one colony of interest in 50 ml of LB broth medium supplemented
with the appropriate antibiotic — ampicillin 50 pug/ul or kanamycin 100 pg/ul — cells were let to
grow overnight. The overnight culture was diluted 1:10 in 2 litres of Luria Broth (Formedium)
medium with (GST, GST-NEDDS8, pET_GB1-HSP60 and pET_GB1-mHSP60) or without (GST-
HSP60) NaCl (10g/l), ampicillin 50 pg/ul or kanamycin 100 pg/ul was added and cells were
grown at 37°C until the ODg™~0.5. Temperature was adjusted to 37°C during 30 minutes and
protein expression was then induced with IPTG (1 mM) or NaCl (300 mM) 3 hours at 37°C.
Expression was evaluated by SDS-PAGE analysis after lysate preparation.

Cells were then collected through centrifugation (4000 rpm; 30 minutes) and lysed at 4 2C in
20 mM Sodium Phophate, 10 mM imidazole, 500 mM NaCl at pH 7.5 in the presence of
lysozyme (50 pg/mL), phenylmethylsulfonyl fluoride (0.5 mM) and MgCl, (10 mM) followed by
sonication (4 minute with a 50% duty cycle). The protein extract was then centrifuged (20000

rpm; 30 minutes) and the supernatant was recovered.
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Purification of GST-tagged recombinant proteins

Protein extracts were filtered (0.45 pm Low Protein Binding Durapore”, Millex’, Millipore) and
loaded onto a 5ml Glutathione Sepharose 4B column (Amersham Biosciences) pre-equilibrated
in lysis buffer. The extract was allowed to recirculate in the column during 1 hour at 2 ml/min
using a peristaltic pump (EP-1 Econo Pump, Bio-Rad). After being washed extensively with PBS,
the recombinant protein was eluted with 10 mM L-Glutathione reduced (Sigma). Recombinant
proteins were kept in lysis buffer plus 5% glycerol and 1mM dithiothreitol (DTT) and frozen in
liquid nitrogen. Fractions suitable for further purification were selected by SDS-PAGE analysis
and then applied to a gel filtration column (Superdex 200 10/300 — GE Healthcare) powered by
an AKTA FPLC system (AKTA Prime Plus, GE Healthcare) and previously equilibrated in sample
buffer (20 mM HEPEs, pH 7.5; 200 mM NaCl; 5% glycerol; 1 mM DTT) for further separation of
the GST-tagged recombinant proteins. After SDS-PAGE evaluation of the fractions collected by
gel filtration, the purest fraction was concentrated on 15 ml concentrators (Amicon” Ultra-4,
Millipore). Protein concentration was evaluated using a NanoDrop® ND1000
Spectrophotometer (Thermo Scientific) and subsequently proteins were liquid nitrogen frozen

and stored at - 80°C.

Purification of Hisg -tagged recombinant proteins

Hise-tagged versions of Ataxin-3 - ATXN3-varl.1l, Josephin domain and D1 — were purified

previously in our laboratory as described ***

. Cell lysates of pET_GB1-HSP60 expression were
collected by centrifugation and lysed in Buffer A (20 mM NaH,PO,/Na,HPQO,; 300 mM NaCl; 10
mM Imidazole) supplemented with lysozyme (50 pg/mL), PMSF (0.5 mM) and MgCl, (10 mM)
followed by sonication (4 minute with a 50% duty cycle). Extracts were than centrifuged
(20000 rpm; 30 minutes) and supernatant was recovered. Protein extracts were filtered,
loaded onto a 5 mL HisTrap HP column (GE Healthcare) previously equilibrated on Buffer A and
let recirculate for 1 hour at 1 ml/min on a peristaltic pump. Recombinant protein was eluted in
three steps by addition of increasing concentrations of Buffer B (50 mM NaH,P0,/Na,HPO, pH
7.5; 300 mM NaCl; 500 mM Imidazole) with a flow rate of 1ml/min. Evaluation and
concentration of purified protein were performed as described for GST-tagged recombinant
proteins.

To further separate the isolated proteins, fractions were supplemented with 2mM EDTA, 1mM

DTT and 10 mM MgCl, and applied to Superdex 200 10/300 previously equilibrated in 50 mM
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NaH,P0O,/Na,HPO,, pH 7.5; 300 mM NaCl; 2 mM EDTA; 1 mM DTT and 10 mM MgCl,. Selected
fractions were fractionated on a Superose 12 10/300 GL column (GE Healthcare) at a flow rate
of 0,5 ml/min. Following fraction collection these were analyzed by SDS-PAGE and stored at -

80°C after liquid nitrogen freezing.

Reconstitution of oligomeric HSP60 with mature form of the protein

Cell lysates of pET_GB1-mHSP60 expression were collected by centrifugation and lysed in lysis
buffer (50 mM Tris-HCI pH 7.5; 100 mM NacCl; 10 mM Imidazole) supplemented with lysozyme
(50 pug/mL), PMSF (0.5 mM) and MgCl, (10 mM) followed by sonication (4 minute with a 50%
duty cycle); the supernatant was recovered after centrifugation (20000 rpm; 30 minutes).
Protein extracts were filtered, loaded onto a 5 mL HisTrap HP column (GE Healthcare)
previously equilibrated on Buffer A (50 mM Tris-HCI pH 7.5; 500 mM NaCl; 10 mM Imidazole)
and let to recirculate for 1 hour at 1ml/min on a peristaltic pump. Recombinant protein was
eluted in three steps by addition of increasing concentrations (10%, 40% and 70%) of Buffer B
(50 mM Tris-HCl pH 7.5; 500 mM NaCl; 500 mM Imidazole) with a flow rate of 1ml/min.
Enriched protein fraction (~20 ml) was incubated with Tobacco Etch Virus (TEV) in an
enzyme/substrate molecular ratio of 1:2 during 2 hours at room temperature plus overnight
incubation at 4°C, and at the same time dialyzed against Dialysis Buffer (50 mM Tris-HCI pH
7.5; 200 mM NaCl; 10 mM Imidazole; 2.5 mM B-mercaptoethanol). Mature HSP60 (mHSP60)
was purified by removing the histidine tag previously associated with the protein and present
in solution, through incubation during 2 hours on nickel agarose beads (Jena Biosciences) that
were previously equilibrated on dialysis buffer. Flowthrough corresponding to mHSP60 was
recovered and concentrated, during the concentration buffer was changed to eliminate
imidazole so protein could be liquid nitrogen frozen. Concentrated protein was diluted
approximately 20 times in buffer without NaCl (50 mM Tris-HCI pH 7.5; 2.5 mM pB-
mercaptoethanol) so that a concentration of ~10 mM NaCl could be reached. Diluted protein
was loaded onto an anion-exchange chromatography column - 1 ml Mono Q 5/50 GL column
(GE Healthcare), and eluted with a 10-column volume linear gradient of 10 mM — 1000 mM
NaCl. Fractions forming the major peak containing mature HSP60 (monomeric form) were
pooled and concentrated to approximately 40 pg/ul so oligomerization protocol (3) could be
applied. Protein was supplemented with glycerol (5% v/v), DTT (2.5 mM), and Nacl
concentration was adjusted to 300 mM. To 200 pl concentrated protein (~40 ug/ul) was
added: KCI (20 mM); Mg(CH5COO), (20 mM); Adenosine-5'-triphosphate (ATP) pH 7.5 (4 mM)
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and 350 ul of Oligomerization Buffer (50 mM Tris-HCI pH 7.7; 300 mM NaCl; 10 mM MgCl,)
following 90 minutes incubation at 30°C. Resultant protein forms were kept at 25°C and then
loaded onto an gel-filtration column (Superose 6 10/300 GL, GE Healthcare) equilibrated in S6
Buffer (10 mM HEPEs pH 7.4; 160 mM NacCl; 50 uM Ethylenediaminetetraacetic acid (EDTA)).
During all the process proteins were not subjected to temperature lower than 25°C, since this

is crucial to maintain stable the oligomeric form of HSP60 3%

. The main peak fractions
corresponding to low molecular weight HSP60 species or oligomers of HSP60 were pooled and

concentrated and immediately kept at -80°C after liquid nitrogen frozen.

Calibration of Superose 6 analytical size-exclusion chromatography column

Superose 6 column (GE Healthcare) was assembled into an AKTA purifier 10 system (GE
Healthcare) and equilibrated with buffer S6 (150mM NaCl, 5% (v/v) glycerol, 5 mM MgCl,,
1mM EDTA, 1mM DTT, 20 mM Tris-HCl, pH 7,5). Blue dextran 2000 was used for determination
of the void volume and albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa), ferritin (440
kDa) and thyroglobulin (669 kDa) were used for column calibration (all proteins except ferritin
— 1 mg/ml - were loaded at 10 mg/ml concentration). 100 pg of low molecular weight HSP60
species before oligomerization protocol or oligomeric HSP60 isolated after the oligomerization
protocol samples were loaded into the column. The calibration curve was prepared by
measuring the elution volumes of the standard proteins, calculating their corresponding K.,
values and plotting them versus the logarithm of their respective molecular weight. The K,

parameter was determined according to the equation:
V -V
K e 0
av V-V
t 0

where V, represents the elution volume,V, the void volume of the column, and V, the total bed

volume.
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Dynamic Light Scattering (DLS)

Molecular size measurements were carried out recurring to Zeta sizer Nano Zs DLS system
(Malvern Instruments). Samples of monomeric and oligomeric mature HSP60 at concentration
of 1 mg/ml in buffer H (10 mM HEPEs pH 7.5; 160 mM NaCl; 50 uM EDTA) were centrifuged at
100,000 rpm for 30 minutes at 4 2C in an AirfugeTM airdriven ultracentrifuge (Beckman
Coulter). Three independent measurements were obtained using a 45 pL DTS 2112 cuvette at
25°C for each sample. All data was then analyzed using DTS (nano) 6.01, the software of the
instrument ( Zetasizer Nano Series User Manual. MAN0317 Issue2. 1 July 2004

http://www.nbtc.cornell.edu/facilities/downloads/Zetasizer%20Manual.pdf)

Transmission Electron Microscopy (TEM)

For visualization by TEM, oligomeric species of mature HSP60 were adsorbed onto glow-
discharged, carbon-coated collotion film supported on 200-mesh cupper grids and negatively
stained with 2% (w/v) uranyl acetate to which was added NaOH (300 mM). HSP60 oligomers
were diluted in H20 from an initial concentration of 9.8 mg/ml to a final concentration of 0,6
mg/ml and immediately adsorbed the copper grids. Grids were visualized using a Transmission
Electron Microscope (model JEM-1400, Zeiss) at an accelerating voltage of 80 kV. The

experiment was repeated three times.

SH-SY5Y cell culture

The human neuroblastoma SH-SY5Y cell line (ATCC number CRL-2266) was cultured in a 1:1
mixture Dulbecco’s Modified Eagle Medium and Ham’s F12 nutrient (Invitrogen) supplemented
with 10% (v/v) fetal bovine serum, 2mM glutaMAX (Invitrogen), 100U/mL penicillin, 100ug/mL
streptomycin and 25ng/mL puromycin (Sigma Aldrich). The cells were incubated in a
humidified 3792C/95%-air/5%-C0O2 incubator. The medium was changed every two days.
Differentiation was induced by 0.1uM all-trans-retinoic acid (Sigma Aldrich) in opti-MEM
(Invitrogen) supplemented with 0.5% fetal bovine serum and penicillin/streptomycin during 7

days. Medium was replaced every two days.
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Immunofluorescence and Immunoprecipitation assays

SH-SY5Y cells were grown on coverslips and after differentiation were stained for mitochondria
using MitoTracker® Deep Red FM (Invitrogen); media was replaced and cells were incubated
for thirty minutes with 50 nM of MitoTracker® in fresh media in the incubator. Cells were then
fixed for 10 minutes in freshly prepared 4% p-formaldehyde (Sigma) in phosphate-buffered
saline (PBS), permeabilized with PBS/0,1% Triton X-100 for 5min, washed in PBS 3 times and
blocked with PBS/5% BSA for 30 minutes at RT. Hsp60 was detected after 1-hour incubation
with anti-hsp60 (SPA-828; Stressgen) at 1:200 in PBS/1% BSA, ATXN3 was detected with anti-
SCA3 (1H9, Chemicon). Fluorescent secondary antibodies (Alexa Fluor 488 rabbit anti-goat and
Alexa Fluor 568 rabbit anti-mouse, Molecular Probes) were used at 1:500 during 1-hour
incubation. DNA was stained using DAPI (Sigma) at 1 pug/ml during 10 minutes at RT. Cells were
visualized in a Olympus FV100 confocal microscope (Olympus, Tokyo, Japan). For
guantification of colocalization specific regions of singly labeled cells were selected first to set
the thresholds. Then selected regions of interest were used for pixel quantification.
Colocalization was calculated using Olympus FV1-ASW software, which calculates overlap and
colocalization coefficient as derived from Mander’s article based on Pearson’s correlation
coefficient.

Overlap coefficient: [£(Ch1i)(Ch2i)]/[V(sum(Ch1i)2(Ch2i)2)]

The values for the overlap coefficient range from 0 to 1. An overlap coefficient of 1 represents

perfectly colocalized pixels.

Pearson’s correlation: [Z(Chli — Chlavg)(Ch2i)(Ch2avg)]/[V(sum(Chli — Chlavg)2 (Ch2i —
Ch2avg)2)]

Because each pixel is subtracted by the average pixel intensity, the value for Correlation R can
average from -1 to 1. A value of 1 would mean that the patterns are perfectly similar
(colocalized), while a value of -1 would mean that the patterns are perfectly opposite.

For immunoprecipitation SH-SY5Y differentiated cells were lysed in lysis buffer(50 mM Tris-HCI
pH 7.5; 150 mM NacCl; 0.5 % (v/v) NP-40; 1mM EDTA) plus protease inhibitors (Roche) and
briefly sonicated. The lysates were then pre-cleared with Protein-G Sepharose (GE Healthcare)
for 1 hour at 4°C and then incubated with 4 pl of HSP60 antibody for 1 hour at 4°C. The
immunocomplexes were precipitated with 50 pl of Protein-G sepharose for 2 hours at 4°C.

Sepharose beads were washed 4 times in lysis buffer and finally eluted in 30 pul of 2X SDS
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sample buffer. The eluted proteins were analysed by immunoblot with anti-ATXN3 antibody

(MJD 1.1).

GST pull-down

The purified GST or GST-tagged proteins (2 pg) were incubated with 30 pl of Glutathione
Sepharose beads 4B (GE Healthcare) for 1 hour at 4°C in 100 ul of binding buffer (50 mM Tris-
HCl pH 7.5; 150 mM NaCl; 1% Triton X-100; 10% glycerol; 1 mM DTT; 1mM EDTA) and
thoroughly washed after with binding buffer. ATXN3 was then added (2pg) and incubated for 2
hours at 4°C in a rotating wheel. Incubations of GST, GST-Hsp60 and GST-NEDD8 were
performed in 3% BSA. Bound fractions were washed 4 times in 500 pl binding buffer without
glycerol and with 300 mM NacCl, eluted in 30 pl 2X SDS sample buffer and then were analysed
by SDS-PAGE. Immunoblots were performed using goat anti-GST (1:7500, GE Healthcare), or
rabbit anti-MJD 1.1 (1:25000) antibodies, all diluted in 1% SM/PBS-T (1% skimmed milk in
PBS/Tween20 0,05%). Secondary HRP-conjugated antibody incubations were as follows: anti-
goat (Santa Cruz Biotechnology) at 1:10000 in 1% SM/PBS-T and anti-rabbit (Santa Cruz
Biotechnology) 1:25000 in 1% SM/PBS-T. Detection was carried with ECL (GE Healthcare).

Surface Plasma Resonance

The Biacore apparatus from GE Healthcare, Biacore X100 system (Uppsala,Sweden) was used.
All experiments were carried out at 10 °C. His6 -tagged ATXN3 was linked to the surface of a
flow cell on a research grade NTA (nitriloacetic acid) sensor chip (Biacore). The NTA surface
was saturated with nickel (500 pM) at 10 pl/min flow rate and washed extensively with A
buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 50 uM EDTA, 0.05% Tween). The binding kinetics
of HSP60 to immobilized ATXN3_His6 was determined by increasing HSP60 concentration (0 -
1000 nM) in P buffer at a flow rate of 30 pl/min. The sensor chip surface was regenerated by
Regeneration Buffer (0.01 M HEPES, pH 8.3, 0.15 M NACI, 0.35 M EDTA, 0.05% Tween) at a
flow rate of 30 pl/min. Unspecific binding was evaluated using another flow cell of the same
sensor that was treated as above but in the absence of HSP60 (Flow Cell 1). The kinetic

parameters of the binding reactions were determined using Biacore T100 evaluation software
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(Biacore). The final sensorgram was calculated by substracting the signal of the control (Flow

Cell 1) from that of the test (Flow Cell 2), and results expressed in resonance units.

Results

HSP60 interacts with ATXN3 in vivo
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Figure 1 — Endogenous ATXN3 interacts with HSP60. SH-SY5Y differentiated cells were
harvested and the supernatants pre-cleared with protein-G sepharose beads. Supernantants
were then incubated for 1 hour with or without (Ct -) anti-hsp60 antibody (Stratagen);
immunocomplexes were subsequently separated by SDS-PAGE and immunoblotted with
anti-SCA3 antibody.

