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SUMMARY

Huntington’s Disease (HD) is an autosomal-dominant neurodegenerative
disorder with no cure or effective therapies. The disease is caused by the
extension of cytosine-adenine-guanine (CAG) repeats at the exon 1 of the
huntingtin (HTT) gene. Mutant HTT (mHTT), the main HD proteinaceous
hallmark, participates in reactive oxygen species (ROS) formation, reduced
antioxidant proteins, altered protein degradation pathways, mitochondrial
dysfunction and modified N-methyl-D-aspartate receptors (NMDAR) activity.
Importantly, two members of the Src Kinase Family (SKF), c-Src and Fyn, are
activated by ROS, modulate pathways involved in antioxidant defense, have
important roles in mitochondrial normal function and regulate NMDARs activity
and localization. However, c-Src/Fyn involvement in HD is largely unexplored. In
the present work, we investigate the involvement of SKF proteins in HD
ethiopatogenesis in human and mouse models, as well as its possible
involvement on redox changes, mitochondrial function and NMDAR postsynaptic
density (PSD) location and related signaling.

Previous studies in HD striatal cells showed increased ROS levels and
reduced nuclear factor erythroid 2-related factor 2 (Nrf2) protein levels despite
increased phosphorylation/activation, being Nrf2 the main transcription factor
involved in the expression of cell defense enzymes. Thus, in Chapter 3 we report
increased Nrf2 phosphorylation at Ser40 along with enhanced SKF levels and
phosphorylation/activation at Tyr416 following acute exposure of HT22 neural
cells to hydrogen peroxide (H20;). Cytosolic Nrf2 activation is modulated through
phosphorylation by PKC38, an enzyme controlled by SKF. Of relevance, Nrf2
phosphorylation at Ser40, its nuclear accumulation and transcriptional activity
involving expression of heme oxygenase-1 (HO-1) are shown to be dependent
on SKF activation. Moreover, modulation of Nrf2 activity by c-Src occurs through
protein kinase C (PKC)d phosphorylation at Tyr311. We demonstrate SKF-
mediated regulation of Nrf2 transcriptional activity, via PKC3 activation, following

an acute H,O; stimulus. These data demonstrate the role of SKF, namely c-Src,
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in controlling Nrf2 activity and transcriptional activity under cellular oxidant
conditions, common to several neurodegenerative disorders, as in HD. Thus,
further studies were conducted to investigate SKF involvement in HD
pathogenesis.

In Chapter 4, we clearly show that c-Src and Fyn proteins are reduced in
HD models, including postmortem human brain caudate, YAC128 mouse brain
striatum and cortex at early stages, YAC128 striatal neurons and Q111/
STHdh®™"" striatal cell lines. Reduced c-Src and Fyn protein levels in HD result
from augmented degradation through autophagy in Q111 cells, and is
accompanied by a decrease in c-Src/Fyn active form(s). Moreover, decreased
Fyn mitochondrial co-localization correlates with HD-related mitochondrial
dysfunction and altered morphology, and increased levels of reactive/oxidant
species. Importantly, expression of constitutive active c-Src/Fyn aimed to restore
active SKF levels improves mitochondrial morphology and function, namely
through improved mitochondrial transmembrane potential, mitochondrial basal
respiration and ATP production, but does not affect mitophagy. Additionally,
constitutive active c-Src/Fyn expression diminishes the levels of reactive species
in HD cells and reduces the number of apoptotic cells through reduced levels of
active caspase-3.

Since SKF have important roles in the modulation of NMDARs activity and
localization, we next analyzed the impact of HD-mediated altered SKF levels on
synaptic and extrasynaptic NMDARs (Chapter 5). Therefore, we explore the
impact of HD-mediated altered Fyn levels at post-synaptic density (PSD), and its
role in distorted NMDARs function and localization, as well as in intracellular
neuroprotective pathways in YAC128 mouse striatal neurons. We show that
reduced synaptic Fyn levels and activity in HD striatal neurons is related with
decreased phosphorylation of synaptic GluN2B-composed NMDARSs; this occurs
concomitantly with augmented extrasynaptic NMDARs activity and currents and
reduced cAMP response element-binding protein (CREB) activation, along with
induction of cell death pathways. Importantly, expression of the constitutive active
form of SKF reestablishes NMDARSs localization, phosphorylation and function at
PSD in YAC128 mouse neurons. Enhanced SKF levels and activity also
promotes CREB activation and reduces caspase-3 activation in YAC128 mouse

striatal neurons.

XXI



Overall, this work provides important insights about c-Src/Fyn kinases
involvement in regulating the transcription factor Nrf2 and in HD pathogenesis,
namely by controlling mitochondrial function and NMDARs activity, and
potentially influencing disease progression. Based on these findings, this thesis
provides support for SKF as possible novel HD therapeutical targets.

Keywords: Src, Fyn, mitochondria, NMDA receptors, Huntington’s
disease
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REsumo

A doenga de Huntington (HD, do inglés ‘Huntington’s disease’) € uma
doenga neurodegenerativa autossémica dominante, sem cura ou terapias
eficazes. A doenca é causada pela extensao de repeticoes do trinucledtido
citosina-adenina-guanina (CAG) no exao 1 do gene da huntingtina (HTT). A
expressdo de HTT mutante (mHTT), a principal alteragcdo proteica na DH,
influencia a formagéao de espécies reativas de oxigénio (ROS, do inglés ‘reactive
oxygen species’), os niveis de antioxidantes, e altera as vias de degradagéao
proteica, a atividade mitocondrial e a atividade e localizagado dos recetores N-
metil-D-aspartato (NMDAR, do inglés “N-methyl-D-aspartate receptors”). De
forma interessante, dois membros da familia das proteinas Src cinase (SKF, do
inglés “Src family kinases”), c-Src e Fyn, sdo ativados por ROS, modulam vias
envolvidas na defesa antioxidante, possuem papéis importantes na fungao
mitocondrial e regulam a atividade e localizagcdo dos NMDARs. No entanto, o
envolvimento de c-Src/Fyn na HD ndo se encontra suficientemente explorado.
No presente trabalho, investigamos o envolvimento das proteinas SKF na
patogénese da HD em modelos humanos e de murganho, bem como o seu
possivel envolvimento em alteragdes redox, fungdo mitocondrial e sinalizagao
relacionada com a ativagdo dos NMDAR na HD.

Estudos prévios, do nosso grupo de investigagdo, mostraram que ceélulas
estriatais da HD apresentam um aumento dos niveis de ROS e uma diminuigao
dos niveis proteicos de Nrf2 (do inglés “nuclear factor erythroid 2-related factor
2”), apesar de um aumento da sua fosforilagao/ativagao, sendo Nrf2 o principal
fator de transcricdo envolvido na expressdo de enzimas de defesa celular.
Assim, no Capitulo 3 desta tese mostramos um aumento da fosforilagado de Nrf2
no residuo Ser40 e a fosforilacdo/ativacdo da SKF no residuo Tyr416 apoés
exposi¢cdo aguda de células neurais HT22 a peroxido de hidrogénio (H20).
Mostramos ainda que a ativacdo citosdlica do Nrf2 € modulada através da
fosforilagdo por PKC5 (do inglés “protein kinase C”), uma enzima controlada por

SKF. De forma relevante, a fosforilagdo do Nrf2 no residuo Ser40, assim como
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a sua migragao para o nucleo e atividade transcricional envolvendo a expresséo
da heme oxigenase-1 (HO-1) sdo dependentes da ativagdo da SKF. Para além
disso, a modulagao da atividade de Nrf2 pela c-Src ocorre através da fosforilagcao
de PKCS no residuo Tyr311. Assim, neste capitulo demonstramos que a
regulacdo da atividade transcricional de Nrf2, via ativagdo de PKC, é mediada
pela SKF, apés um estimulo agudo de H20,. Estes resultados indicam um papel
de SKF, nomeadamente da c-Src, no controlo da atividade transcricional de Nrf2
em condicdbes de oxidagdo celular, comuns a diversas doencas
neurodegenerativas, tais como a HD. Assim, os estudos subsequentes foram
conduzidos de forma a investigar o envolvimento da SKF na patogénese da HD.