In order to investigate if endogenous HSP60 and ATXN3 proteins were able to interact in the
context of mammalian brain cells we performed immunoprecipitation using extracts of
differentiated SH-SY5Y neuroblastoma cells. These cells are able to synthesize proteins unique
to a neuronal phenotype **° and are routinely used, after differentiation with all-trans-retinoic

327-330

acid, in studies to understand molecular pathways in neurons , and also in the context of

331,332 333

neurological diseases , namely in the formation of polyglutamine aggregates **°, thus
being a good model to study the possible interaction of HSP60 and ATXN3 in the nervous
system. Extracts of differentiated SH-SY5Y cells were subjected to immunoprecipitation with
an anti-HSP60 antibody. Immunoblotting with specific antibody against ATXN3 showed that a
fraction of this protein co-precipitated with HSP60 (Figure 1), indicating that the two proteins
are able to interact in vivo in neuronal cells. To further verify the interaction between the two
proteins and their subcellular localization we performed confocal microscopy in differentiated

SH-SY5Y cells (Figure 2). HSP60 displayed a cytoplasmic and mostly mitochondrial localization,
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as shown by the quantification of the co-localization (82% of the pixels for HSP60 in the

selected region of interest co-localize with Mitotracker® pixels), and in accordance with

308,334

previously described observations . ATXN3 had a more widespread localization being

335
, and

present both in the cytoplasm and nucleus according to previous results in these cells
also a showed a strong co-localization with the mitochondria (70% co-localization). Merged
images of single stack images showed strong co-localization of ATXN3 with HSP60 (90% co-
localization), especially in the mitochondria. This result reinforces that HSP60 and ATXN3 are

binding partners in neuronal cells.
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Figure 2 — Endogenous Hsp60 and ataxin-3 co-localize in SHSY5Y cells. A, The human
neuroblastoma SH-SY5Y cell line was differentiated during 7 days using all-trans-retinoic
acid, stained for the different proteins and subcellular compartments and images were
visualized using confocal immunofluorescence microscopy . A, Single staining for: HSP60
(green); ataxin-3 (red); mitochondria (blue) and nuclei (white). Co-localization of the
different pairs of proteins/compartments, merged image of: hsp60 plus ataxin-3; hsp60 plus
mitochondria; ataxin-3 plus mitochondria and merged image of all stainings. B, Analysis of
co-localization using overlap coefficient of designated areas (ROl — regions of interest) for
HSP60ATXN3; HSP60/mitochondria and ATXN3/mitochondria; co-localization was calculated
using Olympus FV1-ASW software.

ATXN3 and HSP60 interact directly in vitro

To investigate if the interaction of ATXN3 with HSP60 was direct and not the result of the
interaction with other proteins, we initially expressed and purified GST and a GST-tagged

324

version HSP60 and a Hisg-tagged version of ATXN3 °“*. As observed in Figure 5 the recombinant
protein containing GST fused to HSP60 bound purified ATXN3. ATXN3 was also pulled down by
GST-NEDDS, used here as a positive control, since the interaction between NEDD8 and HSP60

has been previously described ***

. In contrast, GST was not able to pull-down ATXN3 indicating
that HSP60 interacts directly and specifically with ATXN3 in these conditions. This result has
additional functional significance, since we have confirmed through TEM and size-exclusion
chromatography (data not shown) that the purified GST-HSP60 protein does not form native
oligomeric structures, thus indicating that ATXN3 is able to interact with monomeric HSP60

and not just with the native functional active oligomeric state of the protein.
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Figure 3 — Protein expression of GST, GST-NEDDS8 in Escherichia coli strain BL21(DE3) and
GST-HSP60 in BL21(Sl). SDS-PAGE illustrating the protein expression profile; TO — protein
expression at time 0, before the induction of expression with IPTG; T3 — protein expression

profile 3 hours after induction with IPTG; T3s — soluble fraction of the total protein after 3
hours of expression; T3i — insoluble fraction of the total protein expressed.
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Figure 4 — Coomassie Blue-stained SDS—-PAGE (10 % acrylamide) representing GST, GST-
NEDD8 and GST-HSP60 purified proteins. Recombinant proteins after purification using

Glutathione Sepharose B column and further purification using gel filtration column (Superdex
200 10/300) as described in “Experimental procedures”.
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Figure 5 — ATXN3 interacts directly with HSP60 in vitro. The GST pull-down assay shows direct
interaction between ATXN3 and HSP60. Recombinant proteins used in this assay: Hisg-ATXN3
represents the full length of ATXN3 variant 1.1; GST; GST-NEDD8; GST-HSP60 and GST. Purified
GST, GST-NEDD8 or GST-HSP60 were incubated with full length ATXN3 and NEDD8. A — NEDD8
and ATXN3 were able to pull-down HSP60 while GST alone (negative control) failed to pull-
down HSP60.

Expression and purification of oligomeric mitochondrial HS

The folding of misfolded or unfolded proteins by chaperonins is performed by the coordinated
action of two oligomeric proteins, HSP60 (homologue of prokaryotic GroEL) and its co-
chaperone HSP10 (GroES in bacteria). GroEL is composed of fourteen identical subunits or
monomers, disposed in two heptameric rings that form a barrel-shape cavity that allows the

330337 " GroES is composed of seven subunits that form a dome-like

entrance of proteins
structure that, in the presence of ATP and Mg2+, binds to GroES *****°. Due to the ease with
which GroEL and GroES can be purified and to the stability of these bacterial oligomeric
proteins, most of the knowledge about HSP60 and HSP10 comes from bacterial studies.

340,341

Opposite to bacterial GroEL, HSP60 can function as a single heptameric ring and occurs in
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solution in a dynamic equilibrium between monomers, heptamers and tetradecamers %%,

Our objective was to reconstitute oligomeric HSP60 in its heptameric form to observe if in its

native form HSP60 was able to interact with ATXN3.

O T3 T3 T3

75 kDa - ;—_- — e = |- HSP60
50 kDa - —

Figure 6 — Protein expression of mature HSP60 in Escherichia coli strain BL21(DE3). SDS-PAGE
illustrating the protein expression profile; TO — protein expression at time 0, before the
induction of expression with IPTG; T3 — protein expression profile 3 hours after induction with
IPTG; T3s — soluble fraction of the total protein after 3 hours of expression; T3i — insoluble
fraction of the total protein expressed.

HSP60 is encoded by nuclear DNA, synthesized as a large precursor form containing an N-
terminal targeting sequence necessary for its mitochondrial import and is cleaved during the

345

processing to the mature form in the mitochondrial matrix *”. We started by cloning the

mature form of HSP60 3%

so we would be able to purify the oligomeric form of HSP60.
Expression of pET_GB1-mHSP60 was performed in BL21(DE3) cells (Figure 6) and the protein
was isolated from the cell extract recurring to a His-Trap purification column (Figure 7). To
prepare oligomeric form of HSP60 the protein tag was removed through incubation with TEV
(Figure 8), so HSP60 monomers were able to oligomerise to the native structure. To confirm
the nature of HSP60 protein species isolated, purified untagged protein was passed through an
ion-exchange chromatography column, chromatogram and SDS-PAGE confirmed the presence
of HSP60 in a single form (Figure 9). These forms of HSP60 isolated in this initial step were
tested in an analytical size-exclusion chromatography column (superpose 6 10/300) that later
was also used to separate the oligomeric from the low molecular weight species of HSP60

32 was applied and resultant proteins were

(Figure 10). An oligomerization protocol (OP)
separated using an ion-exchange chromatography column, the same used to analyse HSP60
species after Hisg-tag removal (Figure 9). On panel A of figure 11 two analytical
chromatograms are superimposed, in red the correspondent to isolation of low molecular

weight forms of HSP60 isolated after Hisg tag removal, and in blue the correspondent to the
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HSP60 species isolated after OP. Peak number 3 corresponds to a component of the OP buffer
since no protein was detected in the samples collected from this peak (Figure 11, panel B).
Peaks number 1 and 2 correspond to different molecular weight forms of HSP60. To identify

the nature of both protein species further characterization studies were carried out.
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Figure 7 — HisTrap to purify His-tagged HSP60. A, Analytical HisTrap chromatography profile
for the separation of His-tagged HSP60; red box indicates the fraction isolated from the total
expressed protein, that was eluted in 40% Buffer B (50 mM NaH2P0O4/Na2HPO4 pH 7.5; 300
mM NaCl; 500 mM Imidazole) and 60% of Buffer A (20 mM NaH2P0O4/Na2HPO4; 300 mM NaCl;
10 mM Imidazole). B, Coomassie Blue-stained SDS—PAGE (10 % acrylamide) analysis of proteins
isolated by HisTrap at different concentrations of Buffer B; protein fractions collected with 40%
Buffer B were used for the further purification steps.
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Figure 8 — Cleavage of HSP60_Hiss by TEV. Coomassie Blue-stained SDS—PAGE (10 %
acrylamide) analysis of the cleavage by TEV of HSP60_Hisg; line 1 is HSP60_Hisg after HisTrap
and prior to cleavage by TEV; line 2 is the fraction collected in nickel beads after cleavage by
TEV, it is observed that some untagged HSP60 was captured in this fraction; line 3 represents
the untagged HSP60 that was in the beads’ flowthrough and was used in further purification

steps.
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Figure 9 — lon-exchange chromatography for HSP60 after cleavage by TEV. A, Analytical ion-
exchange chromatography profile for HSP60 after cleavage of HSP60_Hisg by TEV; A single
peak is observed. B, Coomassie Blue-stained SDS—PAGE (10 % acrylamide) showing different
amounts of HSP60 isolated from the fraction corresponding to peak 1 collected in the Mono Q
column.
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Figure 10 - Size-exclusion chromatography analysis of HSP60 after separation in ion-
exchange chromatography. A single peak is observed corresponding to the non-oligomeric
HSP60 that was used for the reconstitution of oligomeric HSP60.
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Figure 11 - Purification of Oligomeric HSP60. A, Analytical size-exclusion chromatography
profile of after applying the oligomerization protocol to reconstitute oligomeric HSP60; peak 1
corresponding to higher molecular weight species — oligomers; peak 2 corresponds to lower
molecular weight species — monomers and/or small molecular weight oligomers; peak 3 —
corresponding to a compound present in the buffer with no HSP60. B, Coomassie Blue-stained
SDS-PAGE (10 % acrylamide) representing the peaks isolated by size-exclusion
chromatography.

Characterization of low molecular weight and heptameric HSP60

To evaluate the HSP60 species that we were able to isolate through the oligomerization
protocol (OP) we started with the calibration of the analytical size-exclusion chromatography
column (superose6 10/300) used after the OP for the determination of the molecular weight of
proteins isolated. On Figure 12 panel A are the size exclusion chromatography chromatograms
for standard molecular weight markers, and panel B represents the calibration curve for

determination of molecular weight by analytical SEC. Applying the K,, (described in
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“Experimental Procedures”) for HSP60 species elution volumes to the calibration we inferred a
molecular weight for HSP60 before OP of 95940 Da (blue dot in the calibration curve of figure
12, B), a molecular weight of 111943 Da for low molecular weight species after OP (green dot
on calibration curve), and a molecular weight of 514043 Da for high molecular weight species
after OP (blue dot on the calibration curve). When investigating molecular weight recurring to
size exclusion chromatography numerous studies have already addressed the importance of
the influence of the hydrodynamic volume and molecular shape on chromatographic behavior

in a size exclusion chromatography column %%

, consequently caution must be taken
interpreting the calculated MW. Taking this in consideration, low molecular weight species
isolated before and after the OP are more or less the same MW and possibly correspond to
dimers of HSP60, and the high molecular weight isolated forms (514043 Da) correspond to an
oligomeric structure with much higher molecular weight, possibly corresponding to the

heptameric HSP60 *'.
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Figure 12 — Calibration of Superpose 6 10/300 column. A, Three analytical size exclusion
chromatography (SEC) chromatograms of standard molecular weight markers are superposed;
peak 1 refers to Dextran Blue that is a marker for void volume elution; peak 2 refers to
thyroglobulin (Molecular weight - 669 kDa); peak 3 — ferritin (MW — 440 kDa); peak 4 —
catalase (MW - 232 kDa); peak 5 — aldolase (MW — 158 kDa); peak 6 — albumin (MW — 67 kDa).
B, Calibration curve for determination of molecular weight by analytical SEC; blue dot
represents the K,, for the elution volume of low molecular weight HSP60 species before
oligomerization protocol; green dot represents the K,, for the elution volume of low molecular
weight HSP60 species isolated after oligomerization protocol; red dot represents K,, for the
elution volume of oligomeric HSP60 isolated after the oligomerization protocol.
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Further examining the HSP60 species obtained, we conducted a study using Dynamic Light
Scattering (DLS) technique to calculate the corresponding molecular weights and the
homogeneity of the pure concentrated samples. The DLS spectra of low molecular weight
HSP60 (LMW _HSP60) and oligomeric HSP60 showed one major population by size (figure 13)
with a polydispersity (%Pd = (Pdl)1/2 x 100, also called relative polydispersity) of 9,5% and
4,5% respectively. As a rule, samples with % Pd <~20%, are considered to be monodisperse
(Therapeutic Protein Characterization Using Light Scattering Techniques, Technical Note
MRK704 01 MANO0317 Issue2. In: Zetasizer Nano Series User Manual). The Ry (hydrodynamic
radius) values obtained were 6,327 nm and 8,051 nm for LMW_HSP60 and oligomeric HSP60.
These values were used to estimate the molecular weight (assuming a globular protein) using
an empirical calibration graph developed by Malvern Instruments available in the Nano

%8 Accordingly, the molecular mass of LMW_HSP60 and oligomeric HSP60 were

software
estimated to be 252,2 kDa and 443,3 kDa respectively. The value for LMW_HSP60 possibly
corresponds to association of dimeric structures that were observed in analytical size exclusion
chromatography, that in these conditions possibly forms a tetrameric structure. The molecular
weight calculated for oligomeric HSP60 is very close to the expected molecular weight (405,74
kDa) in a heptameric ring of HSP60. Although these results are indicative, since we are
assuming in the calculations that the protein is a globular structure, they closely fit with the

data obtained from the size exclusion chromatography calibration curve to calculate the

molecular weight, and assure us that we have monodisperse/pure samples.
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Figure 13 — Distribution of hydrodynamic radii from DLS spectrum of HSP60 forms. A, Low
molecular weight species of HSP60 (possibly tetramers) used in the reconstitution of
oligomeric HSP60, 2 mg/mL protein concentration, with a predicted molecular weight of 252,2
kDa. B, Oligomers of HSP60 after reconstitution protocol, 2 mg/ml protein concentration, with
a predicted molecular weight of 443,3 kDa.

Proceeding with the characterization of the isolated protein we observed the protein
preparations recurring to Transmission Electron Microscopy (TEM). HSP60 forms a oligomeric
structure composed of seven monomers with a ring-shape structure **! as observed in Figure
14. The TEM images obtained were similar to the ones shown in previous reports of the

purification of oligomeric HSP60 ******

. Mammalian mitochondrial chaperonins maintain a
dynamic equilibrium between the monomeric, heptameric and tetradecameric states >**. We
have no evidence of the formation of tetradecameric structures of HSP60 in our conditions
which reflects not having in our oligomerization protocol the presence of co-chaperone HSP10

32 thus favoring the formation of active single ring chaperonin **.
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Figure 14 — Transmission Electron Microscope observation of oligomeric HSP60. A, Negative
control, buffer used in HSP60. B, Ring structure of HSP60 heptamers indicated by arrowheads
was observed with 150000X amplification. C, HSP60 heptamers observed with 200000X
amplification. D, Ring structure of HSP60 observed with 200000X amplification. E, Detail of the
ring structure of HSP60 heptamer using 1200000X amplification.

These results confirm the homogeneity of our purified oligomeric HSP60 (observed in DLS) and
also confirm the presence in this preparation of oligomeric structures of HSP60 that

correspond to heptameric rings of mitochondrial HSP60 **.

Interaction HSP60-ATXN3

With our GST pull-down results we were able to demonstrate that monomeric HSP60 was able
to interact with ATXN3. To demonstrate that HSP60 in its oligomeric form was still able to
interact with ATXN3, recombinant Hiss_ ATXN3 was immobilized onto a biosensor chip of
BiaCore X100 system, oligomers of HSP60 were injected into the cell flow and their interaction
followed in real time (Figure 15). Sensorgrams indicate that oligomers of HSP60 were able to
interact with full-length ATXN3 (panel A), D1_ATXN3 (panel B) or J1_ATXN3 (panel C). With this
technique we were also able to identify the domain responsible for the interaction since solely

the Josephin domain of ATXN3 by itself was able to establish the interaction.
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Figure 15 — Surface Plasma Resonance analysis for the interaction between HSP60 and
ATXNS3. Increasing amounts of HSP60 (a — 1,953 nM; b — 7,825 nM; ¢ — 31,25 nM; d - 125
nM; e — 500 nM) were passed over ATXN3 immobilized onto a sensor chip. Specific binding
is shown, sensorgrams represent each amount of analyte with subtraction of non-specific
binding and is represented in resonance units. A, Interaction of full lenght ATXN3 with
HSP60. B, Interaction of D1_ATXN3 (Josephin domain plus UIM1 and UIM2) with HSP60. C,
Interaction of J1_ATXN3 (Josephin domain) with HSP60.
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Discussion

Molecular chaperones facilitate and regulate proper protein folding playing a major role in cell
maintenance and survival. Compared to other cell types neurons are particularly susceptible to
the mechanisms of degeneration since they have a long life time, are present during the
lifespan of the organism in most cases, and are not frequently replenished through cell
division. To test the interaction in vivo between HSP60 and ATXN3 we use a model — SH-SY5Y
neuroblastoma cell line - that could reproduce the neuronal environment and could lead us to
take conclusions in that specific context. These cells were used in many studies of neuronal

327-330

function and in studies involving HSP60 functions, namely to study the relevance of the

349

interaction with CLU °*, a protein expressed virtually in all tissues and involved in the

modulation of carcinogenesis and tumor growth *.

In this work we describe for the first time the interaction between the molecular chaperone
HSP60 and ATXN3. Our results concerning the interaction in vivo, specially the sub-cellular co-
localization, indicate that a significant amount of ATXN3 is interacting with HSP60 in neuronal
cells, thus suggesting a relevant interaction in this context. Interactions of ATXN3 with
chaperones described until now point to regulatory roles on both directions. In the case of the
interaction with HSP70 **°, ATXN3 is regulating the protein levels of the chaperone through the
regulation of the HSP70 promoter activity both in basal and stress conditions, and ATXN3
Knock-out animals and fibroblasts have decreased HSP70 promoter activity when compared
with WT **°. In another study, ATXN3 was proven to be an interactor and a target of regulation
of the co-chaperone HSJ1, that is involved in the regulation of the ATPase activity and
substrate binding of HSP70 *'. HSJ1 is thought to be a key protein in the interplay between the
chaperone machinery and the Ubiquitin Proteasome System (UPS) in the particular case of

3! While the J-domain of HSJ1 promotes the proteosomal

ATXN3 protein degradation
degradation of ATXN3 in coordination with HSP70 the ubiquitin-interacting domain in the
protein promotes ubiquitinated-ATXN3 accumulation. These results make HSP70 and its co-
chaperone good candidates for the regulation of ATXN3 levels in cells. Previously it has also
been reported that overexpression of expanded ATXN3 evokes HSP70 protein expression >>°.
Since the regulation of ATXN3 by HSP70 is mediated through its co-chaperone as described
above, one question that arises is whether the interaction between HSP60 and ATXN3 is direct
or indirect. Chaperones and particularly HSP60 regulate protein fate sometimes through a

complex network of interactions and others through a direct interaction. As an example in the

case of the interaction of HSP60 with the IKK complex for its activation, the proteins do not
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have any mediating partners >**, while 14-3-3 protein forms a molecular complex with cellular
prion protein (PrPC) and Hsp60 ***. Our GST pull-down results show that the interaction
between ATXN3 and HSP6O is direct. In a study that demonstrates the role of HSP60 in survival

of cancer cells *3

, it was shown that cytosolic HSP60 regulates the levels of inhibitor of kB
kinase (IKK) and it is suggested that this regulatory role is performed by monomeric HSP60
instead of single or double heptameric ring structures **3. Our results with GST-tagged proteins
and with the oligomeric HSP60 raise the possibility that ATXN3 is able to interact with both
non-chaperonic monomers and with oligomers. This also raises the question about the
stoichiometry of the interaction between the two proteins; if ATXN3 is able to interact with
monomeric HSP60, in theory 7 molecules of ATXN3 would be able to interact with each
heptameric ring of HSP60. In an attempt to clarify this question and the affinity of the
interaction we analysed the interaction by Surface Plasma Resonance. Although our results
confirm the direct interaction and indicate that the Josephin Domain of ATXN3 is the
responsible for the interaction, our data had a standard deviation above the acceptable
standards and thus we were not able to infer either the affinity of the interaction or the
stoichiometry of the interaction, taking these results as qualitative and not quantitative.

Most of the studies concerning chaperonin function were made in prokaryotic E. coli due to
the ease of the purification of the protein and the stability of the oligomeric structures. The

355

high homology between prokaryotic and animal HSP60 **°, the fact that chaperonins can fold

340
L

protein in vitro with similar efficiency compared to GroE and HSP60 capability to replace

bacteria GroEL **° lead to the assumption that the structure and functioning are similar in

357

these proteins . Nevertheless, there are some structural differences between the two

proteins. Mammalian HSP60 is only functional in the presence of its co-chaperone - HSP10 ** -

while GroEL is able to form active complexes not only with GroES but also with HSP10 %3¢,
Relevant for our study is the fact that HSP60 occurs in mammalian cells in a dynamic
equilibrium between monomers, heptamers and tetradecamers ***. To form tetradecameric
structures in major proportions the purification has to be performed in the presence of both
ATP and HSP10 ***. Although the tetradecamers represent the most similar structure to
prokaryotic GroEL, studies revealed that HSP60 is active when forming just a single heptameric
ring **°. Since our objective was to test the interaction between HSP60 and ATXN3, the single
ring oligomer we were able to produce represents native (although not active) conditions in
cells and thus can indicate that in native conditions these proteins are indeed able to interact.
The fact that HSP60 in this form, which is not active since it lacks HSP10, is able to interact with
ATXN3, and the suggestion coming from GST pull-down studies that ATXN3 is also able to

325

interact with inactive >~ HSP60 monomers suggests a regulatory role for this interaction, but it
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is not possible to exclude that HSP60 is a chaperone for ATXN3 helping in the correct folding of
the protein. Theoretically this is possible, since the barrel formed by GroEL heptameric rings is
able to host unfolded proteins of up to 60 kDa in size ***, and the example of a protein (Mtf-1)
of the exact molecular weight of ATXN3 (42 kDa) engulfed by HSP60 was suggested before 3.
To solve this question, directed mutagenesis can be used to mutate the residues responsible
for enzyme-substrate interaction (which are conserved to some extent between GroEL and
HSP60 355) and to verify if the proteins are still able to interact.

Most of the literature points regulatory roles for HSP60 in terms of altering protein localization
or function, besides the known role as a chaperone. Regulating the abundance of Insulin-like

%0 acting as a ligand for

Growth Factor-1 receptor B through inhibiting polyubiquitination
receptors in cell surface and modulating its activity as in the case of ATP synthase **! or in
Triggering receptor expressed in myeloid (TREM) cells 2 **2, or even regulating transcription

33 The fact that inactive HSP60 monomers are also able to

through the regulation of IKK
interact with ATXN3 can point to a regulatory role for HSP60 in this context but further studies
must be conducted to clarify the functional meaning of this interaction.

Alternatively, HSP60 could be a substrate of the DUB activity of ATXN3. HSP60 is known to

337383 3nd in adult cardiac myocytes is present in exosomes in a

regulate the immune system
monoubiquitylated form . It has been proposed that the monoubiquitylation of HSP60 is a
signal for HSP60 release for the extracellular space through exosomes, so it can act as an
immune system regulator. Our group has conducted experiments that also demonstrate HSP60
ubiquitylation and show that in the absence of ATXN3 in SH-SYSY cells the levels of
polyubiquitylated HSP60 are significantly decreased (unpublished data) comparing with cells
that have ATXN3. This clearly points to a regulation of HSP60 ubiquitylation by ATXN3 and
possibly through the last deubiquitylating activity. To capture ubiquitylated proteins Tandem
Ubiquitin Binding Entities (TUBEs) **” were used, which have preference but not exclusivity for

367

polyubiquitylated proteins . This results point to a contribution of ATXN3 to the

maintenance of HSP60 polyubiquitylation. ATXN3 was described as an polyubiquitin chain

237388 |n the particular case of the association with Hsc70-interacting protein

editor previously
(CHIP), ATXN3 is involved in the trimming of CHIP-associated substrates’ polyubiquitin chains
and possibly sending these substrates for proteosomal degradation **’, in accordance with the
fact that ATXN3 knockout mice have increased levels of molecular high weight, ubiquitin-

>’ To further explore the functional meaning of these results future

positive signal proteins
experiments must clear if the levels of unubiquitylated HSP60 are altered or not, to check if the
effect of ATXN3 KO is specific for the ubiquitylated form of HSP60.

Despite the great variety of human neurodegenerative diseases, many of these are considered
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conformational diseases and characterized by the accumulation of pathological misfolded
proteins, and chaperones are one of the major players in cellular maintenance and stress
response. Many examples of the involvement of chaperones in neurodegeneration are
available in the literature. In Parkinson’s disease HSP70 inhibits amyloid fibril formation by a-
synuclein through the binding to pre-fibrillary species thus resulting in a shift from insoluble to

%9 In Alzheimer’s disease HSP27 and HSP70 co-localize with

soluble form of the protein
abnormal tau aggregates and regulate its hyperphosphorylation *®*”*, In SH-SY5Y cells, HSP60
and HSP70 contribute to the reduction of reactive oxygen species levels produced in the

372
d

presence of B-amyloi , and HSP60 prevents the inhibition of complex IV in the mitochondria

by B-amyloid *”2. In polyglutamine (polyQ) diseases, the relevance of HSPs was also attested:

352,373

HSP40 and HSP70 reduce polyQ toxicity and inclusion body formation , and unpublished
results from our group point to reduced levels of HSP60 in cerebellum and brainstem in the
CMVMJD94 mouse model **.Taking this in consideration, it is not possible to exclude that
HSP60-ATXN3 interaction is relevant in terms of the etiology and pathology of Machado-

Joseph disease, a hypothesis that shall be further explored.
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Chapter 3

Ubiquitin C-terminal Hidrolase 1 (UBH-1) the
orthologue of vertebrate UCH-L1, is not a modifier
of Machado-Joseph disease in Caenorhabditis

elegans.
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Ubiquitin C-terminal Hydrolase (UBH-1) is the orthologue of vertebrate ubiquitin carboxyl-
terminal hydrolase 1, an enzyme which, besides its deubiquitylating activity also works as
monoubiquitin stabilizer and ubiquitin-ligase. It has been first related with the etiology of

Parkinson disease and more recently also to Alzheimer’s disease. 15-deoxy-A"*"*

-Prostaglandin
J, (15d-PGJ,), a metabolite of prostaglandin D,, specifically blocks UCH-L1 function and leads to
enzyme unfolding and aggregation. In this study we analyzed the outcome of UBH-1 deletion
and evaluated the impact of 15d-PGJ, administration in C. elegans; we also investigated the
possible effects of UBH-1 deletion and 15d-PGJ, exposure as modifiers of proteostasis and
enhancers of neurodegeneration in a nematode model of MJD. We concluded that deletion of
UBH-1 causes no major phenotype and allows development of a globally normal nervous

system. Furthermore, absence of this gene did not modify ataxin-3 (ATXN3) aggregation or

neurotoxicity in an MJD transgenic model. The prostaglandin 15d-PGJ,, either acting as an
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inducer of oxidative stress or as a modulator of UBH-1, also had no effect in motor behavior or

protein aggregation in the C. elegans model of MID.

Introduction

Ubiqutin carboxy-terminal hydrolase L1 (UCH-L1), also denominated PARK5 or PGP9.5, is very
abundant in neurons where it represents 1-2% of the total soluble protein °. It is thought to
work mainly as a monoubiquitin stabilizer, associating with ubiquitin specifically and affecting
its degradation and extending its half-life 2. A deubiquitylating activity was also identified in
vitro 7*3” for UCH-L1 but until now no substrates were identified. Ubiquitin-ligase functions
have also been proposed, and in vitro experiments suggest a role in a-synuclein
ubiquitylation®. A role in neurodegenerative diseases was described and two mutations in
UCH-L1 were identified as PD-related. The S18Y polymorphism turns UCH-L1 ubiquitin ligase
activity less effective. UCH-L1 ubiquitylates through Lysine-63, which favors the stability of a-
synuclein, and thus this polymorphism turns the protein less stable reducing the risk of PD °.
The 193M mutation was also identified in PD patients **, evoking diminished deubiquitylase
activity and changes in the secondary structure of the enzyme *’. It was also shown that mice
carrying the 193M mutation exhibit a partial loss of dopaminergic neurons, thus indicating that

the mutation is relevant cause for the disease *’

. Data concerning the deletion of UCH-L1
come from the gracile axonal dystrophy [gad] mice, that carry a spontaneous mutation
leading to the production of a truncated enzyme - lacking residues that are critical for
enzymatic activity %, and from UCH-L1 knock-out mice that lack the entire enzyme *”°. The
latter have impaired synaptic transmission at the neuromuscular junction, with a significant
reduction in synaptic vesicle content - which can explain the ataxia and paralysis phenotypes

378,379

observed in both models - and contributed to the elucidation of the physiologic role of

UCH-L1 in neurons.
Inhibition of UCH-L1 hydrolase activity recurring to a specific inhibitor (LDN-57444) impairs

9

synaptic function in mice '*°, and those impairments found were similar to those found in

APP/PS1 mice (Alzheimer disease (AD) mouse model) **°, which show reduced hydrolytic

activity of the enzyme *°

. Restoring the UCH-L1 protein levels lead to improvements in
synaptic transmission in brain slices of APP/PS1 mice and also suppressed the fear conditioning

impairment, a form of learning that is deregulated in AD *°. The restoration of the different
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activities of UCH-L1 was tested and no evidences were found that restoration of ligase activity
was important for the rescue of synaptic function, thus reinforcing the idea that the DUB
activity of the enzyme is the one that contributes to pathology, like in the case of PD.

In Caenorhabditis elegans, three Ubiquitin C-terminal hydrolases are expressed

(www.wormbase.org) and UBH-1 is the C. elegans homologue for Human UCH-L1. As shown in

figure 1 and 2 the UBH-1 C. elegans protein is 38% identical to human UCH-L1, and 36%
identical to rat UCH-L1. Studies of cellular senescence in endothelial cells showed that iRNA

against ubh-1 turned worms more susceptibe to oxidative stress ***

. In this study, a screening
for C. elegans proteins involved in cellular senescence and in reactive oxygen species-induced
state was performed, and ubh-1 was identified as a candidate gene. Recurring to gene
inactivation by RNAi accumulation of lipofuscin, a fluorescent material composed of oxidized
proteins and lipids *"**2 was evaluated. UBH-1 Knock-out animals showed earlier
accumulation of lipofuscin and increased sensitivity to paraquat, a known inducer of oxidative
stress, thus indicating the potential role of UBH-1 in the oxidative stress response '*. The
worm UBH-1 knock-out strain is, however, poorly characterized. The only reference to some

characterization comes from unpublished data available at www.wormbase.org. Here, it is

described that ubh-1 knock-out animals have a slower growth rate, smaller brood size and a
longer defecation cycle. It is also referred that UBH-1 and UBH-3 showed C-terminal hydrolase

activity towards C. elegans Ubiquitin and NEDD8.

1- Rattus norvergicus (R.n)
2— Caenorhabditis elegans (C.e)

R.n - PLESNPSVINPMIEKMGVSGV-KTVDVLFFDDESIGK---PQHAVILCFPEYKKVDEIMK
P+E NP ++4N ++ K+GV+G + DVL ++4+E++G P A++L FP + + K
C.e - PMEINPEMLNKVLAKLGVAGQWRFADVLGLEEETLGSVPSPACALLLLFPLTAQHENFRK

R.n - PIYEQAKAADDS--VFFMKQKISNACGTFALFHSLANLEDRINLGDGSFAK-WLAEAKKV
E+ K + S V4FMKQ I N+CGT L H++AN +D++ DGS K +L+E +K+
C.e - KQIEELKGQEVSPKVYFMKQTIGNSCGTIGLIHAVANNQDKLEFEDGSVLKQFLSETEKL

R.n - GIEERSDFLANNAELAGIHAAAATDGQTAPSGDVEHHFICEVGKNGILYEIDSRRPFARE
E+R+ N + H + A +GQ vV  HFI F +G LYE+D R PF
C.e - SPEDRAKCFEKNEAIQAAHDSVAQEGQCRVDDKVNFHFILENNVDGHLYELDGRMPEPVN

R.n - IGPTSDATLVKDAGAACQHLIEKLD-NVSFSAIAV
G +S+ +L++DA C+ E+ V FSA+A+
C.e - HGASSEDSLLQDAAKVCREFTEREQGEVRFSAVAL

Figure 1 — BLAST with the protein sequences for Rat UCH-L1 versus C. elegans UBH-1.
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1- Homo sapiens (H.s)
2— Caenorhabditis elegans (C.e)

H.s - PMEINPEMLNKVLSRLGVAGQWREFVDVLGLEEESLGSVPAPACALLLLFPLTAQHENEFRK
P+E NP ++N ++ ++GV+G + VDVL ++4ES+G P A++L FP + + K
C.e - PLESNPSVINPMIEKMGVSGV-KTVDVLFFDDESIGK---PQHAVILCFPEYKKVDEIMK

H.s - KQIEELKGQEVSPKVYFMKQTIGNSCGTIGLIHAVANNQDKLGFEDGSVLKQFLSETEKM
E+ K + S V+FMKQ I N+CGT L H++AN +D++ DGS K +L+E +K+
C.e - PIYEQAKAADDS--VFFMKQKISNACGTFALFHSLANLEDRINLGDGSFAK-WLAEAKKV

H.s - SPEDRAKCFEKNEAIQAAHDAVAQEGQCRVDDKVNFHFILFNNVDGHLYELDGRMPEFPVN
E+R+ N + H A A +GQ vV  HFI F +G LYE+D R PF
C.e - GIEERSDFLANNAELAGIHAAAATDGQTAPSGDVEHHFICFVGKNGILYEIDSRRPFARE

H.s - HGASSEDTLLKDAAKVCREFTEREQGEVREFSAVAL
G +S+ TL+KDA C+ E+ V FSA+A+
C.e - IGPTSDATLVKDAGAACQHLIEKLD-NVSEFSAIAV

Figure 2 — BLAST with the protein sequences for Human UCH-L1 versus C. elegans UBH-1.