No Capitulo 4 demonstramos claramente que os niveis das proteinas c-
Src e Fyn se encontram reduzidos em diferentes modelos de HD,
nomeadamente no nucleo caudado obtido de cérebro humano postmortem,
estriado e cértex cerebral do murganho YAC128 em estadios iniciais, neuronios
estriatais YAC128 e linhas de células estriatais Q111/ STHdh®'"!. Os resultados
mostraram que a diminuicdo dos niveis das proteinas c-Src e Fyn era
acompanhada por uma diminuicdo da sua forma ativa, e resultava de um
aumento da sua degradac&o por autofagia. A co-localizagdo diminuida da Fyn
com a mitocondria correlacionou-se com a disfungdo mitocondrial, morfologia
alterada, e niveis aumentados de espécies reativas/oxidantes em diferentes
modelos da HD. De forma importante, a expressao de SKF constitutivamente
ativa, com o objetivo de restaurar os niveis ativos de SKF, melhorou a morfologia
e a fungdo mitocondrial, nomeadamente através de um aumento do potencial
transmembranar mitocondrial, da respiragcao basal mitocondrial e produgao de
ATP, sem alterar a mitofagia. Além disso, a expresséo ativa da SKF diminuiu os
niveis de ROS em células que expressam mHLtt e reduziu o numero de células
apoptoticas, associado a uma diminui¢gao dos niveis de caspase-3 ativa.

Uma vez que a SKF apresenta um papel importante na modulagado da
atividade e localizagdo dos NMDARSs, analisamos ainda o impacto dos niveis
alterados da SKF, no contexto da HD, nos niveis sinapticos e extrassinapticos
dos NMDARs (Capitulo 5). No presente estudo, exploramos o impacto dos
niveis de Fyn na densidade pds-sinaptica (PSD), e o seu papel na fungao e
localizacdo dos NMDARSs, assim como a ativacdo de vias neuroprotetoras
intracelulares, em neurdnios estriatais obtidos do murganho YAC128. Assim,
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neste capitulo da tese mostramos que os niveis sinapticos reduzidos de Fyn
estdo relacionados com a diminuicdo da fosforilagcdo dos NMDARs sinapticos,
que contém a subunidade GIuN2B. Concomitantemente, a atividade e correntes
dos NMDARSs extrassinapticos aumentou, a qual se associou uma diminui¢ao da
ativacao de CREB (do inglés “cAMP response element-binding protein”) e a
inducao de vias de morte celular. A expressao da forma constitutivamente ativa
da SKF restabeleceu a localizacio, fosforilacdo e funcdo de NMDARs na PSD
em neuronios do murganho YAC128. A reposi¢céo dos niveis ativados da SKF
promoveu ainda a ativagdo do CREB e reduziu a ativagao de caspase-3.

De uma forma geral, este trabalho fornece informagao importante sobre o
envolvimento das cinases c-Src/Fyn na regulagao do fator de transcricao Nrf2 e
na patogénese da HD, através do controlo da fungdo mitocondrial e atividade de
NMDARs na HD, potencialmente influenciando a progressao da doenga. Desta
forma as SKF poderao constituirnovos alvos terapéuticos para a HD.

Palavras-chave: Src, Fyn, mitocéndria, recetores NMDA, doenca de Huntington.
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1.1. HUNTINGTON'’S DISEASE

1.1.1. AN OVERVIEW AND GENETIC BACKGROUND

George Huntington was the first clinician to accurately describe the main
clinical features of a familial-based disorder that is nowadays named Huntington’s
disease (HD). At the age of 21, George Huntington published in Medical and
Surgical Reporter of Philadelphia (1872) the main clinical aspects of a hereditary
chorea, a motor symptom characterized by abnormal and involuntary “dance-like”
movements. Although the disease had already been noted since the seventeen
century by other physicians, including his father and grandfather, this first detailed
publication allowed to distinguish this hereditary chorea from other forms of
chorea. After this description, the disease was named Huntington’s Chorea, and
later as HD since not all patients develop chorea, while other movement
disturbances as well as cognitive and behavioral symptoms are also present
(Lanska, 2000).

HD is an autosomal dominant progressive neurodegenerative disorder
caused by the extension of cytosine-adenine-guanine (CAG) repeats at the exon
1 of the huntingtin (HTT) gene, located in the short arm of chromosome 4
(4p16.3). The unstable CAG trinucleotide expansion encodes for a polyglutamine
(polyQ) tract at the N-terminus of mutant huntingtin (mHTT in humans; mHtt in
non-human animals) that makes it prone to misfold and aggregate (Ayala-Pefia,
2013). This polyQ expansion leads to conformational changes and abnormal
cytoplasmic (mainly perinuclear) and nuclear accumulation of mHTT
(Scherzinger et al., 1997). Healthy individuals, or general population, have
approximately 16 to 25 CAG repeats in the HTT gene, whereas 40-50 CAG
repeats cause the adult-onset form, with motor symptoms manifesting in the third
or fourth decade of life; more than 60 CAG repeats cause juvenile-onset HD, with
initial symptoms starting before 20 years of age (MacDonald et al., 1993). Thirty-
six to 39 CAG repeats correspond to a range of HD alleles with reduced
penetrance and since they are meiotically unstable, individuals may manifest the

disease at older age (e.g. at 60 years of age or older), presenting only mild



chorea, and without the cognitive, psychiatric and behavioral abnormalities
usually associated with longer repeat tracts, or even showing no clinical or
neuropathological HD phenotypes (Langbehn et al., 2004). Chorea is not a major
manifestation of juvenile-onset HD, whereas rigidity and seizures are the
predominant characteristics of this HD form, occurring after abnormal behavior
(Nance and Myers, 2001). Genetic anticipation can explain the occurrence of this
highly polymorphic genotype since CAG length is instable due to
intergenerational transmission (Ranen et al., 1995). This phenomenon explains
the risk of transmitting the disease to offsprings, from individuals with no
symptoms, who have CAG repeats ranging from 27 to 39; indeed, about 10-15%
of all HD cases appear in individuals with non-affected parents whose repeat
length fall within this normal borderline range (Semaka et al., 2009). During
transmission, the expanded repeat is only mildly altered by one or a few CAG
repeats, eventually decreasing if transmitted maternally, and increasing if
transmitted paternally (Bates et al., 1997). Some studies indicate that 27 to 35
range of CAG repeats can be meiotically unstable during paternal transmission,
leading to descendants with HD and carrying CAG expansions of 40 or more
repeats (Myers, 2004). Therefore, juvenile-onset HD is usually associated with
paternal transmission in the majority of the cases. Until now, the longest CAG
expansion reported is 250 CAG repeats, interestingly of probable maternal
inheritance (Nance et al., 1999).

The size of CAG trinucleotide expansion is the major determinant and
inversely correlates with the age of clinical onset, further leading to an increased
disease severity (Ayala-Pefia, 2013; Kumar et al., 2010). Although the influence
of CAG repeats length on rate of disease progression is not the strongest factor,
it is still significant (Rosenblatt et al., 2012). Of relevance, a CAG repeat
expansion in a second allele does not seem to have an effect on the age of motor
onset, which reflects the dominant effect of a single mutant allele, and shows that
HD pathogenesis is not HTT dosage-dependent (Lee et al., 2015). Moreover, the
CAG repeat length cannot explain the total variance of the age at onset; indeed,
a large set of genes in the chromosomal region of HTT harbor variations, which
can alter disease onset and progression (Farrer et al., 1993; Lee et al., 2012; Lee
et al., 2015). Additionally, motor, cognitive and other symptoms found in HD can
be modulated by environmental factors (Mo et al., 2015).



HD affects 5 to 10 per 100,000 individuals in North America and Europe
(Bates et al., 2015). In Europe, there is an evident heterogeneity with ranges from
0.53 per 100,000 in Finland (Palo et al., 1987) to 10.85 per 100,000 in Italy
(Squitieri et al., 2016) and 12.3 per 100,000 in United Kingdom (Evans et al.,
2013). In 2016, Kay and colleagues concluded that HD alleles with a CAG repeat
in the 36 to 38 range occur at high frequency in general population with
approximately 1 in 400 individuals (Kay et al., 2016). Moreover, European
descents, with high prevalence of the disease, have a higher average of CAG
repeat length, when compared to East Asian and African populations (Morrison,
2012).