Prostaglandins (PGs) are a family of molecules derived from fatty acids that are produced by

cells in response to certain stimuli to regulate cellular growth, differentiation and homeostasis

383,384 prostaglandin D2 (PGD2) is the most abundant prostaglandin in brain, with roles ranging

from body temperature regulation, to neurotransmission regulation to modulation of the pain

response 2% These molecules are mediators of inflammation and inductors of oxidative

387-389

stress Using the SH-SY5Y cell line, it was observed that intracellular ROS were

upregulated upon 15-deoxy-A'*'*-PGJ, (15d-PGJ2) treatment, through the modification of

Thioredoxin 1 (Trx) enzyme - known to be protective against oxidative stress ****",

Cyclopentenone prostaglandins (PGs) are metabolites of prostaglandin D2. This molecule
readily undergoes dehydration in vivo and in vitro to yield biologically active PGs of the J2

series, such as PGJ2, A12-PGJ2, and 15-deoxy-A12,14-PGJ2 (15d-PGJ2) ****%, Cyclopentenone

prostaglandins, specifically 15d-PGJ2 have been described as modulators of UCH-L1 activity ***,

395

also leading to its unfolding and aggregation In human neuroblastoma cells,

cyclopentenone PGs were identified as inducers of the production of intracellular reactive

387,388

oxygen species . In C. elegans, a large array of prostaglandins is known to be synthesized

39639  and specifically in sperm guide studies the F-series prostaglandin metabolism pathways

have been characterized *®.

In Machado-Joseph disease (MID), also known as spinocerebellar ataxia type 3, a

196

neurodegenerative condition that belongs to the group of polyglutamine diseases ~°, as in

many neurodegenerative diseases **°, upregulation of proinflammatory genes *° and oxidative

401-403

stress plays a pivotal role Neuronal intranuclear inclusions (NIs) formed by the

aggregation of expanded polyQ ATXN3 are a characteristic hallmark of MID ****%, these

352,406

contain, besides molecular chaperones and components of the UPS , upregulated
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mediators of inflammation ™", such as cytokine stromal cell-derived factor la (SDFla),

involved in cell migration during inflammation *”’, or the interleukin-1 receptor-related Fos-

%8 Using cell lines

inducible transcript (Fit-1S) that binds to proinflammatory cytokine IL1B
that model the disease, it was found that cells with expanded ataxin-3 have decreased activity
of the antioxidant enzymes, namely glutathione peroxidase (GSH-px), glutathione reductase
(GSSG-R), catalase (CAT), and superoxide dismutase (SOD) **. The Forkhead box O
transcription factor (FOXO4), involved in the response to oxidative stress *®°, interacts with
ATXN3 and the last is responsible for a significant increase in the FOX0O4-dependent gene
transcription. It was observed that co-expressing ataxin-3 with a polyglutamine (polyQ)
expansion of 70 glutamines and FOXO4 results in a significant decrease in FOXO04-dependent
gene transcription, namely SOD2 expression *®, which suggests that the polyQ expansion
characteristic of MJD is responsible for increased susceptibility of cells to oxidative stress.

The interplay between the proinflamatory species, neurodegenerative disease and the UPS is
evident in the case of UCH-L1 and PD, and to our knowledge the possible impact of this
neuronal abundant deubiquitylase in Machado-Joseph disease was still not evaluated. Our aim
was to address (1) the impact of an increase in proinflammatory factors (15d-PGJ2) and (2) the
impact of modifying UBH-1 (orthologous to vertebrate UCH-L1), genetically or by 15d-PGJ2
exposure, in the development of MJD. We evaluated the effects on a C. elegans model of MID
of the deletion of UBH-1 and also the impact of 15d-PGJ2 treatment, known to compromise
the function of the enzyme, thus evaluating the potential of this highly abundant

neurodegenerative disease-related DUB as a modifier of the disease.

Experimental procedures

Caenorhabditis elegans strains

Nematodes were grown on NGM plates seeded with Escherichia coli OP50 strain at 20°C,
according to standard methods *°. Populations were synchronized either by treating young
adult animals with alkaline hypochlorite solution (0.5 M NaHO, ~2.6% NaClO) for 7 min *'* or
by collecting embryos laid by adult animals within a 3 hours period. During the reproductive
period, animals were moved to a new plate every day to avoid contamination by progeny.
Experiments were repeated three to four times. All assays were performed in a blind manner.

Nematodes with pan-neuronal expression of YFP - YFP-F25B3.3 - were generated as described
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M2 The strain expressing ATXN3 with a 130 glutamine polyQ — Atq130(MID), a

previously
nematode model of Machado—Joseph disease, was previously generated and characterized in
our laboratory ™. Strain tm526(ubh-1 KO) was obtained from the National Bioresource
Project. Strains Id1(skn-1::GFP) and sj4058(hsp60::GFP) used in this work were kindly provided
by the Caenorhabditis Genetics Center (CGC). Strain tm526(ubh-1 KO) was crossed with
Atq130(MJD) strain and with YFP-F25B3.3 using standard procedures, generating the double
mutants Atq130(MJD); tm526(ubh-1 KO) and Atq130(MJD);YFP-F25B3.3. tm526 genotyping
was done using primers F_UBH-1 (5’-gctagccatctggaagctgt-3’) and R_UBH-1 (5'-
ggctcgtttgegaaatgg-3’), ATq130 containing strains were selected based on YFP fluorescence. All

strains were backcrossed at least 5 times with N2(WT) strain.

Animal treatments

For heat-shock treatment adult (day 4) animals grown at 20°C were transferred to 33°C plates
for 2 h and microscopy images were immediately taken. Paraquat (Sigma) treatment consisted
of transferring adult animals to plates containing paraquat 1 mM or dimethyl sulfoxide 0,1%
(solvent control) (Sigma) for 2h. 15-deoxy-A12,14-prostaglandin J2 (15d-PGJ2) (Cayman
Chemicals), treatment was performed transferring adult animals to plates containing (15d-

PGJ2) 200 uM or solvent control ethyl acetate (Sigma) during 2h.

Microscopy images

Images were acquired using a Olympus BX61 (Olympus, Tokyo, Japan) microscope coupled
with a DP70 digital camera. Olympus Cell*P software was used for image deconvolution and

projection.

Motility assay

All assays were performed at room temperature (~20°C) using synchronized animals grown at
15°C or 20°C. Five adult animals (day 4) were placed simultaneously in the middle of a freshly
seeded plate, equilibrated at 20°C. Animals remaining inside a 1 cm circle after 30 sec or 1 min
were scored as locomotion-defective. A total of 150 animals were scored in at least three
independent assays for each strain, and the statistical significance of the differences was

assessed by Student’s t-test, as described previously **.
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Confocal Imaging

All images were captured on an Olympus FV100 confocal microscope (Olympus, Tokyo, Japan),
under 60X oil objective. L4, day 4 or day 6 animals were immobilized with 2 mM levamisole
and mounted on a 3% agarose pad. Z-series imaging was taken of all the C. elegans lines
generated using 514nm laser excitation for YFP fusion proteins. The pinhole was adjusted to
1.0 Airy unit of optical slice and a scan was taken every ~0.5 um along the Z-axis. Final images
of whole animal neuronal architecture were prepared with Adobe Photoshop CS4 (Adobe

Systems) using flattened z-series stacks.

Quantification of aggregates

Caenorhabditis elegans fluorescent images were acquired using an Olympus FV100 confocal
microscope (Olympus, Tokyo, Japan). Confocal microscope parameters were set using Hi-Lo
pallet, such that protein foci and not diffuse fluorescent areas of the animals nervous system
presented pixel intensity higher than 255. The z-stack was collapsed and the aggregate load of
each animal (per area unit) was calculated on an imageprocessing application using MeVisLab
as a platform. Details on the application and on the segmentation algorithms were described

elsewhere ***

. At least eight images were analyzed per genotype and statistical assessment was
performed using GraphPad Prism (GraphPad Software Inc, San Diego, CA) (ANOVA and

Bonferroni mean correction tests for multiple comparisons).
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Results and Discussion

The UBH-1 KO strain has a normal neurological phenotype

We studied a worm strain lacking rbr-1, the orthologue of human UCH-L1. It was observed
visually that UBH-1 KO animals had no major alterations in terms of life span, size, morphology
or development. Although this was not quantified, brood size appeared to be normal.
Expression of YFP under the control of the promoter F25B3.3 allowed us to observe the
animal’s neuronal architecture. The gene product of this promoter is the C. elegans orthologue
of Ca2’*-regulated Ras nucleotide exchange factor (RasGRP), expressed throughout the
nervous system *, and allows a pan-neuronal expression of YFP in worms **2. It is possible to
observe in Figure 3 that the transgenic animals we generated, which besides having YFP
expression throughout the nervous system are ubh-1 knockout - YFP-F25B3.3;tm526(ubh-1
KO) — exhibit a globally normal neuronal circuitry when compared with the control animals
(YFP-F25B3.3). The commissural neurons (white arrowheads) had no distinct distribution
between the two animals. As seen in Figure 3 both the dorsal nerve cord neurons (green
arrowheads) and the ventral nerve cord neurons (yellow arrowheads) had no observable
defects in neurite extension, and the commissural branches reached both the dorsal and
ventral nerve cords in UBH-1 KO. This allows us to conclude that the deletion of ubh-1 gene
does not cause any major alterations in neuronal distribution, thus any alterations eventually
observed in these animals with the treatments we performed are not due to neuronal

architecture defects.
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A F25B3.3-YFP F25B3.3-YFP;tm526

Figure 3 — UBH-1 knock-out has no major alterations in neuronal architecture. YFP-F25B3.3
or YFP-F25B3.3;tm526(ubh-1 KO) young adults (day4) harboring pan-neuronal expression of
YFP under the control of the F25B3.3 promoter show no differences in global circuit
architecture. A, Reconstruction of whole animal neuronal architecture with images obtained
by confocal miscroscopy (flattened z-series stacks). B, Magnification of images from panel A;
white head arrows indicate commissural neurons, green arrow heads indicate dorsal nerve
cord neurons that send processes to ventral nerve cord neurons (yellow arrows) through
neuronal commissures (red arrows).
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15d-PGJ2 is able to induce oxidative stress in C. elegans

Normal cellular activities are possible only in a balanced redox environment, and disturbances
in this equilibrium may result in oxidative stress, which is considered to be one of the causes of
aging and age-related diseases, affecting numerous cellular processes ***. Cyclopentenone
prostaglandins have the ability to induce intracellular reactive oxygen species (ROS)
production, demonstrated in studies using neuroblastoma cell line SH-SYSY . The

12,14
A

intracellular ROS production was more effectively induced by 15-deoxy- -Prostaglandin J,

(15d-PGJ2), when compared with other PGs, inducing cell death and altering the cellular redox

state in these cells **

. To our knowledge PGs have not been tested until now as potential
inducers of oxidative stress in C. elegans. We evaluated the capability of 15d-PGJ2 to induce
oxidative stress in oxidative stress reporter strains. The transcription factor SKN-1 was first

417

identified as essential for formation of pharyngeal tissue in C. elegans “': A study to

investigate the post-embryonic functions of SKN-1 identified it as an essential transcription

418

factor for the constitutive and stress-induced expression of gcs-1 *°°, the orthologue of

vertebrate y-glutamine cysteine synthetase heavy chain [GCS(h)], a Phase Il detoxification

4197421 "1t was observed that SKN-1

enzyme involved in the primary response to oxidative stress
is essential for oxidative stress response in worms and that, upon paraquat or heat (oxidative
stress inducers), elevated SKN-1 was detected in intestinal cell nuclei **%. In this work, upon
paraquat or heat exposure, we were able to observe an increase in the expression of SKN-1 in
intestine according to the results described. 15d-PGJ, was also able to induce, although to a
smaller extent, SKN-1 expression (figure 4 panels A,B and C; white arrowheads). This indicates
that 15d-PGJ, is able to able to induce oxidative stress in nematodes. To further evaluate 15d-
PGJ, effects, another strain was used to assess oxidative stress. Expression of the chaperone
HSP60 is known to be increased upon oxidative stress induction by paraquat administration **;
in our experiments, paraquat was the more effective activator of HSP60 expression (Figure 4

panel D) but 15d-PGJ, also induced, to some extent, a response from this chaperone,

confirming the potential role of 15d-PGJ, as a oxidative stress inducer in C. elegans.
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Control
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PGJ2 200 puM; 2h
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D Control Paraquat 1 mM; 2h

sj4058(hsp60::GFP)

E Control Heat Shock 33°C; 2h

5j4058(hsp60::GFP)

F Control PGJ2 200 uM; 2h

5j4058(hsp60::GFP)
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Figure 4 — Oxidative stress reporter genes are induced by incubation with 15d-PGJ2. A,
Incubation of paraquat 1 mM in the feeding medium induces the expression of the
transcription factor SKN-1 after 2 hours of animals kept in the feeding plates ; Red arrows
indicate ASI chemosensory neurons where SKN-1 is constitutively expressed; white arrows
indicate stress-induced expression of SKN-1 in the intestine characteristic of SKN-1 response
to oxidative stress. B, Upon heat-shock treatment (2 hours at 33°C) a strong SKN-1 response
is observed, with expression in the intestine (white arrows). C, Although to a smaller extent,
it is observable that 15d-PGJ2 (200 uM, 2 hours) is also able to induce an oxidative stress
response in C. elegans, white arrows indicating the translocation of SKN-1 to intestinal cell
nuclei. D, Paraquat incubation leads to characteristic expression of HSP-60 in C. elegans tail
(red arrows). E, Induction of HSP-60 expression by heat-shock is significant, although basal
expression in these conditions is also observable. F, Upon incubation with 15d-PGJ2 a
stronger expression of HSP-60 is observed in the tail of treated animals when comparing
with controls.

15d-PGJ2 and UBH-1 are not modifiers of Machado-Joseph Disease

The ubiquitin hydrolase UCH-L1 has been described to be modulated by the action of 15d-PGJ,
in mammalian cells. It was demonstrated that 15d-PGJ, leads to the accumulation of

3 and that this effect was

ubiquitylated proteins in mouse and human neuroblastoma cells
not proteasome-mediated but rather mediated through the inhibition of UCH-L1 activity **.
Posterior studies uncovered the mechanism by which this inhibition takes place: 15d-PGJ,
molecules are able to directly interact with UCH-L1 and when in excess they can completely
unfold this hydrolase and lead to its aggregation ***. The roles of UCH-L1 in the pathogenesis of
neurodegenerative diseases are described, namely in Parkinson Disease (PD) ° and Alzheimer’s
disease (AD) '*°. Machado-Joseph disease shares with AD and PD *** the accumulation of
reactive oxygen species, and it is known that mutant ATXN3 disrupts the oxidative stress-
response through altered interaction with FOX04 “%; the levels of oxidative stress response
enzymes: glutathione reductase, catalase, and superoxide dismutase were shown to be

401

decreased in cells harboring mutant ataxin-3 ™. Besides the accumulation of aggregated

proteins and the proteasome inhibition characteristic of these diseases, is known to trigger the

2. . .
2 the enzyme responsible for the conversion of

expression of cyclooxygenase (COX-2)
arachidonic acid in prostaglandins **°, suggesting an increase in the overall yield of
prostaglandins in cells in these conditions. Our purpose was to evaluate the effects of 15d-PGJ,
in Machado-Joseph disease, either as an inductor of oxidative stress per se or as a modulator

of UCH-L1, which could act as a genetic modifier of MJD.
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Figure 5 — Double mutant AT3q130(MJD);tm526(ubh-1 KO) shows no difference in
locomotion defects when compared with the transgenic strain AT3q130(MJD). A, Motility
analysis performed 30 seconds after placing animals in test motility plates; tm526 animals
show no differences when compared with wild type animals; double mutant animals have
similar motility defects when compared with AT3q130 animals. B, Motility analysis after 1 min
show no difference in percentage of locomotion defects between single and double mutants.
C, Upon induction of oxidative stress by 15d-PGJ2, treated animals show no significant
differences compared with controls both in single and double mutant backgrounds (1 min kept
in motility plates). Data are the mean * SD, at least 150 animals per data point. Student’s t
test, *** P<0,0001.
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Figure 6 — AT3q130 and double mutant animals (ATq130;tm526) show no statistically
significant differences in number of aggregates per area unit at different development
stages, or upon oxidative stress induction. A, Confocal microscopy flattened Z-series stacks
comparing aggregation pattern of single mutant animals (AT3q130) to double mutant animals
(AT3q130;tm526) at different development stages (L4, day 4 and day 6). B, Confocal
microscopy images taken after 15d-PGJ2 treatment (200 uM, 2 hours) for single and double

99



mutants. C, Quantification of number of aggregates per area unit using image processing
application [5th International Conference on Practical Applications of Computational Biology &
Bioinformatics (PACBB 2011). Advances in Intelligent and Soft Computing Volume 93, 2011, pp
31-38. An Image Processing Application for Quantification of Protein Aggregates in
Caenorhabditis Elegans]shows no difference in aggregation between single and double mutant
L4 animals; neither day 4 (D) or day 6 (E) animals have different aggregation pattern; upon
induction of oxidative stress by 15d-PGJ2 (F) both single and double mutants do not behave
differently in terms of aggregation. Values represent the mean + SD of four or more animals
per group, one way ANOVA to analyze statistical significance.