1.1.2. AFFECTED CIRCUITS AND NEUROPATHOLOGICAL FEATURES

HD pathology has been witnessed in peripheral tissues (van der Burg et
al., 2009), like other polyQ disorders, however HD is predominantly a central
nervous system (CNS) disorder, characterized, most of all, by cell loss and
atrophy (Sathasivam et al., 1999). Several evidences from neuropathological and
imaging studies show that HD brain abnormalities appear before evident
symptoms and they can be progressive, resulting in about 25% brain weight loss
in advanced HD (Halliday et al., 1998). In this way, gradual and prominent cell
loss and atrophy of the neostriatum (caudate nucleus, mainly, and also putamen),
in basal ganglia, followed by astrogliosis, is the main pathological hallmark of HD
(Sieradzan and Mann, 2001).

The synchronized action of several cortical and subcortical brain
structures, namely the spinal cord, brainstem, basal ganglia, and cerebellum, are
responsible for movement coordination under normal conditions (Ferreira-Pinto
et al., 2018). Specifically, the basal ganglia is composed by a group of subcortical
nuclei, that together with the primary motor cortex and the thalamus, form the
motor circuit responsible for the control of voluntary movement. The basal ganglia
includes the striatum (caudate and putamen), internal globus pallidus (GPi) and
external globus pallidus (GPe), substantia nigra (SN) pars reticulata (SNpr) and
compacta (SNpc), and subthalamic nucleus (STN) (Calabresi et al., 2014; Obeso



et al., 2008). The striatum is made up mostly by medium spiny neurons (MSNs,
~95%), a type of gamma-aminobutyric acid (GABA)ergic neurons (Dubé et al.,
1988), but also by cholinergic and GABAergic interneurons (Lapper and Bolam,
1992). MSNs contain GABA and express either enkephalin or substance P as co-
transmitters and are innervated by excitatory glutamatergic inputs from the cortex
(mainly) and thalamus, together with dopaminergic inputs from the SN and
cholinergic or GABAergic inputs from striatal interneurons (Pickel et al., 1992).
MSNSs can participate in the two motor circuits, the direct or indirect pathways,
due to their differentially expression of dopamine (DA) D1 or D2 receptors. In the
direct pathway, the striatum, GPi, SNpr, thalamus, and motor cortex, promote the
movement activation due to the inhibition of the GPi and consequent thalamus
disinhibition. In the indirect pathway, the striatum, GPe, STN, SNpr, thalamus,
and motor cortex activate the STN and inhibit the thalamus to favor movement
inhibition (Calabresi et al., 2014) (Figure 1.1).

HD striatal pathology in both caudate and putamen is more prominent in
the dorsal and rostral regions, which are more affected than the ventral one, in
early disease, and further, striatal degeneration occurs in a dorsomedial to
ventrolateral direction, since the tail of the caudate nucleus initially shows more
degeneration than the body and head or the ventral putamen (Vonsattel, 2008;
Vonsattel and DiFiglia, 1998). Interestingly, this caudate atrophy is related with
CAG repeats and with a worsening of the Unified Huntington's Disease Rating
Scale (UHDRS) motor score, as detected by magnetic resonance imaging (MRI)
or computed tomography (Culjkovic et al., 1999; Jech et al., 2007). In this way,
in HD early stages, the balance between the direct and indirect pathways is
affected, leading to motor dysfunction. In both early symptomatic and
presymptomatic stages, MSNs enkephalin-containing (and D2 receptor-
expressing) neurons projecting to the GPe, of the indirect pathway, appear to be
affected before the MSNs of the direct pathway, inducing a reduced release of
GABA from caudate/putamen to GPe and consequently, a decrease in the
inhibition of GPe neurons that also express GABA, leading to more GABA release
to STN and GPi. In turn, glutamatergic STN neurons projecting to GPi/SNr
release less glutamate, becoming hypofunctional, which causes the loss of
inhibitory activity of the GPi/SNpr over thalamic neurons that project to the cortex.

Ultimately, this leads to an increase in excitatory stimulation in the cortex,



resulting in the appearance of choreic-like or exacerbated movements (Vonsattel,
2008). Additionally, in the later stages, additional loss of striatal neurons
projecting to the GPi, of the direct pathway, may occur. A decrease in the release
of GABA into GPi/SNpr results in increased inhibition of thalamus and
consequently decrease cortex stimulation and uncontrolled movements (Albin et
al., 1990) (Figure 1.1).
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Figure 1.1 | Schematic representation of basal ganglia circuitries in human brain coronal
sections. The inhibitory striatal indirect pathway (2) suffers a preferential degeneration,
which leads to altered stimulation of the direct pathway (1) and changed thalamo-cortical
inputs, resulting in excessive movement generation. Succinctly, the communication
between putamen and GPe is altered, reducing GABA release, which increases the
inhibition into STN from GPi, reducing the excitation from the STN to GPi. Since GPi has
decreased excitatory inputs, the thalamus is less inhibited, resulting in augmented
excitation in cortical receiving areas. Excitatory outputs are represented in green, while
the inhibitory outputs are represented in red.

Aylward and coworkers revealed that caudate shrinkage is significant 10
years before estimated disease onset, whereas putamen and globus pallidus
shrinkage is not significant until 3 years from estimated disease onset (Aylward
et al., 1996). Indeed, caudate is highly affected in HD, and although cerebral
cortex alterationsss may not be uniform in HD, marked neuronal loss and
shrinkage is also seen in deep layers of the cerebral cortex. Other regions,



including globus pallidus, hippocampus, amygdala, thalamus, subthalamic
nucleus, substantia nigra, and cerebellum, show varying degrees of atrophy and
neuronal loss, which depends on disease stage (Rosas et al., 2003). In
accordance with that, late in disease, volumetric losses are observed in cortex
(20%), cerebral white matter (30%), striatum (60%), globus pallidus (55%), and
thalamus (30%) (De La Monte et al., 1988; Heinsen et al., 1994). The severity of
HD degeneration can be classified in five grades (0—4), nominated in ascending
order of severity, base in a large number of post-mortem tissues and classifies
HD cases (Vonsattel et al., 1985). Grade 0, also termed presymptomatic,
comprises less than 1% of all HD brains and despite its appearance it is
indistinguishable from normal brains at first examination, while histological
examination shows 30—40% neuronal loss in caudate nucleus head. Grade 1
comprises 4% of all HD brains. In this stage neuronal loss appears in caudate
nucleus tail and body, and dorsal portion of putamen. While caudate nucleus
head already shows 50% or greater loss of neurons. Grade 2 comprises 16% of
HD cases. In this stage, the ventricular profile of the caudate remains convex, but
less than in normal brain, and striatal atrophy is present. The lateral half of the
striatum shows relative preservation in both grades 1-2. Grade 3 comprises 53%
of HD cases and displays severe striatal atrophy, and the ventricular profile of the
caudate is flat. In grade 4, 95% caudate neurons are loss and the striatum
presents severely atrophic; at this stage the ventricular surface of the caudate is
concave (Vonsattel et al., 1985, 2011). The degree of striatal atrophy is also
correlated with the degeneration of other brain structures. In grades 1 and 2
nonstriatal structures are generally preserved or can show a slight atrophy, while
in grades 3 and 4, the other structures that comprise the basal ganglia, cerebral
cortex, cerebellum and white matter can be markedly affected (Vonsattel et al.,
1985, 2011).



1.1.3. SYMPTOMS AND NEUROPATHOLOGICAL MANIFESTATIONS

In the majority of HD cases, symptoms onset occurs between 30-50 years
of age. Each HD patient is clinically unique, however chorea is the most prevalent
and manifested symptom in HD (Berardelli et al., 1999). Chorea is characterized
by abnormal and involuntary rapid “dance-like” movements of hands and/or feet
with an extension to other parts of the body along disease progression.
Involuntary movements are an early manifestation of the disease and they can
occur in the face, fingers, feet or thorax, or they can manifest as abnormal fast
movements of the eyes (saccades) (Berardelli et al., 1999), the latter also
occurring in spinocerebellar ataxias. Moreover, additional “motor impairment” is
described in HD patients, which consists of voluntary movement deficits,
including incoordination, orofacial dyskinesia, bradykinesia, motor sequencing
difficulties and apraxia (Ross et al., 2014a).