We used the MID C. elegans model previously characterized in our lab ''. We evaluated
locomotion defects and observed (Figure 5) that double transgenic animals carrying the MJD
mutation and defective in UBH-1 did not show any differences in locomotion when compared
with MJD worms. This suggests that in this behavioral paradigm the UBH-1 protein is not a
modifier of the disease. We also evaluated the ATXN3 aggregation status in single and double
mutants (Figure 6) and again no differences were observed between single and double
mutants. MJD worms treated with 15d-PGJ, showed no statistically significant differences in
motility or aggregation comparing with controls (Figure 6 A,C,D and E) neither did the double
mutants upon treatment with 15d-PGJ, (Figure 6 B,F). These results lead us to the conclusion
that in spite of causing some oxidative stress, and perhaps disturbing UBH-1 activity and/or
stability, 15d-PGJ, does not alter the neurotoxicity of mutant ATXN3. The fact that UCH-L1 and
UCH-L3 share high rate of homology raises the question of whether these two enzymes have
redundant roles in cells. In a study to evaluate the potential overlapping functions of UCH-L1
and UCH-L3 double mutant mice were generated (Uch-L19°°/Uch-L3**”), carrying the mutation
present in gad mice mutation plus a targeted deletion in the Uch-L3 gene that removes the
catalytic residue, essential for hydrolase activity *>*’. While Uch-L3"*7 mice are

427

indistinguishable from WT "/, the double mutants show a significant more severe phenotype

when compared to gad mice, namely they show earlier onset of lethality and more severe

28 Although the separate and overlapping roles of

axonal degeneration of the gracile tract
these enzymes were not identified, the authors conclude that UCH-L1 and UCH-L3 have both
separate and overlapping functions in the maintenance of neurons of the gracile tract. One
point favoring UCH-L1 and UCH-L3 redundant functions is the shared expression in the brain

. 2
and testis "%’

. This question should be cleared in future work and assessment of the outcome
in terms of MJD pathgology of double knock-out worms for UBH-1 and UBH-3 must be
considered. Finally, we can conclude that activation of oxidative stress with 15d-PGlJ,, and the
effects exerted by this compound on the ubiquitin hydrolase UBH-1 do not contribute to the

pathology in our C. elegans model of MID.
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Chapter 4

Role of the proteasome in excitotoxicity-induced
cleavage of Glutamic Acid Decarboxylase in cultured

hippocampal neurons

This chapter is based on the published (peer-reviewed) article:

Baptista MS, Melo CV, Armeldao M, Herrmann D, Pimentel DO, Leal G, Caldeira MV, Bahr BA,
Bengtson M, Almeida RD and Duarte CB. “Role of the proteasome in excitotoxicity-induced
cleavage of Glutamic Acid Decarboxylase in cultured hippocampal neurons”. PLoS One. Apr

12;5(4):€10139. doi: 10.1371/journal.pone.0010139, 2010.
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Abstract

Glutamic acid decarboxylase is responsible for synthesizing GABA, the major inhibitory
neurotransmitter, and exists in two isoforms — GAD65 and GAD67. The enzyme is cleaved
under excitotoxic conditions, but the mechanisms involved and the functional consequences
are not fully elucidated. We found that excitotoxic stimulation of cultured hippocampal
neurons with glutamate leads to a time-dependent cleavage of GAD65 and GAD67 in the N-
terminal region of the proteins, and decrease the corresponding mRNAs. The cleavage of
GAD67 was sensitive to the proteasome inhibitors MG132, YU102 and lactacystin, and was also
abrogated by the E1 ubiquitin ligase inhibitor UBEI-41. In contrast, MG132 and UBEI-41 were
the only inhibitors tested that showed an effect on GAD65 cleavage. Excitotoxic stimulation
with glutamate also increased the amount of GAD captured in experiments where
ubiquitinated proteins and their binding partners were isolated. However, no evidences were
found for direct GADs ubiquitination in cultured hippocampal neurons, and recombinant
GADG65 was not cleaved by purified 20S or 26S proteasome preparations. Since calpains, a
group of calcium activated proteases, play a key role in GAD65/67 cleavage under excitotoxic
conditions the results suggest that GADs are cleaved after ubiquitination and degradation of
an unknown binding partner by the proteasome. The characteristic punctate distribution of
GAD65 along neurites of differentiated cultured hippocampal neurons was significantly
reduced after excitotoxic injury, and the total GAD activity measured in extracts from the
cerebellum or cerebral cortex at 24h postmortem (when there is a partial cleavage of GADs)
was also decreased. The results show a role of the UPS in the cleavage of GAD65/67 and point
out the deregulation of GADs under excitotoxic conditions, which is likely to affect GABAergic
neurotransmission. This is the first time that the UPS has been implicated in the events
triggered during excitotoxicity and the first molecular target of the UPS affected in this cell

death process.
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Introduction

In traumatic brain injury, epilepsy, and following episodes of hypoxia-ischemia the excessive

release of glutamate and the consequent overactivation of glutamate receptors leads to cell

269-271,429

death by excitotoxicity . Brain ischemia also has a strong impact in GABAergic

neurotransmission. The Ca**-dependent exocytotic release of GABA appears to account for the

initial phase of neurotransmitter release at the onset of ischemia, while the reversal of the

plasma membrane transporters is responsible for much of the subsequent efflux *3%.

However, the decrease in surface expression of post-synaptic GABAA receptors, in part due to
their internalization, decreases GABAergic synaptic transmission **>. Following transient focal

ischemia there is also a decrease in the expression of the vesicular GABA transporter, which

433

may have a delayed impact on the exocytotic release of the neurotransmitter **>. The plasma

4

membrane GABA transporter GAT1 is a calpain substrate “**, and calpain activation in the

postischemic brain *** may contribute to the deregulation of the transporter.

Glutamic acid decarboxylase (GAD) is the key enzyme in the synthesis of y-aminobutyric acid
(GABA) **® and any alterations in the activity of the enzyme will also have an impact on the
GABAergic synaptic transmission. GAD exists in two isoforms encoded by different genes,
GAD65 and GAD67, with a molecular weight of 65 and 67 KDa, respectively *”>. GAD65
represents 81 % of total GAD in rat hippocampus **’, and is found predominantly in association

with synaptic vesicle membranes in nerve terminals *>*’°>. This GAD isoform synthesizes

276,277

mainly the vesicular pool of GABA , and is responsible for the fine tuning of inhibitory

278

transmission *®. In contrast, GAD67 is evenly distributed throughout the cell *”°, being

constitutively active and accounting for the basal production of the cytosolic pool of GABA **.

Both isoforms of GAD are cleaved in cerebrocortical neurons subjected to excitotoxic

282-285

conditions by a mechanism that is sensitive to inhibitors of calpain , a non-lysosomal,

calcium-activated protease that has been implicated in excitotoxic neuronal damage **°, and

282,283

recombinant GAD65 and 67 are cleaved in vitro by calpain . Cathepsin inhibitors also

inhibited the cleavage of GAD65 and 67 in cerebrocortical neurons exposed to a toxic
concentration of glutamate, and recombinant GAD was cleaved by cathepsin L in an in vitro
284

assay . These evidences suggest that multiple proteolytic systems are involved in the

cleavage of GAD under excitotoxic conditions.

The ubiquitin-proteasome system (UPS) is the major extralysosomal system for protein

51,440

degradation in the cells . Proteins targeted to be degraded by this system are first
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conjugated by polyubiquitin chains and then degraded by the proteasomes. The role of the
UPS in cell death in the ischemic brain is rather complex since the activity of the proteasome is
downregulated in the ischemic brain ****** but inhibition of the proteasome was found to be

neuroprotective in focal brain ischemia 7%

. Furthermore, the effect of proteasome
deregulation on the turnover of specific proteins in the ischemic brain remains to be
investigated. Hence, in the present study we investigated the putative role of the UPS in GAD
cleavage under excitotoxic conditions. In particular the soluble isoform GAD67 is present
mainly in the cytoplasm *** and, therefore, may constitute a target of the UPS. We found that
excitotoxic stimulation of hippocampal neurons with glutamate downregulates GADs, both at
mMRNA and protein levels. Our results indicate that the UPS does regulate GAD67 cleavage
under excitotoxic conditions, possibly through modulation of an unknown GAD binding

partner. Cleavage of GADs diminished the activity of the enzyme and the characteristic

punctate distribution of GAD65 along neurites was also affected under excitotoxic conditions.

Materials and Methods

Hippocampal Cultures

Primary cultures of rat hippocampal neurons were prepared from the hippocampi of E18-E19
Wistar rat embryos, after treatment with trypsin (0.06%, for 15min at 372C; GIBCO-Invitrogen,
Paisley, UK) and deoxyribonuclease | (5.36 mg/ml), in Ca2+- and Mg2+-free Hank’s balanced
salt solution (HBSS; 5.36 mM KCI, 0.44 mM KH2PO4, 137 mM NacCl, 4.16 mM NaHCO3, 0.34
mM Na2HPO4.2H20, 5 mM glucose, 1 mM sodium pyruvate, 10 mM HEPES and 0.001%
phenol red). The hippocampi were then washed with HBSS containing 10 % fetal bovine serum
(GIBCO-Invitrogen), to stop trypsin activity, and transferred to Neurobasal medium (GIBCO-
Invitrogen) supplemented with B27 supplement (1:50 dilution; GIBCO-Invitrogen), 25 uM
glutamate, 0.5 mM glutamine and 0.12 mg/ml gentamycin. The cells were dissociated in this
solution and were then plated in 6 well plates (870,000 cells/well) coated with poly-D-lysine
(0.1 mg/mL), or on poly-D-lysine coated glass coverslips, at a density of 150,000 cells/well (12

well plates). The cultures were maintained in a humidified incubator of 5% C02/95% air, at
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37°C, for 7 or 10 days. Excitotoxic stimulation was performed with 125 uM glutamate in
supplemented Neurobasal medium, for 20 min at 372C, in a humidified incubator. After
stimulation with glutamate the cells were further incubated with the original culture medium
for the indicated periods of time. When appropriate, 50 uM UBEI-41 (ubiquitin-activating
enzyme inhibitor; Biogenova Corp., Maryland, USA), 1 uM MG132 (Calbiochem, Darmstadt,
Germany), 10 uM Lactacystin (Sigma, MO, USA) or 10 uM YU102 (Biomol, Exeter, UK) were
added to the incubation medium 30 min (or 1h for UBEI-41) before stimulation.

Animals used in the preparation of cell cultures and in the GAD activity experiments (see
below) were handled according to National and Institutional guidelines. Experiments
conducted at the Center for Neuroscience and Cell Biology were performed according to the
European Union Directive 86/609/EEC on the protection of animals used for experimental and
other scientific purposes. These experiments did not require approval by an Institutional
Animal Care and Use Committee (IACUC). The work performed at GNF adhered to the Animal
Behavior Society Guidelines for the Use of Animals in Research, and was approved by the

Institutional Animal Care IACUC.

Preparation of extracts

Hippocampal neurons (DIV7) were washed twice with ice-cold PBS and once more with PBS
buffer supplemented with 1 mM DTT and a cocktail of protease inhibitors (0.1 mM PMSF;
CLAP: 1 ug/ml chymostatin, 1 ug/ml leupeptin, 1 ug/ml antipain, 1 ug/ml pepstatin; Sigma-
Aldrich Quimica, Sintra, Portugal). The cells were then lysed with RIPA (150 mM NaCl, 50 mM
Tris-HCI, 5 mM EGTA, 1 % Triton, 0.5 % DOC and 0.1 % SDS at a final pH 7.5) supplemented
with the cocktail of protease inhibitors. After centrifugation at 16,100 g for 10 min, protein in
the supernatants was quantified using the bicinchoninic acid (BCA) assay (Thermo Scientific,
Rockford, IL), and the samples were denaturated with 2x concentrated denaturating buffer
(125 mM Tris, pH 6.8, 100 mM glycine, 4 % SDS, 200 mM DTT, 40 % glycerol, 3 mM sodium

orthovanadate, and 0.01 % bromophenol blue), at 95 oC for 5 min.

Total RNA isolation

Total RNA was extracted from 7 DIV cultured hippocampal neurons using TRIzol® Reagent
(Invitrogen), following the manufacturer’s specifications. The content of 2 wells from a 6 well
plate, with 870,000 cells/well (DIV7), was collected for each experimental condition. After the

addition of chloroform and phase separation, the RNA was precipitated by the addition of
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isopropanol. The precipitated RNA was washed once with 75 % ethanol, centrifuged, air-dried
and resuspended in 60 pl of RNase-free water (GIBCO-Invitrogen). The whole procedure was

performed at 4°C.

RNA Quality and RNA Concentration

RNA quality and integrity was assessed using the Experion automated gel-electrophoresis
system (Bio-Rad, Amadora, Portugal), as previously described **. A virtual gel was created for
each sample, allowing the detection of degradation of the reference markers, RNA 18S and
28S. Samples showing RNA degradation or contamination by DNA were discarded. RNA
concentration was determined using both the fluorescent dye RiboGreen (Invitrogen-
Molecular Probes, Leiden, The Netherlands) and NanoDrop 1000 (Thermo Scientific). The

samples were aliquoted and stored at -80°C to further use.

Reverse Transcription reaction

For first strand cDNA synthesis 1000 ng of total RNA was mixed with Random Hexamer Primer
p(dN)6 followed by 10 min denaturation at 65°C to ensure loss of secondary structures that
may interfere with the annealing step. The samples were chilled on ice, and the template-
primer mix was then supplemented with Reaction Buffer (50 mM Tris/HCl, 30 mM KCI, 8 mM
MgCl2, pH 8.5), Protector RNase Inhibitor (20U), dNTPs (1 mM each) and finally AMV Reverse
Transcriptase (10U; Roche, Carnaxide, Portugal), in a 20 ul final volume. The reaction was
performed at 25°C for 10 min, followed by 30 min at 55°C, for primer annealing to the
template and cDNA synthesis, respectively. The Reverse Transcriptase was then denatured
during 5 min at 85°C, and the samples were then cooled to 4°C for 5 min, and finally stored at -

80°C until further use.

Primer Design

Primers for real-time PCR were designed using the “Beacon Designer 7” software (Premier
Biosoft International, CA, USA), and the following considerations were taken: (1) GC content
about 50%; (2) annealing temperature (Ta) between 55 * 5°C; (3) secondary structures and
primer-dimers were avoided; (4) Primer length between 18-24 bp; (5) Final product length
between 100-200 bp. The primers used for amplification of GAD65 and GAD67 were,
respectively, NM 012563 (accession number to mRNA sequence) — 5'GCT CAT TGC CCG CTA
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TAA G3’ and 5’ATC ACG CTG TCT GTT CCG3’; NM 017007 — 5’ACA CTT GAA CAG TAG AGA C3’
and 5'GCA GGT TGG TAG TAT TAG G3'. The primers used for the amplification of endogenous
controls GAPDH and Tubulin alpha 1a were, respectively, NM 017008 — 5’AAC CTG CCA AGT
ATG ATG3’ and 5" GGA GTT GCT GTT GAA GTC3’; NM 022298 — 5’CAT CCT CAC CAC CCA CACY¥
and 5'GGA AGC AGT GAT GGA AGA C3’. Following the first experiment all sets of primers were
tested for their specificity in an agarose gel that allows determination of the product size and

possible non-specific products.

Real-Time PCR

For gene expression analysis 2 pul of 1:100 diluted cDNA was added to 10 pl 2x SYBR Green
Master Mix (Bio-Rad) and the final concentration of each primer was 250 nM in 20 pul total
volume. The thermocycling reaction was initiated with activation of the Taqg DNA Polymerase
by heating at 95°C during 30 s, followed by 45 cycles of a 10 s denaturation step at 95°C, a30 s
annealing step, and a 30 s elongation step at 72°C. The fluorescence was measured after the
extension step, using the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). After the
thermocycling reaction the melting step was performed with slow heating, starting at 55°C and
with a rate of 0.5°C per 10 s, up to 95°C, with continuous measurement of fluorescence,
allowing detection of possible non-specific products. The assay included a non-template
control and a standard curve (in 10-fold steps) of cDNA for assessing the efficiency of each set

of primers. All reactions were run in duplicate to reduce confounding variance ***.

Real Time PCR Data Processing

The threshold cycle (Ct) represents the detectable fluorescence signal above background
resulting from the accumulation of amplified product, and is a proportional measure of the
starting target sequence concentration. Ct was measured in the exponential phase and,
therefore, was not affected by possible limiting components in the reaction. For every run
performed Ct was set at the same fluorescence value. Data analysis was performed using the
GenEx (MultiD Analyses, Sweden) software for Real-Time PCR expression profiling, and the
results were normalized with a set of two internal control genes. Statistical analysis was

performed using the Student’s t test.
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Immunoblotting

Protein samples were separated by SDS-PAGE, in 12% polyacrylamide gels (or 7.5% gels when
spectrin products were detected), transferred to polyvinylidene (PVDF) membranes (Millipore
Corp., Billerica, MA), and immunoblotted. Blots were incubated with primary antibodies
(overnight at 42C), washed and exposed to alkaline phosphatase-conjugated secondary
antibodies (1:20000 dilution; 1 h at room temperature) or exposed directly to ECL in the
ubiquitin-conjugates detection which films were scanned and the optical densities of the
bands were measured with appropriate software. Alkaline phosphatase activity was visualized
by ECF on the Storm 860 Gel and Blot Imaging System (GE Healthcare, Buckinghamshire, UK).
The following primary antibodies were used: anti-GAD65/67 (1:5000, Sigma), anti-GAD67
(1:250; BD Biosciences, Erembodegem, Belgium), antibody against calpain-mediated fragment

of spectrin/fodrin nSBDP NSBDPs [1:300 ******] and anti-B-Actin (1:5000, Sigma).