In adult-onset HD, patients show a progressive deterioration of motor and
cognitive function that follows three well-defined stages spread over 15-20 years
after diagnosis (Harris et al., 2019). The initial stage starts before the appearance
of prominent motor alterations, and is characterized by psychiatric symptoms that
include apathy, irritability, depression, and other mood alterations (Julien et al.,
2007; Thompson et al., 2012). Indeed, cognitive impairments emerge years
before HD diagnosis and the progression is gradual, later evolving to dementia;
it can include affected learning and memory, motor planning and working
memory. Patients with HD can present problems in sustained attention and
retrieval of established memory rather than formation of new memories, being
generally classified as subcortical dementia syndrome (Ross et al., 2014b).
Additionally, slight motor abnormalities, such as motor tics and jerky voluntary
movements, can also be present (Beste et al., 2009). The second stage is
characterized by a dramatic increase in involuntary movements, which become
generalized, abrupt, and uncontrolled. With choreic movements becoming more
prominent, daily activities such as walking, eating, speaking, and swallowing start
to deteriorate. In some cases, bradykinesia may coexist with choreic movements
(Thompson et al., 1988). In this second stage another hallmark that can occur is
the loss of body weight, despite efforts to maintain a high caloric diet (Marder et



al., 2009). In fact, a well-recognized statement in HD patients is the relatively
severe muscle wasting and progressive inability to maintain body weight
(Hamilton, 2004). In general, health progressively deteriorates by the third stage,
which typically occurs 10-15 years after diagnosis, and cognitive capacities
progressively decline and finally culminate in dementia. In this final stage, choreic
movements are replaced by bradykinesia and rigidity (Julien et al., 2007;
Thompson et al., 2012). Death becomes imminent, and the most common causes
are pneumonia and heart disease.

1.1.4. HUNTINGTIN PROTEIN

The HTT gene encodes a polymorphic stretch of glutamines (Q) at the N-
terminal of a soluble and high molecular weight protein, huntingtin (HTT), with
approximately 3144 amino acids (~348 kDa), which has no similar sequence with
other proteins (Faber et al., 1998).

The broadly studied N-terminal region of HTT is preceded by 17 amino
acids and followed by a proline-rich domain (PRD). Both the polyQ stretch and
the PRD are polymorphic in the human population. This N-terminal 17 amino
acids consists of an amphipathic a-helix (Atwal et al., 2007), which structure is
important for retention in the endoplasmic reticulum (Atwal et al., 2007;
Rockabrand et al., 2007). It further functions as a nuclear export signal (NES)
and it may undergo post-translational modifications, which includes
phosphorylation, acetylation, palmitoylation, ubiquitylation, and sumoylation.
(Atwal et al.,, 2007; Maiuri et al., 2013). Under normal conditions, HTT
ubiquitination at lysines 6, 9, and 15 and phosphorylation at serines 13 and 16,
are important for HTT clearance and its subcellular localization. However, post-
translational modifications have been mostly studied in the context of the mutant
polyQ HTT. S434 or S536 phosphorylation of mHTT reduces HTT proteolysis by
caspase 3 and calpain, respectively, and decreases polyQ-HTT toxicity (Schilling
et al., 2006). mHHT can be acetylated, which is important for its clearance by the
autophagic-lysosomal pathway, however wild-type HTT is comparatively less
acetylated (Jeong et al., 2009). Indeed, it is still unknown if these mechanisms
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are relevant for the regulation of normal HTT functions. In this way, both S13 and
S16 phosphorylation promotes wild-type and mutant HTT clearance, thus
reducing toxicity (Thompson et al., 2009). Phosphorylation at S13 and S16 is
important for mediating HTT nuclear localization (Maiuri et al., 2013). Additionally,
HTT phosphorylation/dephosphorylation at S421 and S1181/S1201 regulate
microtubule-dependent intracellular  organelles transport, and HTT
phosphorylation at S1181/S1201 increases both anterograde and retrograde
transport, whereas S421 phosphorylation selectively promotes in anterograde
direction (Ben M’'Barek et al., 2013; Colin et al., 2008; Humbert et al., 2002)
(Figure 1.2).
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Figure 1.2 | Schematic representation of Huntingtin protein. Huntingtin is a large protein
with composed by ~3144 aminoacids (aa) and a few known domains with various sites
of post-translational modifications, as described. Huntingtin contains a Exon 1 with a N17
domain, a polyQ and a Proline-rich domain (PDR) domains repeats. At the N17 domain
ubiquitination can occur at lysines K6, K9 and K15, and phosphorylation at serines S13
and S16. The polyQ region can include 10 to 35Q in normal individuals, between 36 and
39Q, individuals may not develop symptoms but are at risk to develop HD and above
39Q, individuals develop HD symptoms and the disease manifestation occurs.

HTT protein can be found at different levels throughout most human and
murine tissues and it is ubiquitously expressed, not only in the brain but also in
peripheral tissues (Marques Sousa and Humbert, 2013). Although, HTT
expression is higher in the nervous system than in other tissues, human HTT
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transcripts are not restricted to the brain regions that degenerate in cases of HD,
since HTT can be found in several types of striatal projection neurons and
interneurons, as well as in the cortex, hippocampus, and cerebellum (Marques
Sousa and Humbert, 2013). Expression of HTT during development is vital
because its knockout (KO) is lethal at embryonic day 8 (Duyao et al., 1995).

At intracellular level, mHTT is mainly found in the nucleus (as nuclear
inclusions) and in perinuclear regions, which promotes nuclear changes,
including invagination of the nuclear membrane, as observed in postmortem HD
patient’s and symptomatic transgenic mouse brains (Cooper et al., 1998; Davies
et al., 1997). mHTT can also be associated with different membranous
organelles, namely endosomes (Nath et al., 2015), endoplasmic reticulum (Atwal
et al., 2007), synaptic vesicles (Suopanki et al., 2006), and mitochondria (Panov
et al., 2002).

Different studies have described HTT protein-protein interactions, with
more than 350 partners of wild-type HTT protein (Ratovitski et al., 2012). Normal
HTT has been described to have anti-apoptotic properties (Rigamonti et al.,
2000), participate in cell division (Lopes et al., 2016) and endocytosis (DiFiglia et
al., 1995), act as a general facilitator of transcription (Zuccato et al., 2001), in
intracellular vesicle trafficking (Caviston and Holzbaur, 2009), mitochondrial
bioenergetics (Ismailoglu et al., 2014), selective macroautophagy (Rui et al.,
2015) and/or membrane recycling (Hilditch-Maguire et al., 2000). Wild-type HTT
has been also described to be important in embryonic development and
differentiation, tissue maintenance and cell morphology and survival.
Significantly, the stretched HD polyQ domain changes some of these
interactions. In fact, the most debated HD hypothesis nowadays is that the
disease arises from the combined effect of loss-of-function of wild-type HTT with
a gain-of-function of mHTT. Proteases can cleave mHTT, which produce N-
terminal fragments with the abnormal polyQ domain that translocate and
accumulate in the nucleus, causing neuronal cell death, namely by interfering
with gene transcription (Davies et al., 1997; DiFiglia et al., 1997). Moreover, the
wild-type HTT can also be cleaved by these proteases, inducing its degradation
(Goffredo et al., 2002). mHTT can further form aggregates and interfere with
cellular functions, thereby causing cell death and neurotoxicity (Bates, 2003;
Chan et al., 2002). However, mHTT inclusions have been also described as being
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protective, since they can sequester toxic soluble mHTT oligomers (Leitman et
al., 2013). These studies reveal a toxic gain-of- function of mHTT. Alterations in
normal endogenous HTT levels may also play a role in HD pathogenesis, since
wild-type HTT can co-aggregate with mHTT (Busch et al., 2003). In accordance
with this hypothesis, a large portion of chromosome 4 deletion, including the HTT
locus, does not cause HD (Cattaneo et al., 2001). Additionally, homozygous and
heterozygous HD patients are indistinguishable, since the normal allele in
pathological conditions does not improve the phenotype (Squitieri et al., 2003).
Altogether, these studies suggest both gain-of-function and loss-of-function
mechanisms contributing to HD pathology.

1.5.1. MODELING HUNTINGTON’S DISEASE

Different HD models have been developed throughout time, either expressing
full-length or truncated mouse mHtt or human mHTT, revealing distinct degrees
of similarity to the human condition. This section describes the most commonly
used HD models and their main characteristics.