Recombinant GADG65 cleavage assay

0.75 ug of recombinant GAD65 (Diamyd Diagnostics, Stockholm, Sweden) were incubated with
1.5 pg of 20S or 26S proteasome (Biomol) at 372C for 2 h, in a total volume of 20 pl of buffer
(30mM TrisHCI pH 7.6, 100 mM NacCl, 1 mM CaCl2, 2 mM MgCI2, 50 mM ATP, 1 mM DTT, 5 %
(v/v) glycerol), with or without 10 uM MG132. A pre-incubation of 5 min with the proteasome
inhibitor was performed. Reactions were stopped by addition of 20 pl of 2x concentrated
denaturating buffer (same for immunoblot), resolved by 12 % PAGE and probed with a GAD65
antibody by Western blot.

Purified proteasome activity

To test for the activity of the purified proteasome activity, the 20S and 26S proteasome
preparations were incubated in the presence of the chymotrypsin-like fluorogenic peptide suc-
LLVY-MCA (Peptide Institute, Inc., Osaka, Japan). The proteasome preparations were incubated
with the substrate (50 uM) in the presence or in the absence of the proteasome inhibitor
MG132 (10 uM), in a medium containing 1mM EDTA, 10 mM tris-HCI (pH 7.5), 20 % glycerol, 4
mM DTT, 2 mM ATP (100 ul final volume). Substrate degradation by the proteasome was
monitored every 5 min during 1 h at 372C in a fluorescence-luminescence detector (Synergy™
HT Multi-Mode Microplate Reader, BioTek, Winooski, VT), set to 380 and 460 nm, excitatory

and emission wavelengths, respectively.
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Immunoprecipitation Assay

Immunoprecipitation of ubiquitin-conjugated proteins was performed using the Ubigapture —
Q Kit (Biomol, Exeter, UK), as described by the manufacturer. A total of 50 pg lysates from
cultured hippocampal neurons were used per assay. Samples were added to the tubes
containing 80 ul UbiQapture-Q matrix and incubated overnight at 42C in an horizontal rotor
mixer. The matrix was then carefully washed and the ubiquitin-protein conjugates were eluted
by addition of 160 ul of PBS and 50 pl of 5X concentrated denaturating buffer (same for
immunoblot). Samples were quenched by incubation during 15 min at 42C on an horizontal
rotor and then denaturated by heating during at 952C for 10 min. The eluted fraction was
clarified from the matrix pellet by centrifugation at 16,100 g during 10 min. Western blot
analysis was performed as previously described using an anti-GAD65/67 antibody and the
ubiquitin-conjugate antibody supplied by the kit, applying equal sample volumes

(approximately 60 ul).

Measurement of GAD activity

Wistar adult rats were decapitated and each head was covered and kept at room temperature
(approximately 219C) for 24 h. Brains were then dissected and placed on an ice-cold plate for
dissection of the cerebellum and cerebral cortex. Samples were then resuspended in 50 mM
TrisHCl and 0.02 % Triton X-100, sonicated with a probe sonicator in 5 pulses of 5 seconds, and
centrifuged at 16,100 g for 10 min. The supernatants were diluted (1:30-1:100) and the protein
content was measured using the BCA method. Activity of glutamate decarboxylase (GAD) was
measured by the [14C]CO2 trapping method, using L-[1-14C]-glutamic acid (60 mCi/mmol, GE
Healthcare, Buckinghamshire, UK) as a substrate **’. Enzyme activity was expressed as nmol of
product/h/mg of protein. Reactions contained 40 pg of extract protein and 0.5 M KH2PO4,
5mM ethylenediamineteraacetic acid (EDTA), 1 mM 2-aminoethyliso-thiouronium bromide
(AET), 10 mM glutamate, 1 mM pyridoxal phosphate and L-[1-14C]-glutamic acid in a total
volume of 100 ul. Samples were incubated for 1 h at 372C in test tubes containing #32 glass
fiber filters (Schleider and Schuell, Keene, NH, USA) coated with 0.5 M Solvable (Packard
Instruments, CT, USA). Each filter was suspended at the top of the tube, just underneath a
rubber stopper, which sealed the tube. The reaction was stopped by the injection of 15%
trichloroacetic acid through the stopper. The tubes were incubated at room temperature for

another 120 min to ensure complete release and absorption of [14C]CO2 into the filter paper.

112



The filter papers were then removed from the tubes and placed in scintillation vials for
measurement of the [14C]CO2 product in a Packard 2000 spectrometer provided with dpm
correction. The scintillation cocktail used contained 5.84 g 2,5-diphenyloxazole (PPO) and
133.6 mg of 1,4-Bis(5-phenyl-2-oxazolyl)benzene (POPOP), 800 ml toluene and 200 ml of Triton

X-100. Sample extracts were also analysed by Western Blot using the anti-GAD65/67 antibodly.

Immunocytochemistry

For immunocytochemistry, cultured hippocampal neurons were grown on poly-D-lysine coated
glass coverslips, at a density of 45x103 cells/cm2, and were then fixed in PBS supplemented
with 4% paraformaldehyde/4% sucrose, for 30 min at 49C. After fixation the cells were
permeabilized with 0.25 % Triton X-100 in PBS, for 5 min at room temperature, washed three
times in PBS, and then blocked with 20% normal goat serum, for 1h at room temperature, and
stained against VGLUT1 (1:1000; Synaptic Systems) + VGLUT2 (1:500; Synaptic Systems) or
GABA (1:2000; SIGMA) overnight at 42C. Next, the cells were washed six times and incubated
for 1h at room temperature with the secondary antibody (Alexa Fluor® 488 goat anti-rabbit,
1:500 to 1:1000; Barcelona, Spain). The cells were washed three times, mounted on glass
slides with the Dako mounting medium and viewed on an Axiovert 200 fluorescence
microscope coupled to an Axiocam HRm digital camera (Zeiss) (Figure 1).

Immunocytochemistry experiments for localization of GAD65 were performed using
hippocampal neurons maintained in culture for 10 days. The cells were fixed with 4%
formaldehyde, 4% sucrose in PBS for 12 min at room temperature and were subsequently
permeabilized with 0.25% Triton X-100 in PBS for 3 min, washed 3 times in PBS and incubated
in blocking solution (2% bovine serum albumin, 2% glycine, and 0.2% gelatin in 50mM NH4CI)
for 1 h at room temperature. Afterwards, the neurons were incubated for 1h with a mouse
monoclonal antibody anti-GABAAReceptor 32/3 (Upstate Biotechnology) at a dilution of 1:200,
and a rabbit polyclonal antibody anti-GAD65 (SIGMA) at a dilution of 1:1000, in blocking
solution. Following the incubation with the primary antibodies, the cells were rinsed 4 times in
PBS during 15 min periods, incubated for 1 h at room temperature with secondary antibodies
Alexa Fluor 568 goat anti-rabbit and Alexa Fluor 488 goat anti-mouse (Invitrogen), at a dilution
of 1:500 in blocking solution, rinsed 3 times in PBS followed by a final rinse in deionized water,
dried, and mounted in Vectashield mounting solution (Vector Laboratories, Inc.). The neurons
were imaged at the Garner Laboratory (Stanford University) with a Zeiss Axovert 200M
microscope using a 63x objective. The image emission was directed through a CSU10 spinning

disk confocal unit (Yokogawa) and collected by a 512B-CCD camera (Roper Scientific). Image
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acquisition and analysis was conducted with Metamorph software. For each field of view,
stacks of 2 images with a Z step size of 0.2 mm were collected and a Metamorph 3D
reconstruction tool was used to create a projection image. For each condition, 15 images were
collected from two different cover slips.

For quantitative assessment of GABAAReceptor 32/3 and GAD65 protein co-localization, the
3D reconstruction stacked images were submitted to threshold using the MetaMorph Inclusive
Threshold application, in order to include only the puncta labeled by the GAD65 antibody. The
total number of GAD65 puncta was determined using Integrated Morphometry Analysis of the
image and selecting the Area parameter setup for measurement. After proceeding to perform
an identical 3D reconstruction and threshold of the GABAAReceptor (2/3 corresponding
image, the two reconstructed images were overlayed and a color threshold was set. Finally,
the overlay image was used to quantify the number of puncta positive for both
GABAAReceptor 2/3 and GAD65, using the Integrated Morphometry Analysis tool. This
procedure was repeated for each field of view, and the ratio of GABAAReceptor 32/3 subunits
and GADG65 positive puncta per total number to GAD65 puncta was determined in percentage.
The average number of 15 images, per condition, was calculated for 3 independent
experiments. Likewise, the number of GAD65 puncta per unit length of axon was determined
by selecting the option Trace Region on MetaMorph to delineate segments of axons with at
least 100 um, and measuring the number of GAD65 puncta on the image previously submitted
to a threshold, using Integrated Morphometric Analysis. The length of each axonal segment
was determined selecting the Multi-line tool and uniting consecutive puncta along the
delineated neurite. This procedure was repeated in each field of view, for 10-15 images per

condition, in each of the 3 independent neuronal preparations.

Determination of the viability of GABAergic neurons with Hoescht 33342

Determination of cell viability was performed by fluorescence microscopy, using the indicator
Hoechst 33342 as previously described *%. The cells were stimulated with 125 pM glutamate
for 20min, in Neurobasal medium supplemented with the GABA transporter inhibitor
SKF89976 (10 uM). After the excitotoxic insult hippocampal neurons were further incubated in
culture conditioned medium supplemented with 10 uM SKF89976 for 12 h. Incubation of the
cells with SKF89976 during stimulation with glutamate and after the excitotoxic insult prevents
the depletion of GABA through reversal of the plasma membrane transporter **°. GABAergic

neurons were stained using an anti-GABA polyclonal antibody (see above), and the nuclear
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morphology was assessed through staining with Hoechst 33342. Analysis of the nuclear

morphology was limited to GABAergic neurons, stained with the anti-GABA antibody.

Measurement of metabolic activity with CellTiter-Glow

Rat hippocampal neurons cultured in 384 micro-titter plates, coated with poly-D-lysine, at a
density of 91.6x103 cells/cm2 were incubated with 125 uM glutamate in supplemented
Neurobasal medium, for 20 min at 372C. After stimulation with glutamate, the cells were
further incubated with the original culture medium, for 14 h at 372C. The viability of the cells
was then measured by analysing the levels of ATP as an indicator of cellular metabolic activity,
using CellTitter-Glo (Promega) according to manufacturer’s instructions. Briefly, in each well,
50 pl of PBS/CellTitter-Glo (1:1) were dispensed with a Multidrop 384 stacker (Titertek), after
removal of the growth media, at room temperature. The plate was then placed on an orbital
shaker for 2 minutes, at maximum speed and further incubated for 10 minutes at room
temperature, without shaking. Luciferase luminescence was measured immediately

afterwards, using an Acquest plate reader (Molecular Devices).

Statistical Analysis

Statistical analysis was performed using one-way ANOVA analysis of variance followed by the

Bonferroni test, or using the Student’s t test, as indicated in the figure captions.

Results

Excitotoxic damage of cultured GABAergic hippocampal neurons

Dissociated cultures of hippocampal neurons contain glutamatergic and GABAergic neurons,
expressing the vesicular glutamate transporter 1 (VGLUT1) and glutamic acid decarboxylase,

% Immunocytochemistry experiments using antibodies against VGLUT1+VGLUT2

respectively
(Fig. 1D) and against GABA (Fig. 1E) showed that 65% of the cells present in hippocampal
cultures are glutamatergic and 5% are GABAergic, respectively (Fig. 1A). Excitotoxic stimulation
of cultured hippocampal neurons with 125 pM glutamate for 20 min reduced cell viability as

determined using the CellTiter-Glo Luciferase chemiluminescence assay, a method based on
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the quantification of the ATP present in the cells. Luciferase activity was reduced to 48% of the
control 14h after the toxic insult (Fig. 1B), in agreement with the results obtained in
experiments where cell survival was determined using fluorescence microscopy with the
indicator Hoechst 33342 **®, Under these conditions damaged hippocampal neurons display an
apoptotic-like morphology. Since GABAergic neurons represent a minor fraction of the cells
present in the cultures, we have specifically assessed the effects of excitotoxic stimulation with
glutamate on the neuronal population displaying GABA immunoreactivity. In these
experiments the cells were stimulated with glutamate in the presence of the GABA transporter
inhibitor SKF89976 in order to prevent the release of the neurotransmitter through reversal of
the plasma membrane transporter *°. The number of GABAergic cells displaying apoptotic-like

morphology 12h after glutamate stimulation was about 54% (Fig. 1C).
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Figure 1 — Glutamate excitotoxicity decreases viability of cultured hippocampal GABAergic
neurons. GABAergic and glutamatergic neurons in the cultures (DIV7) were identified by
immunocytochemistry, using antibodies against GABA (A, E) and VGLUT1+2 (A, D). The total
number of cells present in the analysed fields was calculated based on the number of nuclei,
stained with the fluorescent dye Hoechst 33342. Data are presented as meantSEM of 5
independent preparations (A). Excitotoxic stimulation of hippocampal neurons was
performed by incubation with 125 uM glutamate, for 20 min, in fresh Neurobasal medium
containing B27 supplement, and the cells were further incubated in the original medium for
14h. Cell death was assessed with the recombinant Luciferase chemoluminescence assay
with CellTiterGlo (B), or by fluorescence microscopy using the fluorescence dye Hoechst
33342 (C). In the latter condition GABAergic cells were identified by immunocytochemistry,
using an antibody against GABA. Data are presented as meanzSEM of 5 independent
experiments. Statistical analysis was performed using Student’s t-test. ***p < 0.001.
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Excitotoxicity-induced cleavage of GAD and down-regulation of gene expression

To test the effect of glutamate stimulation on glutamic acid decarboxylase, a marker of
GABAergic neurons, GAD protein levels were evaluated after the excitotoxic insult, using an
antibody that recognizes both forms of the enzyme in a common C-terminal region (Fig. 2C).
Under control conditions the antibody allows identifying the two GAD isoforms, with 67 kDa
and 65 kDa. Glutamate stimulation induced a time-dependent decrease in the abundance of
both isoforms, and this effect was correlated with the upregulation of a truncated form with
an apparent molecular mass of 55-58 kDa (Fig. 2 A). The truncated form still bound the C-
terminus directed antibody, but no smaller immunoreactive forms of GAD were detected in
the blots (not shown). These results indicate that glutamate-induced cleavage of the two GAD
isoforms occurs at the N-terminal region and gives rise to truncated forms with similar

apparent molecular weights.
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GAD 65/67 antibody

Figure 2 — Glutamate excitotoxicity induces a time-dependent decrease in GAD65 and GAD67
protein levels in cultured hippocampal neurons. Neurons were stimulated with 125 uM

glutamate, for 20 min, and further incubated in culture conditioned medium for the indicated
period of time. Full length GAD 65/67 protein levels were determined by Western Blot with an
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antibody that recognizes both isoforms. Control protein levels of GAD65/67 were set to 100%.
Actin was used as loading control (A). Panel A shows a representative experiment and
meantSEM of 9 independent experiments. The cleavage of GAD67 was also analysed with an
antibody directed against amino acids 70-130 of this isoform (B). In this case the results
obtained under control conditions were compared with the immunoreactivity in extracts
prepared 14h after the toxic insult. The amino acid sequence of GAD65 (lower sequence) and
67 (top sequence) are aligned in panel C, which also show the binding sites for the antibodies
used in this study. Statistical analysis was performed using one-way ANOVA, followed by
Bonferroni’s multiple comparison test. **p < 0.01; ***p < 0.001.

In order to further characterize the cleavage of GAD under excitotoxic conditions, we tested a
GADG67 specific antibody that binds its N-terminus (amino acids 17-130). The immunoreactivity
pattern in extracts prepared from cells incubated for 14h after the toxic insult with glutamate
was similar to that obtained using the antibody directed against the C-terminal region of GAD
(Fig. 2 B). This indicates that GAD67 is cleaved before amino acid 130.

Besides its effect in inducing the cleavage of GAD, excitotoxic stimulation with glutamate may
also have delayed effects on GAD by acting at the transcription level. This was tested by Real-
Time PCR, in cells subjected to excitotoxic stimulation with glutamate for 20min and further
incubated in culture medium for 4h. Under these conditions there was a 58% and 71%
downregulation of GAD65 and GAD67 mRNA, respectively, relative to unstimulated cells (Fig.
3).
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Figure 3 — Glutamate excitotoxicity decreases GAD65/67 mRNA. Gene expression was
analysed in cultured hippocampal neurons (7 DIV) exposed or not to 125 uM Glutamate, for 20
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min, and then returned to the original culture medium for 4h. For the reverse transcription
reaction 1 pg of total RNA was used. The results were normalized with two internal control
genes, GAPDH and Tubulin. Data are presented as meantSEM of four to five independent
transcription reactions, performed in independent preparations. Statistical analysis was
performed using Student’s t-test. *p < 0.05; **p < 0.01.

Proteasome inhibitors protect GAD65/67 from cleavage under glutamate-induced

excitotoxicity in hippocampal neurons

Multiple proteolytic systems have been shown to participate in the cleavage of GAD under

8228 pespite the key role of the

excitotoxic conditions, including calpains and cathepsins
ubiquitin-proteasome system (UPS) in protein degradation in the CNS, no studies have
addressed its role in the down-regulation of full-length GAD isoforms under excitotoxic
conditions. To test for the effect of inhibiting different proteolytic activities of the proteasome,
we used the chymotrypsin-like activity directed inhibitor MG132 and the post-glutamyl
peptide hydrolyzing-activity (PGPH) directed inhibitor YU102. We also tested the effect of
lactacystin which shows a slight preference for the trypsin-like and caspase-like activities **.
MG132 is a synthetic peptide aldehyde that binds reversibly to the 20S proteasome active site
forming a covalent hemiacetal adduct *****. The effect of proteasome inhibitors was tested 5h
after the toxic insult with glutamate since long incubation periods with these compounds

h **%> MG132 abrogated glutamate-induced cleavage on both

causes neuronal cell deat
isoforms of GAD, as determined 5h after the toxic insult (Fig. 4A). Lactacystin is a Streptomyces
lactacystinaeus metabolite that targets the 20S proteasome by an irreversible modification of
the amino terminal threonine of B-subunits, while YU102 is a o, B’-epoxyketine, the only
peptidyl-glutamylpeptidehydrolyzing (PGPH)-specific peptide used in this study ****°®. Both
YU102 and lactacystin inhibited glutamate-evoked GADG65 cleavage, but were without effect

on GADG67 (Fig. 4A).
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Figure 4 — Proteasome and ubiquitin-activating enzyme (E1) inhibitors prevent glutamate—
induced GAD65/67 cleavage. Cultured hippocampal neurons were pre-incubated or not with
50 uM of UBEI-41 (E1 inhibitor), for 1h, or with the proteasome inhibitors MG132 (1uM),
lactacystin (10 uM) or YU102 (10 uM), for 30 min, before excitotoxic stimulation with
glutamate (125 uM), for 20 min. The cells were further incubated in culture conditioned
medium (with or without chemical inhibitors) for 5h, and the GAD65/67 immunoreactivity was
assessed by western blot (A and B). Incubation with the calpain inhibitor ALLN (10 pM) was
performed under the same conditions. The average results in (A) represent the changes in
GADG65 or GAD67 immunoreactivity. In panel (B) GAD cleavage was calculated as a percentage
of the total enzyme content (GAD65/67). When calpain activity was evaluated through
formation of N-terminal spectrin breakdown products (NSBDPs) the cells were incubated for
30 min after the toxic insult (C). The effect of MG132 and UBEI-41 on calpain activation is
expressed as a percentage of the activity measured in the absence of the protease inhibitors.
Results are meanstSEM of 3-4 different experiments, performed in independent preparations.
Statistical analysis was performed using one-way ANOVA, followed by Bonferroni’s Multiple
Comparison Test (A and B) or the Student’s t test (C). ***p < 0.001.

To further characterize the role of the UPS in the glutamate-evoked cleavage of GAD we tested
the effect of the ubiquitin-activating enzyme (E1) inhibitor, UBEI-41 **’. It has been assumed
that only a single activating enzyme for ubiquitin exists, which operates at the initial step of
the ubiquitin-proteasome pathway. Therefore, if the UPS plays a role in the cleavage of GAD,
inhibitors of E1 should abrogate the excitoxicity-induced cleavage of the GAD. Accordingly,
inhibition of the ubiquitin-activating (E1) enzyme prevented the effect of excitotoxic
stimulation on the cleavage of GAD67 and GADG65 (Fig. 4B).

In previous studies the cleavage of GAD under excitotoxic conditions was found to be

282-285

abrogated by calpain inhibitors . Furthermore, recombinant GAD65 and 67 are cleaved in
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vitro by calpain 2%

. Accordingly, incubation of hippocampal neurons with ALLN, a chemical
inhibitor that targets preferentially calpains when used at lower concentrations, prevented the
glutamate-induced cleavage of GAD65/67 (Fig. 4B). Therefore, we determined whether
inhibition of calpains could account for the effect of the UPS inhibitors on glutamate-induced
cleavage of GADs. Activation of calpain was measured by western blot, using an antibody that
binds specifically to the product resulting from the cleavage of spectrin by calpains (SBDPs)
445446458 - Glutamate stimulation increased the formation of N-terminal SBDPs (NSBDPs), and
this effect was only slightly inhibited by MG132 (16.6%; p<0.05) and by UBEI-41 (28.3%;
p>0.05) (Fig. 4C). These results indicate that calpain inhibition is not likely to account for the

effects of MG132 and UBEI-41 on glutamate-evoked cleavage of GAD.

GADG65/67 interact with ubiquitinated proteins in primary hippocampal cultures

The results shown above suggest that the proteasome plays a direct role in GAD67 cleavage
under excitotoxic conditions. In particular, the inhibition of GAD67 cleavage by the E1 inhibitor
(Fig. 4C) suggests that the enzyme is ubiquitinated before cleavage by the proteasome. To test
for the possible ubiquitination of GADs we used the UbiQapture™-Q Kit which allows isolating
both mono- and poly-ubiquitinylated proteins (and their binding partners), independent of
lysine residue chain linkage. Ubiquitinated proteins (and their binding partners) were isolated
from extracts of hippocampal neurons stimulated or not with glutamate (with or without
MG132), and the results were analysed by Western Blot with an anti-GAD65/67 antibody.
GAD65/67 was immunoprecipated in similar amounts in all experimental conditions tested,
but stimulation with glutamate in the presence or in the absence of MG132 increased the
capture of GAD (Fig. 5A, top panel). However, in all experimental conditions the mobility of the
immunoprecipitated GAD65/67 was the same as the mobility of the protein present in extracts
directly loaded on the gel, suggesting that there is no change in GAD ubiquitination following
glutamate stimulation. Taken together these results suggest that GAD67 interacts with another
protein(s) that is ubiquitinated, and capture of this protein by an anti-ubiquitin antibody allows
co-purification of the enzyme. The increased co-immunopurification of GAD67 in extracts from
cells stimulated with glutamate may suggest that the excitotoxic insult increases the

ubiquitination of the GAD67 interacting protein(s).
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Figure 5 — GAD 65/67 are captured with an anti-ubiquitin antibody in hippocampal cultures.
(A) Cultured hippocampal neurons were stimulated or not with 125 uM glutamate for 20min,
in the presence or in the absence of 10 uM MG132, and the cells were further incubated with
culture conditioned medium for 4h before preparation of the extracts. In the top panel, mono-
and poly-ubiquitinylated proteins were isolated using the UbiQapture™-Q Kit, and the eluted
fraction ** was subjected to western blot, using an antibody against GAD65/67. GAD65/67
total immunoreactivity in the extracts prepared from control cells and from hippocampal
neurons stimulated with glutamate is shown on the right (E.T.). The left lane was loaded with a
control provided in the kit, consisting in ubiquitinated protein lysate. The same membranes
were probed for mono- and poly-ubiquitin using an antibody included in the kit (A, middle). (B)
Human recombinant GAD65 (0.75 ug) were incubated with 20/26S proteasomes (1.5 ug) for 2h
at 372C with or without MG132. The extracts were then probed with GAD65/67 antibody. The
activity of the 20S/26S proteasomes used in the experiments was confirmed using the
fluorogenic substrate suc-LLVY-MCA. The increase in fluorescence resulting from the cleavage
of the substrate was measured in relative fluorescence units (RFU) (C). The results of the
capture of ubiquitinated proteins and the assay of the recombinant GAD65 cleavage are
representative of two and three independent experiments, respectively.
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Since the 20S proteasome is able to cleave substrates without ubiquitination ****%°

, an in vitro
system was used to determine whether this could account for the observed inhibitory effect of
MG132 on the excitotoxicity-induced cleavage of GAD65. Recombinant GAD65 was incubated
with 20S and 26S proteasomes using the protocol previously described **°, which allowed
characterizing the ubiquitin- and ATP-independent cleavage of YB-1 (a DNA/RNA-binding
nucleocytoplasmic shuttling protein) by the 20S proteasome in vitro. No cleavage of
recombinant GAD65 was observed following incubation with the 20S or 26S proteasome (Fig.
5B), suggesting that this GAD isoform does not undergo a ubiquitin-independent proteasomal
cleavage, as described for YB-1. Control experiments using fluorogenic substrates showed that

the 20S and 26S proteasome preparations were active (Fig. 5C), further suggesting that the

proteasome does not act directly on GAD65.

GADs cleavage is correlated with decreased enzyme activity and changes the subcellular

distribution

Since GADs play a key role in the synthesis of GABA from glutamate, we investigated how the
cleavage of the enzyme affects its activity. The assay of GAD activity using the [14C]CO2
trapping method requires the use significant amounts of protein that cannot be obtained using
hippocampal cultures. Therefore, the effect of GAD cleavage on the activity of the enzyme was
investigated using brain tissue from decapitated rats. Previous studies have shown that under
these conditions GAD is cleaved with a pattern similar to that observed under excitotoxic

conditions, particularly in the cerebellum and in the cerebral cortex “

. The post-mortem
cleavage of GAD65 and GADG67 in these brain regions was confirmed in the present study (Fig.
6B), and 24h after death there was a decrease in the total full length GAD protein levels both
in the cerebellum and in the cerebral cortex (Fig. 6A). At this time point the activity of GAD was
decreased to 68.8% in the cerebral cortex and to 33.1% in the cerebellum, while the total
amount of full-length protein was reduced to 73% and 58%, respectively. The total GAD
protein levels (full-length + cleaved protein) at 24h post-mortem was not significantly different

from the amount of protein detected under control conditions (see representative western

blot in the top panel of Fig. 6B).
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Figure 6 — Excitotoxicity-induced decrease in GAD65/67 activity. Heads of adult Wistar rats
were decapitated and processed immediately or kept for 24h at room temperature. The
extracts were used for both GAD activity measurements and Western Blot analysis. GAD
activity was determined using a trapping technique for radiolabelled [*C]CO, brought by
GADG65/67 activity, and was expressed as nmol CO,/hr/mg of protein (A). Full-length GAD65/67
protein levels from the same extracts were determined by Western Blot using an anti-
GAD65/67 antibody, and control protein levels of GAD65/67 were set to 100%. Data are
presented as mean+SEM of 3 to 4 independent experiments. Statistical analysis was performed
using Student’s t-test. *p < 0.05; **p < 0.01: ***p<0.001.

2 .
42483 " Since glutamate

GADG65 is anchored to synaptic vesicles through its N-terminus
stimulation cleaves GAD near the N-terminal region, we hypothesized that the cleavage of the
enzyme could affect its sub-cellular localization. Under control conditions GAD65 displays a
partially punctate distribution along neurites (Fig.7A, arrowheads), but this pattern is altered
4h after excitotoxic stimulation with glutamate. Under the latter conditions some neurites

show a more homogeneous distribution of GAD65, diffuse along the neuronal processes (Fig.

7A, B), and the number of GAD65 puncta is significantly reduced in comparison to the control
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conditions (Fig. 7C). Colocalization of GAD65 with the B2/3 GABAA receptor subunits was also
significantly decreased (Fig. 7C), showing a loss of synaptic distribution of GAD65 under

excitotoxic conditions.
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Figure 7 — Glutamate changes the subcellular distribution of GAD65 along neurites. 10 DIV
hippocampal neurons were incubated with or without glutamate (125 uM) for 20 min, and
then returned to the original culture medium for 4h. Cells were fixed, permeabilized and
probed with specific antibodies to GAD65 and GABA, receptor subunits 2/3. (B) Arrows
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indicate GADG65 clustering (red), a pattern that is changed in glutamate treated cells. Images
are representative of three different experiments performed in independent preparations.
Images in (B) show colocalization of the immunoreactivity for GAD65 (red) and GABA, receptor
subunits 2/3 (green) under control conditions, and the redistribution of GAD65 in the axons
of hippocampal neurons subjected to excitotoxic conditions. The scale bar corresponds to 10
um. (C) Quantification of the images for the colocalization of GAD65 and GABA, subunits 32/3,
expressed as percentage of total GAD65 puncta (left), and the average number of GAD65
puncta per axon unit length (right). Data are presented as meaniSEM of 3 independent
experiments performed in different preparations. Statistical analysis was performed using
Student’s t-test. *p < 0.05; **p < 0.01.

Discussion

Previous studies have shown the cleavage of the glutamic acid decarboxylase isoforms GAD65

283-285

and GAD67 under excitotoxic conditions , and pointed out a key role for calpains in this

process “*2%*_In this work we show that the activity of E1 ubiquitin ligase and the proteasome
are required for glutamate-evoked cleavage of GAD67, although no clear evidences were
obtained showing a direct ubiquitination of the enzyme. Furthermore, cleavage of GAD65/67
was found to decrease enzyme activity and changed the characteristic punctate distribution of

GADG65 along neurites. Both effects are likely to downregulate the activity of GABA as a

neurotransmitter under excitotoxic conditions.

Glutamate-induced cleavage of GAD protein levels and downregulation of mRNA

Excitotoxic stimulation of cultured hippocampal neurons induced the cleavage of GAD65 and
67 by a mechanism sensitive to the calpain inhibitor ALLN, similarly to what was observed in
neuronal cultures prepared from the whole brain or from the cerebral cortex *****. The full-
length proteins were cleaved into a truncated form with approximately 55-58 kDa, which was
detected by an antibody directed against the N-terminal of GAD65 and GAD67. Since no
immunoreactive bands with low apparent molecular weight were identified, the results
indicate that both GAD isoforms are cleaved in a sequence close to the N-terminal region of
the proteins. Accordingly, an antibody directed against amino acids 17-130 of GAD67 also
detected the cleavage product of the enzyme, showing that the cleavage site is located before
amino acid 130. The sequence after amino acid 100 in GAD67 shows high homology with
GADG65 (Fig. 2C), and this explains the similarity in the apparent molecular weight of the
cleavage products of GAD65 and GAD67. Much of the available evidences suggest that the N-

terminal segment of GAD is exposed and flexible ***, and this may make this region available

129



for cleavage by proteases. In vitro studies showed that recombinant human GAD67 lacking the
first 70 or the first 90 amino acids is not cleaved by calpain, in contrast with the full length

protein 282

, suggesting that under excitotoxic conditions GAD67 may be cleaved between
amino acids 90 and 130. If this is the case, the dimerization of GADs required for their activity
is likely not affected by enzyme cleavage since dimer formation occurs through interaction of

C-terminal portions of GAD molecules *®*

. GAD is a pyridoxal 5’-phosphate (PLP)-dependent
enzyme, but the co-enzyme binding site is not contained within the N-terminal regions 483,
Therefore, changes in PLP binding are not likely to account for the changes in GAD activity
following enzyme cleavage.

In addition to the cleavage of GAD we also observed a decrease in the mRNA levels for both
isoforms of the enzyme in hippocampal neurons subjected to an excitotoxic insult with
glutamate (Fig. 3). This is likely to limit the de novo synthesis of GAD, which could otherwise
compensate for the observed dowregulation of the full-length protein. It remains to be
determined whether the observed decrease in the mRNA for GAD is due to a reduction in
transcription activity and/or to an active degradation of the existing transcripts. The rapid
down-regulation of GAD mRNA following excitotoxic stimulation of cultured hippocampal
neurons contrasts with the delayed effects of ischemic injury on GAD67 mRNA *®°; unilateral
ischemic lesions of the frontoparietal cortex in adult rats increased GAD67 mRNA levels in the
striatum, lasting up to 3 months after surgery. Inhibition of NMDA receptors also
downregulated GAD mRNA in various brain regions, starting at day 2 after treatment **/,
suggesting that glutamate receptors are directly coupled to the activation of GAD67

expression.

UPS system activity is essential for excitotoxicity-induced GAD cleavage

283
k

Previous studies have shown that calpain inhibitors fully bloc [or inhibit to a great extent

%% the glutamate evoked cleavage of GAD65/67 (see also Figure 4B), and in vitro experiments

showed that calpains cleave recombinant GAD67

. Taken together these evidences strongly
suggest that calpains play a key role (if not exclusive) in GAD cleavage under excitotoxic
conditions. Surprisingly, we observed that inhibition of the proteasome with MG132,
lactacystin or YU102 fully abrogated the cleavage of GAD67 in hippocampal neurons subjected
to excitotoxic conditions, and MG132 had the same effect on the cleavage of GADG6S5.
Furthermore, inhibition of the ubiquitin-activating enzyme (E1) with UBEI-41 also prevented

the cleavage of GAD67 and GADG65. The effects of MG132 and UBEI-41 cannot be attributed to
inhibition of calpains since the inhibitors had a small (MG132) or no effect (UBEI-41) on the
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glutamate-evoked calpain activation, as determined by measuring the formation of spectrin
breakdown products (Fig. 4C). Since the molecular weight of the GAD truncated forms
observed in the present studies is similar to that observed in previous studies where calpains
were shown to participate in the cleavage of the enzyme, it is likely that the UPS and calpains
act in a co-ordinated manner to cleave GADs. If this is the case, the UPS is likely to act
upstream of calpains since no evidences were found for a direct effect of proteasome in GAD
cleavage.

Interaction between calpains and the UPS is also physiologically relevant in other scenarios.
Sequential activity of calpains and the UPS has been proposed to contribute to the degradation
of myofibrils; calpains release myofibrils form the contractile apparatus, which allows initiating

468,469

ubiquitination and degradation by the proteasome . Also, degradation of IkB through

phosphorylation-dependent ubiquitination or following cleavage by calpains is thought to
release NFkB, and the transcription factor migrates to the nucleus where it binds DNA /%72,
There are reports suggesting that proteasome inhibition could be neuroprotective after stroke
87473 "namely through stabilization of IkB and thereby preventing NF-kB activation. Inhibition
of calpains can also provide functional neuroprotection in various animal models of cerebral

ischemia *’*,

The role of ubiquitination in GADs cleavage

The glutamate-evoked cleavage of GAD65/67 was sensitive to proteasome inhibition, but
incubation of GAD65 with the 20S proteasome did not give rise to the cleavage product of the
enzyme. Although some proteins are cleaved by the 20S proteasome without ubiquitination
459480 this is not the case of GAD65.