1.5.1.1. ANIMAL MODELS

Transgenic mouse models can be described in three major types:
truncated (expressing, for example, the first exon of the mutant HTT gene), full-
length (expressing the complete mutant HTT gene), and knock-in (KI) models
(with direct insertion of the CAG repeat expansion into the mouse Htt gene).

The two most widely used truncated models are R6/1 and R6/2, which
belongs to the R6 line. This line holds 1 kilobase (kb) of the human HTT promoter
region followed by the exon 1 of the HTT gene, with 115 to 150 CAG repeats
(Davies et al., 1997; Mangiarini et al., 1996). R6/1 mice hold 115 CAG repeats
with a late age of onset and slow disease progression, with symptoms appearing
around 4.5 months of age and mice living around 9 months (Davies et al., 1997;
Hodges et al., 2008; Mangiarini et al., 1996), while R6/2 mice hold 150 CAG
repeats, showing a very early disease onset with rapid symptom progression
(symptoms appearing as early as at 4 or 5 weeks of age) and an extremely short
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lifespan, between 13 to 18 weeks (Mangiarini et al., 1996; Sawiak et al., 2009).
Indeed, the R6/2 mice is the most extensive studied model in the R6 line. By 5
weeks of age, R6/2 mice already exhibit behavioral deficits with progressive brain
and striatal atrophy (nearly 40% reduction) and by 12 weeks of age, this model
shows substantially reduced striatal neuron number (Mangiarini et al., 1996;
Sawiak et al., 2009). Moreover, postnatal day 1 mice already display nuclear
inclusions in striatum and somatosensory cortex (Morton et al., 2000). R6/2 and
other truncated mouse model, such as the N171-82Q (Schilling et al., 1999), have
an aggressive phenotype, being useful for therapeutic research, although it does
not exactly simulate HD genetic or neuropathological adult-onset.

Regarding the full-length mouse models that express the full-length human
mutant HTT gene with a varying number of CAG repeats, the two most used
models are the yeast artificial chromosome (YAC) mice and the bacterial artificial
chromosome (BAC) mice. These models exhibit a slower disease progression
when compared to truncated models, however, the YAC model is one of the most
used to study HD pathological mechanisms and therapeutic interventions.
Several YAC transgenic mouse models were created by the Hayden laboratory,
expressing human full-length HTT with 18, 46, 72 and 128 CAG repeats
(Hodgson et al., 1999; Slow, 2003). A microinjection of YAC DNA construct was
introduced into the friend leukemia virus B NIH strain (FVB/N) pronuclei and
maintained on an inbred FVB/N background strain to generate the YAC models
(Hodgson et al., 1999; Slow, 2003). The YAC128 mouse model is especially
interesting since they mimic some features of the human motor phenotype, such
as hyperkinesia at early stages, followed by hypokinesia at later stages (André et
al., 2011), as well as some mild cognitive alterations, with neuronal loss mainly
confined to the striatum, closely resembling the human disease. In YAC128 mice
motor abnormalities are progressive, showing augmented open field activity
(hyperkinetic state) at 3 months of age, rotarod performance abnormalities at 6
months and open field activity significantly diminished (hypokinetic state) at 12
months of age (Slow, 2003; Van Raamsdonk et al., 2005b). Although HD patients
and other transgenic models, such as R6/2, present body weight loss, YAC128
mice have increased body weight represented by an increase in both fat mass
and fat-free (lean) mass (Van Raamsdonk et al., 2006). The BACHD model has
97 CAG repeats and, similarly to YAC mice, exhibits late-onset motor deficits
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(Gray et al., 2008); however, mHTT aggregates are almost entirely detected in
the cortex rather than in the striatum, showing corticostriatal dysfunction (Gray et
al., 2008). These full-length mouse models are good models to study
neuropathology and neurophysiological HD features at both pre- and post-
symptomatic stages (André et al., 2011; Hodgson et al., 1999).

The third HD mouse model are the KI mice, which appear to improve
previous models in reproducing the human pathology, while replicating the
genetic mutation with fidelity, being the mouse model that most closely resemble
the genetic human condition, since transgenic models with exogenous promoters
can overexpress the transgene resulting in multiple copies. Indeed, HD Kl models
have normal life span, show more vigorous behavioral abnormalities at later
stages and express mHTT aggregates more selectively in striatal neurons;
nevertheless, Kl mice show late-onset symptoms that, although progressive, are
relatively mild (Heng et al., 2008). Several HD Kl mice have been generated,
most of them developed based on a gene target replacement of exon 1 of the
mouse Htt homologue, Hdh, with a chimeric mouse/human exon 1 coding for
different CAG repeats. These models are denoted as HdhQ followed by a
number, which specifies the length of CAG repeats, such as the HdhQ111
(Wheeler et al., 1999), HdhQ140 (Menalled et al., 2003), HIhQ150 (Heng et al.,
2007) and HdhQ175 (Menalled et al., 2012). The greater the number of CAG
repeats, the earlier the symptoms appear. For example, no motor phenotype
emerged up to 1.5 years-old in HdhQ140 mice (Menalled et al., 2003), while
HdhQ175 mice (Menalled et al., 2012) presented a robust phenotype at 6 months
of age. Similarly to HD human condition, KI mice present weight loss, striatal
neuropathology, and molecular alterations, as early as two months of age.

1.5.1.2. CELLULAR MODELS

Several cell lines have been used to study HD pathological features, such
as the non-neuronal human HelLa cells and the human embryonic (HEK293T),
as well as neuron-like PC12 (derived from rat) cells, the Neuro2a (N2a)
neuroblastoma (derived from mouse) and ST14A (derived from embryonic day
14 rat striatal primordia by retroviral transduction of the temperature-sensitive
SV40 large T antigen), and still SK-N-SH and SH-SY5Y (human neuroblastoma),
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rat and mouse primary striatal neurons, STHdh®' """ or STHAAY"'" striatal
cells (derived from HD Kl mice), and HD cybrids (Cisbani and Cicchetti, 2012).
Cellular models can be very useful to investigate the molecular mechanisms
underlying the disease, even being limited in biological complexity for drug
discovery, thus requiring further validation in more complex models. However,
these models are widely used to provide a cost and time-effective models to
investigate pathways associated with HD.

PC12 cells expressing the N-terminal portion of the human HTT,
containing 20Q or 150Q, was the first cellular model not based on transient
transfections. In the presence of nerve growth factor, PC12 cells can differentiate
into neuronal-like cells, and the HTT-150Q protein is predominantly present in
the nucleus, showing an effect on gene transcription, making mutant cells more
susceptible to apoptotic stimulation (Li et al., 1999).

HD modeling continued to evolve, and the conditional immortalization of
striatal cells obtained from murine HD models emerged. The immortalized wild-
type or homozygous mutant progenitor striatal cells were created from expressing
endogenous wild-type Htt (expressing 7Q, the normal mouse CAG repeats) or
mHtt with 111Q derived from E14 striatal primordia of wild-type or HdhQ111 Ki
embryos (Trettel, 2000). These cells were obtained from embryonic day 14
striatal primordia by retroviral transduction of the temperature-sensitive SV40

large T antigen (Trettel, 2000). In heterozygous STHdh®" !

or homozygous
STHARY"A™MT striatal cells the expression of mutant protein occurs at
physiological level; these striatal cells also represent early phases of HD
pathogenesis, since they are derived from the embryonic phase of the Hdh KI
mice and they are proliferative cells, with no visible Htt aggregates, being one of
the most attractive cell line model in HD (Trettel, 2000). STHdh®'"""" striatal
cells have diminished Htt protein and mRNA levels, when compared to control
cells (Naia et al., 2016, in supplementary data), they are selectively vulnerable to
3-nitropropionic acid (3-NP), used as an irreversible inhibitor of mitochondrial
complex Il, and to staurosporine, kinase inhibitor and apoptotic inducer
(Rosenstock et al., 2011). These mHtt expressing cells show different apoptotic
features, namely increased caspase-3 activation and DNA fragmentation
(Rosenstock et al., 2011). STHdh®'"""" striatal cells represent a consistent HD

model to study mHtt-induced cytotoxicity in the striatum in early stages of the
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disease since they present high levels of reactive oxygen species (ROS), and
decreased mitochondrial function, and reduced intracellular antioxidant response
(Naia et al., 2014, 2011; Ribeiro et al., 2013).
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1.2. OXIDATIVE STRESS AND MODULATION

Reactive species include both free radical and non-free radical
intermediates and it can be classified into four groups: a) Reactive oxygen
species (ROS), b) Reactive nitrogen species (RNS), c) Reactive sulfur species
(RSS) and d) Reactive chloride species (RCS) (Sosa et al., 2013). ROS and RNS
are the most present and studied reactive species and are physiologically formed
as byproducts of normal metabolism, having important roles in cell signaling,
homeostasis, autophagy and cell division (Obuobi et al., 2016). Under
physiological conditions, low levels of ROS are damned due to fast production
and elimination, and are tightly regulated through a process designated as “redox
homeostasis” (Droge, 2002). However, aging, genetic and/or environmental
factors may impair this homeostasis, leading to oxidative/nitrosative stress
through increased ROS/RNS formation and failure of repair and detoxifying
systems (Barnham et al., 2004). This causes impaired DNA structure, membrane
disturbance and altered protein structure and function, leading to cellular damage
(Schieber and Chandel, 2014).