Inhibition of the E1 ubiquitinating enzyme also abrogated the cleavage of GAD65/67 under
excitotoxic conditions, indicating that protein ubiquitination plays a key role in the process.
Separation of mono and poly-ubiquitinated proteins with the UbiQapture™-Q Kit allowed
recovering GAD65 and GADG67, but although there was an increase in the amount of GAD
isolated with the kit under excitotoxic conditions the apparent molecular weight of the
proteins isolated was similar to that observed in whole cell extracts. This strongly suggests that
GAD is not ubiquitinated, but instead interacts with a protein which state of ubiquitination is
increased following excitotoxic stimulation with glutamate. This may be related with an

475,476

increase in ubiquitin mMRNA transcripts, as observed following ischemia , with an

286,441,477

impairment of the proteasome activity , and/or to a signalling cascade induced by

excitotoxicity that may ultimately leads to the ubiquitination of the GAD binding partner.
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Excitotoxicity also regulates the NF-xB transcription factor after cerebral ischemia through
ubiquitination and degradation of its binding partner 1kB *’%. Similarly, the cleavage of GAD
may follow the increase in ubiquitination and degradation of a binding partner, which may
allow cleavage of the enzyme by calpains. This hypothesis explains the effect of both E1
inhibition and proteasome inhibition on GAD cleavage, and the results showing no apparent
ubiquitination of the enzyme (present work), and the role of calpains %* The GAD binding
partner that may be involved in the regulation of the protein under excitotoxic conditions
remains to be identified.

Interestingly, the proteasome inhibitors showed differential effects on GAD65 and GAD67
cleavage induced by excitotoxic stimulation with glutamate. MG132 abrogated the cleavage of
both GAD isoforms, in contrast with YU102 and lactacystin which were only effective against
the cleavage of GAD67. The difference in the effects of the inhibitors tested may be due to
their specificities: MG132 and YU102 act preferentially on the cheymotrypsin-like and caspase-
like activities of the proteasome, respectively, whereas lactacystin targets preferentially the

#314%  Assuming that under excitotoxic conditions the

trypsin-like and caspase-like activities
proteasome targets a GAD binding partner before cleavage of the enzymes by calpains, these
results suggest that the proteasome substrates bound to each of the GAD isoforms are

distinct.

Alterations of GADs activity and localization under excitotoxic conditions

The decrease in GADs activity observed in post mortem cerebral cortices to 74% was
correlated with a decrease to 73% of the full-length protein found in the extracts analysed by
Western Blot; in the cerebellum the GAD activity decrease to 48% in post mortem extracts
relative to control, and a down-regulation of the full-length protein to 58% was observed. This

decrease in enzyme activity following N-terminal cleavage is in agreement with previous

461

results obtained using a similar experimental paradigm and with the effect of calpain

282

cleavage at the N-terminal region on the activity of recombinant GAD67 “*“. In contrast,

479

truncation of the N-terminal region of recombinant GADG65 increased enzyme activity "~ and

trypsin cleavage of recombinant GAD65 and GAD67 at their N-terminal region was shown to

%4 The difference between the effects observed in brain extracts and

increase enzyme activity
in in vitro experiments may be due to interaction of GAD with regulatory proteins (see below),
which are absent when recombinant proteins are used. Post-translational modifications of

GAD, such as phosphorylation, may also contribute to the differences in the effect of N-
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terminal cleavage on the activity of the enzyme measured in brain extracts or using

recombinant protein 480

. A decrease in enzyme activity in neurons subjected to excitotoxic
conditions may activate compensatory mechanisms in surviving neurons since the expression
of GAD is regulated by the abundance of GABA by a mechanism independent of the activation

481,482

of GABA receptors . However, within the time frame analysed after the excitotoxic insult
we found no evidences for an upregulation of GAD protein levels from de novo protein
synthesis (Fig. 2).

In this work we also found that excitotoxic stimulation of cultured hippocampal neurons
changes the subcellular distribution of GAD65, with a loss of protein clustering along neurites.
This is in agreement with the results showing a role for palmitoylation of Cys30 and Cys45 in

483488 The N-terminal

GADGS in the post-Golgi trafficking of the protein to presynaptic clusters
truncation under excitotoxic conditions is likely to separate this targeting sequence from the
catalytic domain of GAD65, dissociating the enzyme from synaptic vesicles as suggested in the
results of the immunocytochemistry experiments shown in Fig. 7. Furthermore, the decrease
in colocalization of GAD65 and the B2/3 GABAA receptor subunits suggests that the cleaved
protein becomes more diffuse, moving away from the synapse.

It was proposed that association of GAD with membranes and the anchoring of the enzyme to
synaptic vesicles occur first through formation of a complex with the heat shock protein 70
family member HSC70 (heat shock cognate 70), followed by interaction with cysteine string
protein (CSP), an integral protein of the synaptic vesicle ***. Cleavage or degradation of the
GAD anchoring proteins may release the enzymes anchored to synaptic vesicles and may
contribute to change the subcellular distribution of the enzyme under excytotoxic conditions.
If the N-terminal region of GAD65 plays a role in the interaction with the anchoring proteins,
the cleavage of the enzyme under excitotoxic conditions may also explain the observed
changes in immunoreactivity after the toxic insult with glutamate. The interaction of GAD with
HSC70 and synaptic vesicles also promotes the activity of the enzyme **2. The release of GAD65
from synaptic vesicles that may occur under excitotoxic conditions would explain, at least in
part, the decrease in enzyme activity observed in cerebellar and cerebrocortical extracts
containing cleaved GAD.

The anchoring of GAD65 to synaptic vesicles through interaction with the vesicular GABA
transporter may allow coupling the synthesis of GABA to the packaging of the
neurotransmitter into the vesicles >’°. The cleavage of the N-terminal region of GAD65 and the
consequent dissociation of the enzyme from synaptic vesicles and from the synapse may

decrease the accumulation of GABA in the vesicles and, therefore, may deregulate GABAergic
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synapses. This is particularly relevant considering that GAD65 is the isoform responsible for the
synaptically released GABA **.

In conclusion, we showed that excitotoxic conditions lead to the cleavage of GAD65/67 in
cultured hippocampal neurons in a UPS-dependent manner. GAD cleavage decreased enzyme
activity and changed the subcellular distribution of the 65KDa isoform, which should decrease
GABA production and may affect the accumulation of the neurotransmitter in synaptic

vesicles.
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Chapter 5

General Discussion
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General discussion

As the UPS plays a fundamental role in neurons, either during development or in fully
differentiated neurons, its dysfunction has been implicated in several diseases of the nervous

205-207.486987 1 our work we have

system and in particular concerning polyQ disorders
identified a possible new player in the interplay between the UPS and the chaperone
machinery in the regulation of proteostasis, the molecular chaperone HSP60. We also analyzed
the possible contribution of a UPS component — UBH-1 (UCH-L1 orthologue) to proteostasis in
the context of MJD, using a C. elegans model of this disease. Finally, we tested the contribution
of the UPS to one of the hallmarks of neurodegenerative diseases, and in particular of MJD,
calcium deregulation. Specifically, we addressed the contribution of the UPS to the cleavage of
GADs, the enzymes responsible for the synthesis of the major inhibitory neurotransmitter, in
excitotoxic conditions.

In this work we identified a new interactor of ATXN3, the chaperone HSP60. In cells, proteins
are exposed to stress conditions that can ultimately lead to aberrant protein conformational
changes, the molecular chaperones being responsible for their correct refolding “***®. If the
proteins’ native state is not reached, misfolded proteins are targeted for degradation ****".
The majority of these misfolded intracellular proteins are degraded via the Ubiquitin

92 Since mitochondria are involved in the respiratory process and

Proteasome System (UPS)
thus subjected to high levels of reactive oxygen species, the macromolecules present in the
mitochondria, namely proteins, are highly prone to be oxidized and suffer alterations in their
structure. The role of HSP60 in mitochondrial protein quality control is thus very relevant, and
together with mitochondrial HSP70 it is the main responsible for protein quality control in the
mitochondrial matrix ***>. The presence of ATXN3 in the mitochondria has been previously
described *** and in our work we further characterize this co-localization. Deubiquitylases such
as Ubiquitin Specific Peptidase 19 (USP19) and Ubiquitin Specific Peptidase 30 (USP30) have

transmembrane domains *>4%

that allow their anchoring to the outer mitochondrial
membrane; ATXN3 does not have this domain and thus the mechanism by which this protein is
recruited to the mitochondria remains elusive. It is possible that ATXN3 is recruited to the
mitochondria by its own substrates, or alternatively through the interaction with non-
substrate proteins. In this perspective, a possibility is that the interaction with HSP60 is a way

of recruiting and stabilizing ATXN3 to the mitochondria to exert specific deubiquitylating

activity towards its substrates. This is compatible with our results, as we have demonstrated
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that the interaction between the two proteins is direct (through ATXN3’s Josephin domain)
and not dependent on the interaction with other proteins. To confirm this possible
mechanism, experiments in knockout HSP60 cell lines can be conducted, and if the hypothesis
holds true one should expect in these cells an altered distribution pattern of ATXN3, thus not
localizing to the mitochondrial membrane. The Josephin domain of ATXN3 is composed of a
cysteine protease sequence, which is key for the ubiquitin protease activity ****°7*%; pesides,
ATXNS3 can also bind histones through the Josephin domain and thus regulate transcription *°.
The fact that interaction of HSP60 with ATXN3 takes place through this particular domain of
ATXN3 suggests that HSP60 is in a position to modify the function/activity of the enzyme, or
modulate the transcriptional repression exerted by ATXN3. We performed DUB activity tests in
vitro (data not shown) for ATXN3 in the presence versus absence of HSP60 and did not find any
differences in the cleavage of a Hisg-Ubiquitin construct. These results are, however, not
conclusive, since it would also need to be checked if the functional HSP60 chaperone, with its
co-chaperone HSP10 associated, would have any effect on ATXN3's deubiquitylating activity.
Results from our group demonstrated that upon silencing of ATXN3 by shRNA SH-SY5Y
neuroblastoma-derived cells had altered patterns of HSP60 ubiquitylation (data not shown). In
this cell line HSP60 polyubiquiytlation is almost abrogated, which suggests that (directly or
indirectly) ataxin-3 is contributing for the maintenance of HSP60 ubiquitylation. To clarify the
functional meaning of this finding, future work must clarify if the levels of unbiquitylated
HSP60 are also altered in ataxin-3 KO, to check if the effect of knocking down ataxin-3 results
in the regulation of total levels of the protein, or specifically of the ubiquitylated levels of the
enzyme. If the latter is true this could impact on subcellular distribution, interactions or
activity of HSP60. It would also be very important to check in future experiments the effect of
an expanded polyQ tract in ATXN3, namely the consequences in terms of the interaction with
HSP60, protein cellular distribution and activity. This would help clarify the relevance of this
interaction for the pathology in MJD.

400-403,407,408

Oxidative stress and inflammation are an hallmark of MJD , and prostaglandins

387.388 |3 our work we wanted to test

(PGs) are known inducers of intracellular oxidative stress
the contribution of (15d-PGJ2) to the pathogenesis of MJD, also through the modulation of an
UPS component, the deubiquitylating enzyme UCH-L1. Our results show that exposure to 15d-
PGJ2 does not alter the pathology observed in our model C. elegans of MID ™, as assessed by
the animals’ motility and aggregation of ATXN3. Treatment with 15d-PGJ2 was able to induce
oxidative stress in C. elegans oxidative stress reporter strains, which indicates that this

prostaglandin is able to modulate stress response in these animals. Previous work

demonstrated that 15d-PGJ2 treatment increases intracellular ROS through the modification of
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Thioredoxin 1 (Trx) enzyme, known to be protective against oxidative stress ****°', In C.

elegans trx-1 encodes a thioredoxin expressed in the ASJ head sensory neurons that modulates

500,501

oxidative stress response , it was demonstrated that trx-1( jh127) worms, that lack TRX-1,

are more sensitive to paraquat, a known inducer of oxidative stress, comparing with WT

%% 1t will be important to determine if 15d-PGJ2 treatment increased oxidative stress

animals
in our reporter strains through this pathway, namely by assessing the possible modifications in
the structure of TRX-1 imposed by PGs, since in mammalian cell lines, this was the mechanism
through which PGs induce oxidative stress *%%.

The fact that 15d-PGJ2 treatment had no effect on the behavioral and biochemical parameters
we tested in the C. elegans MJD model might indicate that the oxidative stress induced in
these animals was not significantly higher than the basal stress that occurs in these conditions.
Although the role of 15d-PGJ2 as a mediator of inflammation and specifically as an inducer of
oxidative stress in C. elegans has been described %1 the roles of PGs in cells remain still elusive

3752 Indeed, it was suggested that 15d-PGJ2 might induce

and sometimes seem contradictory
the expression glutathione S-transferases (GSTs) *** known to be responsive to oxidative stress.
To clarify the specific contribution of 15d-PGJ2 to the mechanisms of oxidative stress in C.
elegans the expression of GSTs should also be taken into account.

Another UPS-related effect that 15d-PGJ2 is known to have is the modification of the
conformation and stability of the deubiquitylating enzyme UCH-L1 *****>, The fact that UCH-L1
has been proven to be a modifier in neurodegenerative diseases prompted us to study its
possible role as a modifier in MJD. UCH-L1 has a pivotal role in Parkinson Disease (PD), and in a
German family with Parkinson's disease in which the 193M mutation in the enzyme was
identified ***, diminished activity and alterations in secondary structure were suggested to be

36 Also in Alzheimer’s Disease, UCH-L1 was able to restore correct

the cause of disease
synaptic transmission in an animal model of the disease ', thus suggesting a fundamental role
of the enzyme in the core of neuronal communication. We started by evaluating the effects of
UBH-1 deletion on motility and ATX3 aggregation in our MJD model. We found that UBH-1 KO
animals show no defect in these behavioral and biochemical evaluation paradigms. Besides,
the double mutant containing expanded ATX3 and deletion of UBH-1 showed no differences in
these parameters when compared with single mutant carrying ATXN3 mutation. The fact that
we were not able to find any alteration in our MJD model upon UBH-1 (UCH-L1 C. elegans
orthologue) deletion might be related with the fact that in worms UBH-1 shares high homology
with UBH-3 (UCH-L3 in vertebrates) (www.wormbase.org), also observable in vertebrates

where UCH-L1 shares 51% sequence identity with UCH-L3 *">°%. This high degree of homology

raises the possibility of some degree of redundancy between the enzymes. To clear the
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possible compensating role of UBH-3 in the absence of UBH-1 in future work double mutants
carrying both enzymes deleted should be crossed with our MID C. elegans model and check for
possible alterations in the pathology of the disease. The fact that UBH-1 per se does not have
an effect in the pathology of the disease, lead us to question if the alterations described in
vertebrates to lead to UCH-L1 modification upon 15d-PGJ2, namely the inactivation and
aggregation of the enzyme, would also have an impact in WT or MJD worms but no effect was
observed. In future work the impact that 15d-PGJ2 has on endogenous UBH-1 structure and
function should be evaluated, to compare with the effects observed in vertebrates and
evaluate the consequences in terms of MJD pathology.

One of the mechanisms that contributes to MJD pathology is calcium signaling deregulation
264265 Although our study was not performed specifically in the context of MID, our results
might be relevant for the understanding of the consequences of calcium deregulation in the
context of the disease. A recent study undercovered a fundamental role of calcium activated
protease calpain in MJD pathology. Previous reports have demonstrated that the calcium-

03307 10 that study it was

activated protease calpain is involved in the cleavage ATXN3
demonstrated that calpains cleave both WT and polyQ expanded forms of ATXN3 being the
last more susceptible to this protease, and that knocking out the inhibitor of calpains —
calpastatin — in a mouse ATXN3 mice model of the disease leads to accelerated
neurodegeneration, increased number of ATXN3 positive nuclear inclusions and more severe
phenotype >®.

We discovered that the enzyme responsible for the synthesis of the inhibitory
neurotransmitter Gamma-Amino Butyric Acid (GABA) was cleaved under excitotoxic conditions
and that this cleavage was prevented in the presence of proteasome inhibitors, thus pointing
to a specific role of the UPS in calcium deregulation-induced proteolytic conditions. Cleavage
of GADs results in decreased enzymatic activity and altered distribution pattern in the axons of
hippocampal neurons. Previously, it had been described that this cleavage was sensitive to

2817285 3nd cathepsin *** inhibitors. We found that UPS and E1 ubiquitin ligase inhibitors

calpain
completely abrogated the excitotoxic-induced cleavage of GADs, although no evidences were
found that GADs are ubiquitylated. This results point to an indirect role of the UPS in GADs
cleavage, suggesting that GADs might be regulated by the UPS through a signaling cascade or
that a binding partner is regulated by the UPS thus affecting GADs stability.

In summary, this work gives a contribution to addressing the molecular mechanisms through
which the UPS is involved in neuronal degeneration. The increasing knowledge of ATXN3

interactome through the identification of a new molecular partner is relevant, particularly

knowing the relevance of the crosstalk between the molecular chaperones and UPS for
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efficient maintenance of proteostasis. The contribution that other components of the UPS
machinery have to MID is rather relevant, and further studies can address the molecular
mechanisms through which this DUB is not relevant for MJD pathology in C. elegans, namely
which are the redundant or compensatory mechanisms involved. The finding that in calcium
deregulation, specifically in excitotoxicity, the UPS regulates the cleavage of the enzyme
responsible for the synthesis of the main inhibitory neurotransmitter demonstrates the
importance of understanding how this ubiquitous machinery is regulated and how it can be
modulated to help in the finding of new therapeutic approaches for neurological diseases as
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