ROS half-lives can vary from a few nanoseconds to hours, depending on
its molecules stability, which include superoxide anion (O,*"), hydrogen peroxide
(H202), hydroxyl radical (*OH), peroxyl radical (RO;%), alkoxyl radical (RO®),
hydroperoxyl radical (HO.®), hypochlorous acid (HOCI), hypobromous acid
(HOB), singlet oxygen ('02) and ozone (Os) (Sosa et al., 2013). H,0; is a non-
radical and relatively stable ROS that act as a cellular signaling molecule (Obuobi
et al.,, 2016), showing a rapid but limited permeation across biomembranes
(Bienert et al., 2006); however, it may cause several harmful effects and alteration
of cellular homeostasis, since it can be converted into highly reactive *OH,
through the Fenton reaction, in the presence of iron Il (Fe**) (Grant, 2011). The
most abundant RNS is nitric oxide ("NO), which is able to react with certain ROS
(Sosa et al.,, 2013). The reaction between the O, and °NO allows the
spontaneous formation of peroxynitrite (ONOO-), which in turn is a precursor of
other RNS, such as peroxynitrous acid (HONOOQO) (Sosa et al., 2013).
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In the brain, redox signaling is involved in memory consolidation, neuronal
differentiation and plasticity (Borquez et al., 2016). Indeed, redox signaling is
essential for normal brain function, however, excessive generation and long-term
exposure to high levels of ROS can produce toxic effects, such as loss of enzyme
activity, protein cross-linking and loss of function, protein synthesis inhibition, and
DNA damage, leading to apoptotic or necrotic cell death (Koppula et al., 2012).
The brain is one of the most metabolically active organs in the body, consuming
about 20% of all oxygen (Gadoth and Goebel, 2011). In particular, neurons
quickly undergo oxidation not only because they retain low levels of antioxidants,
but also because they have localized high levels of iron, auto-oxidizable
catecholamines and high levels of membrane polyunsaturated fatty acids and
high metabolic rates and thus constant oxygen consumption. Additionally,
neurons are post-mitotic cells that accumulate non-degradable oxidized
molecules (Bérquez et al., 2016). Endogenously, two important sources of ROS
are mitochondria during electron transfer (Sabharwal and Schumacker, 2014)
and NADPH oxidase (NOX), an enzymatic complex located at the plasma
membrane that produces ROS to the cytoplasm or can catalyze the transfer of
an electron from NADPH to O, generating O, in the extracellular space, which
is then rapidly dismutated into H,O, by superoxide dismutase 3 (SOD3) that
freely diffuses across the plasma membrane (Valencia et al., 2013). In this way,
large amounts of ROS lead to neuronal death and altered brain function, as
observed in neurodegenerative disorders (NDD) (Anderson and Maes, 2014).
Thus, increased oxidative markers and deficient enzymatic antioxidant systems
are common pathological hallmarks in NDD, as Alzheimer’s disease (AD) (Aslan
and Ozben, 2004), Parkinson’s disease (PD) (Jenner, 2003) and HD (Ribeiro et
al., 2013).

1.2.1. NRF2 AS AN ANTIOXIDANT TARGET TO OXIDATIVE STRESS

One of the main (neuro)protective mechanism is the activation of Nuclear
factor erythroid 2-related factor 2 (Nrf2), a ubiquitous transcription factor that
modulates oxidative stress response. Nrf2 regulates the antioxidant, anti-
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inflammatory and detoxifying genes, through binding to the Antioxidant Response
Element (ARE), enhancer sequences present in the regulatory regions of Nrf2
target genes (Gan and Johnson, 2014; Yamazaki et al., 2015). Moreover, Nrf2
has been described to contribute for normal mitochondria structure and function,
with a specific important role under stress conditions. Several evidence show
Nrf2 expression in both glial cells and neurons in human and mouse brain.
Although Nrf2 is more commonly expressed in astrocytes, endogenous Nrf2
expression and activation are evident in neurons in aging and neurodegeneration
(Liddell, 2017). Nrf2 activation protects against mitochondrial toxins in primary
neuronal cultures (Lee et al., 2003), while Nrf2 knockout mice showed increased
susceptibility to common neurotoxins, general neurodegeneration and
astrogliosis (Hubbs et al., 2007) and dopaminergic neuronal dysfunction (Rojo et
al., 2010).

Structurally, Nrf2 is formed by seven functional regions, also known as
Nrf2-ECH homology (Neh) domains, from Neh1 to Neh7 (ECH, erythroid cell-
derived protein with CNC homology with chicken Nrf2). The Neh1 domain
belongs to the C-terminal half of Nrf2 and encloses the CNC-bZIP region, which
allows the dimerization with a small musculoaponeurotic fibrosarcoma (Maf)
proteins (MafF, MafG or MafK, in vertebrates) in the nucleus and the binding of
Nrf2 to DNA (Hirotsu et al., 2012; Motohashi et al., 2004). Neh2 domain, at the
N-terminal region, contains two degrons commonly known as the DLG (Leu23 to
Arg43, low affinity) and ETGE (GIn73 to 1le86, high affinity) motifs (Fukutomi et
al., 2014), which allows the interaction with Kelch-like ECH-associated protein 1
(Keap1) protein, mainly responsible for Nrf2 regulation in the cytosol (Kit | Tong
et al., 2006). The Neh3 domain, present in the extremity of Nrf2 C-terminal, can
recruit the chromo-ATPase/helicase DNA-binding protein (CHD6) and modulates
its transcriptional activation (Nioi et al., 2005). Neh4 and Neh5 domains are
involved in transactivation activity, allowing the recruitment of cAMP response
element-binding protein (CREB)-binding protein (CBP) (Katoh et al., 2001; Kwok
etal., 1994). The Neh6 domain has the DSGIS (Asn329 to Ser342) and DSAPGS
(Ser363 to Glu379) motifs (Chowdhry et al., 2013), involved in recruitment of 3-
transducin repeat-containing protein (B-TrCP), which negatively controls Nrf2
(Rada et al., 2012, 2011). Wang and colleagues, identified the Neh7 domain as
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a region that interacts with the retinoic acid receptor a (RARa), responsible for
reducing the expression of Nrf2 target genes (H. Wang et al., 2013).

In general, Nrf2 is ubiquitously expressed in most eukaryotic cells and is
maintained at low levels in the cytosol under normal conditions due to its binding
to Keap1 and constant targeting for poly-ubiquitination and proteasomal
degradation (Kansanen et al., 2013; Nguyen et al., 2003). Keap1 is a cytosolic
protein (Watai et al., 2007) that regulates Nrf2 activity. Keap1 is a five-domain
protein composed by a C-terminal region (CTR) and a N-terminal region (NTR),
combined with three functional domains: a Kelch domain (DGR) (Li et al., 2004),
an intervening region (IVR) (Mai et al., 2004) and a bric-a-brac domain (BTB)
(Zipper and Timothy Mulcahy, 2002). Ubiquitin, a 76 amino acid protein, tags
proteins to degradation by proteolytic activity, which depends upon three
enzymes, ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin-ligase
(E3) (Finley, 2009). By using BTB domain, Keap1 can form homodimers to bind
Cullin3 (Cul3), an adaptor to Cul3-type E3 ubiquitin ligase complex, resulting in
Nrf2 ubiquitination (Cullinan et al., 2004), while by using the DGR domain, two
Keap1 proteins can bind one Nrf2 protein (Kit I. Tong et al., 2006).

Under physiological conditions, Nrf2 is mostly located in the cytosol due to
its interaction with Keap1 protein (ltoh et al., 1999). Under oxidative stress
conditions, as excessive ROS production, Nrf2 disconnects from Keap1 and
migrates to the nucleus, where it can dimerize with small Maf family members
and bind to Antioxidant Response Element (ARE) (ltoh et al., 1997). When Nrf2
levels are increased in the nucleus, the Nrf2-Maf heterodimer can bind to ARE
and recruit transcriptional co-activators, such as CBP or p300 (Zhu and Fahl,
2001), to promote transcription by intrinsic histone acetyltransferase activity
(Kalkhoven, 2004) (Figure 1.3).

ARE is defined as a cis-acting DNA enhancer motif and is positioned in
the promoter of antioxidant genes, responsible for cell defense (Nioi et al., 2003),
as well as metabolic genes (Hirotsu et al., 2012) and enzymes that metabolize
xenobiotics (Malhotra et al., 2010). Thus, binding of Nrf2 to ARE regulates the
transcriptional activation of important antioxidant enzymes such as
NAD(P)H:quinone dehydrogenase 1 (NQO1), superoxide dismutase 1 (SOD1,
Cu/Zn-SOD), glutathione peroxidase (GSH-Px), glutathione reductase (GSH-R),
glutathione S-transferase (GST), heme oxygenase-1 (HO-1), glucose-6-
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phosphate dehydrogenase (G6PD), glutamate-cysteine ligase catalytic subunit
(GCLc), glutamate-cysteine ligase modifier subunit (GCLM), sulfotransferases
(SULFs), thioredoxin reductase (TR) or UDP-glucose dehydrogenase (UGDH)
(Keum and Choi, 2014; Loboda et al., 2016). Of relevance, Nrf2 basal activity, as
well as Keap1 detachment and nuclear accumulation are tightly controlled and
regulated by different chemical and molecular mechanisms, in accordance with

the cell environment, in a Keap1-dependent and —independent manner.
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Figure 1.3 | Schematic representation of Nrf2 activation. Under basal/unstressed
conditions Nrf2 is constantly ubiquitinated by Keap1-Cul3 complex resulting in Nrf2
recruitment for proteasomal degradation. Under stress conditions, Nrf2 can dissociate
from Keap1, translocates into the nucleus and promotes the transcription of antioxidant
and detoxifying enzymes after binding to ARE. Adapted from (F&o et al., 2019a)

1.2.1.1. NRF2 REGULATION BY PROTEIN KINASE C

Nrf2 accumulation and its nuclear activity are regulated by several chemical and
molecular mechanisms, depending on cell environment. Apart from Keap1-
dependent regulation, Nrf2 activation is also influenced by different kinase
proteins, such as protein kinase C (PKC), mitogen-activated protein kinase
cascades (MAPK), glycogen synthase kinase-3p (GSK-3p), phosphatidylinositol-
3-kinase (PI3K)/ Protein kinase B (Akt), among others, favoring Nrf2 serine or
threonine phosphorylation (Bryan et al., 2013; Jaramillo and Zhang, 2013). PKC,
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a family of signal-regulated enzymes, is responsible for modulating numerous
physiological, such as apoptosis, survival, growth and differentiation (Numazawa
et al., 2003); PKC can be also activated by oxidative stress (Jung et al., 2004).
PKC was the first protein family described to regulate Nrf2 phosphorylation at
Ser40, in its Neh2 domain, inducing dissociation from Keap1 and consequent
Nrf2 nuclear translocation, which modulates its cytosolic and nuclear
accumulation (Huang et al., 2002). Later, Niture and colleagues (Niture et al.,
2009), followed by others (Bang et al., 2017), described the PKC5s isoform as the
main kinase responsible for this phosphorylation. Interestingly, Nrf2
phosphorylation at Ser40 is necessary for its translocation, but not for its nuclear
accumulation (Bloom and Jaiswal, 2003), suggesting that other mechanisms are
necessary for Nrf2 stabilization and accumulation in the nucleus, besides Keap1
decoupling.

In AD, several studied evidenced the positive influence of PKC activation on
amyloid pathology (Etcheberrigaray et al., 2004; Garrido et al., 2002; Han et al.,
2004) and tau pathology (Isagawa et al., 2000), although with no direct relation
with the Nrf2 pathway. AD brains presented reduced PKC protein levels and
activity, as well as attenuated translocation of the enzyme to the cell membrane
(Wang et al., 1994). Similarly, in in vitro studies, AB induced direct PKC inhibition
(Lee et al., 2004), whereas PKC activation prevented hippocampal neuronal
death induced by AB (Tyszkiewicz and Yan, 2005). Hypothetically, decreased
PKC activity may be related with decreased Nrf2 phosphorylation and nuclear
migration. Thus, and considering that PKC is involved in memory processes,
activation of PKC should be a potential therapeutic strategy for treating AD

pathogenesis.

1.2.2. OXIDATIVE STRESS IN HUNTINGTON’S DISEASE

In HD, augmented oxidative stress, defined as an imbalance between
oxidants (as explained before) and antioxidant molecules responsible for their
elimination and/or reduction, is a well-recognized pathological feature, closely
linked to neurodegeneration.
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Accumulation of ROS in neurons, which have low levels of antioxidants, cause
altered protein structure and increased oxidation, impaired DNA structure and
lipid peroxidation (Schieber and Chandel, 2014), contributing to the pathogenesis
of many diseases, including HD. In fact, the main HD affected area, the striatum,
is highly susceptible to dysfunction of mitochondrial oxidative phosphorylation
(Pickrell et al., 2011). Additionally, acute use of mitochondrial toxins, such as
cyanide, sodium azide, and 3-NP can lead to striatal degeneration (Brouillet et
al., 1999). Moreover, when compared to the cortex or other related areas, the
striatum of young rats showed decreased antioxidant capacity (Balu et al., 2005).

In this section, we describe the evidence for ROS production in the presence

of mMHTT and its toxic effects related with impaired antioxidant defenses.

1.2.2.1. mHTT-MEDIATED OXIDATIVE STRESS

Numerous reports have associated HD with an imbalance in ROS and
RNS production and/or of their degradation/reduction by enzymatic and non-
enzymatic antioxidants (Gil and Rego, 2008, for review). Hands and colleagues
previously reported that polyQ oligomerization in HeLa and PC12 cells leads to
early hydrogen H,O; generation (Hands et al., 2011). As described before, NOX
is one of the main sources of ROS, which activity has been used as an indicator
for ROS generation in vivo. Cortical and striatal samples from HD post-mortem
patients showed augmented levels of brain NOX activity, more specifically,
NOX2, shown to colocalize at plasma membrane lipid rafts and to be directly
responsible for increased ROS levels in HD mice (Valencia et al., 2013).
Treatment with NOX inhibitors reduced NOX activity, ROS production and
neuronal cell death in HD 140Q/140Q mice (Valencia et al., 2013). In addition,
mitochondrial complexes Il, lll and IV deficiency was reported in post-mortem HD
striatum (Brennan et al., 1985; Gu et al., 1996), and related with enhanced ROS
and oxidative stress in human HD samples (Browne and Beal, 2006). In YAC128
mouse-derived embryonic fibroblasts, O,™ formation was increased (Wang et al.,
2013). Exposure to 3-NP, which damages striatal medium spiny neurons through
mitochondrial impairment (Gao et al., 2015), increased ROS levels in HD cybrids,
a cell model in which the contribution of mitochondrial defects from patients is
isolated, relatively to control cells (Ferreira et al., 2010a). STHdh®'""""" striatal
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cells, derived from HD knock-in mice, also showed increased ROS production,
lesion in mtDNA and a lower spare respiratory capacity (Siddiqui et al., 2012).
Moreover, using the same cellular model, our group previously showed
augmented intracellular (Oliveira et al., 2015a; Ribeiro et al., 2013) and
mitochondrial (Ribeiro et al., 2014) ROS production due to mHtt expression.

Analysis of protein oxidative modifications is one way of measuring ROS-
mediated cytotoxicity in vivo. Sorolla and colleagues identified 13 oxidatively
modified proteins in striatal human HD brain samples, when compared to
controls, including mitochondrial enzymes, with reduced catalytic activity,
concordantly with energy deficiency seen in HD (Sorolla et al., 2010). In HD
patients, levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG), a DNA oxidation
biomarker, were also increased in caudate tissue (Browne et al., 1997), as well
as in serum and leukocytes (Long et al., 2012), indicating that both nuclear and
mitochondrial DNA are more oxidized in HD patients samples. In this respect,
progressive mtDNA damage was observed in the striatum and cerebral cortex of
7-12-week-old R6/2 mice (Acevedo-Torres et al., 2009). Concordantly, urine,
plasma and striatal microdialysates from the R6/2 mouse model evidenced
increased levels of 8-OHdG (Bogdanov et al., 2001). Increased lipid peroxidation
markers, such as malondialdehyde and 4-hydroxynonenal, were also observed
in blood samples of HD patients (Stoy et al., 2005). Furthermore, the R6/2
transgenic mice evidenced striatal lipid peroxidation (Pérez-Severiano et al.,
2000). Increased ROS, including O, formation, were also found in the brain
striatum and cortex of symptomatic R6/1, R6/2, and N171-82Q HD mouse
models (Ellrichmann et al., 2011; Sadagurski et al., 2011; Stack et al., 2010), and
in YAC128 HD mouse embryonic fibroblasts (Wang et al., 2013) and striatal
primary neurons (Naia et al., 2021). Moreover, mitochondrial ROS formation,
including O;"", was verified in several HD models, such as fibroblasts from HD
patients (Wang et al.,, 2013) and HD cybrids and further potentiated in the
presence of 3-NP or STS treatment, the latter an inducer of apoptosis (Ferreira
et al., 2010a). Additionally, H,O, treatment augmented ROS levels induced by
mHtt, resulting in mHtt aggregation, which in turn directly induced ROS
production, cell death and impairing proteasomal function in neuronal and non-
neuronal cell models (Goswami et al., 2006; Hands et al., 2011; Wyttenbach et
al., 2002).
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These results suggest that mHTT can exert its toxic effect by promoting
ROS generation. Although controversial when considering oxidative
modifications as late events in HD progression, antioxidants have been
demonstrated to be beneficial in several HD models, suggesting that antioxidant
therapy might slow down the rate of motor decline early in the course of HD.

1.2.2.2. ALTERED ANTIOXIDANT MOLECULES IN HUNTINGTON’S
DISEASE

Oxidative damage in neurons can be counteracted with a large variety of
molecules, mostly deriving from glial cells. As explained before, Nrf2 is known to
upregulate the expression of cytoprotective and antioxidant enzymes/proteins by
binding to ARE, enhancing sequences present in the regulatory regions of Nrf2
target genes (Gan and Johnson, 2014; Yamazaki et al., 2015). However,
involvement of Nrf2 in HD progression remains poorly investigated. Malonate, a
reversible complex Il inhibitor, and 3-NP induced higher toxicity in Nrf2 knockout
mice and Nrf2-deficient cells (Calkins et al., 2005), suggesting the involvement of
Nrf2 activity in neuronal degeneration in HD. In addition, intrastriatal
transplantation of astrocytes overexpressing Nrf2 in wild-type mice was shown to
have an important neuroprotective effect after exposure to malonate (Calkins et
al., 2005). Moreover, STHdh®"""""" striatal cells presented decreased Nrf2
levels (Oliveira et al., 2015b) and activity (Jin et al., 2013). Overall, these studies
suggest that Nrf2 positive modulation should have neuroprotective effects in HD
pathogenesis. Indeed, treatment of R6/2 and YAC128 HD transgenic mice with
fumaric acid ester dimethylfumarate (DMF), an orally bioavailable fumaric acid
ester (FAE), which is metabolized to methyl hydrogen fumarate, attenuated motor
impairment and preserved striatal and motor cortical neurons by inducing Nrf2
nuclear migration and activation (Ellrichmann et al., 2011). Moreover, cystamine,
an inhibitor of transglutaminase activity with additional potentially beneficial
effects, protected against neurodegeneration in R6/2 (Fox et al., 2004) and
YAC128 (Van Raamsdonk et al., 2005a) HD models. Systemic cystamine
administration led to Nrf2-dependent ARE activation in the striatum. In order to
test whether the induction of neuroprotection via cystamine occurred through Nrf2
activation, Nrf2 deficient (Nrf2”") animals were treated with cystamine following
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3-NP-induced neurotoxicity. Additionally, our group previously showed that
creatine and cystamine increased HD mutant cells viability and prevented ROS
formation in HD cells subjected to H,O; (Ribeiro et al., 2013). Cystamine induced
a positive effect in 3-NP-treated mice, reducing lesion volume in striatal brain
mice, but more effectively in wildtype littermates, confirming that Nrf2 is essential
for cystamine protection from 3-NP-induced striatal lesioning (Calkins et al.,
2010). Furthermore, sulforaphane (SFN) stimulated the Keap1-Nrf2-ARE
pathway and inhibited mitogen activated protein kinases (MAPKs) and factor
nuclear kappa B (NF-kB) pathways to mitigate 3-NP-induced neurotoxicity,
including suppression of the lesion area, apoptosis, microglial activation, and
MRNA or protein expression of inflammatory mediators, suggesting that SFN is
an appellative therapeutic approach (Jang and Cho, 2016).

GSH is the main endogenous antioxidant involved in the maintenance of
cellular redox homeostasis. Different studies showed altered GSH metabolism in
HD, which can contribute to redox imbalance during disease progression. Indeed,
cortical samples from post-mortem HD patients showed reduced levels of GSH
(Flint Beal et al., 1992). Decreased levels of both GSH and GSH-R in plasma
were associated with caudate atrophy in HD patients (Pefia-Sanchez et al.,
2015), and studies in peripheral tissues of HD patients reported decreased GSH
levels in plasma (Klepac et al., 2007) and reduced GSH-Px activities in HD
leukocytes (Chen et al., 2007). In addition, polyQ oligomerization in HeLa and
PC12 cells induced early disturbance in GSH levels (Hands et al., 2011).
Conversely, other studies showed that, in some cellular (STHdh®"""'" striatal
cells) and animal (R6/2) HD models, GSH levels are increased, although these
augmented levels were not enough to ameliorate HD-associated oxidative
imbalance (Ribeiro et al., 2012; Yeun et al., 2005). Tolfenamic acid, a
nonsteroidal anti-inflammatory drug with neuroprotective properties, also
exhibited antioxidant effects in both R6/1 mice and PC12 cell models, increasing
GSH levels and reducing ROS accumulation, respectively, suggesting that
tolfenamic acid has a good therapeutic effect in HD models (Liu et al., 2019).

HD patients showed reduced SOD1 activity in cytosol of parietal cortex
and cerebellum (Browne et al., 1997), but increased immunoreactive staining for
HO-1 in cortex and striatum (Browne et al., 1999). Concordantly, decreased
SOD1 activity was detected in erythrocytes derived from HD patients (Chen et
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al., 2007). These studies are in accordance with data from transgenic HD mice,
which showed reduced SOD1 activity in older mice (at 35 weeks of age),
suggesting that the antioxidant mechanism to protect cells fails with advanced
disease stage (Santamaria et al., 2001). Importantly, Mason and co-workers,
demonstrated that augmented GSH-Px activity (by genetic or pharmacological
approaches), was neuroprotective in different HD models, namely in yeast,
mammalian cells and Drosophila (Mason et al.,, 2013). Furthermore,
overexpression of SOD1 in mHtt expressing cells (HD 150Q cells) decreased
mHtt aggregation and proteasome malfunction induced by oxidative stress
(Goswami et al., 2006).

PC12 cells overexpressing the N-terminal fragment of Htt protein with
either a nonpathogenic or pathogenic polyQ repeat (Htt-103Q), showed reduced
expression of the antioxidant protein Prx1. Treatment of these cells with
dimercaptopropanol, a thiol-based antioxidant, alleviated the cytotoxicity induced
by mHTT and the expression level of Prx1 (Pitts et al., 2012). This study suggests
the involvement of mHTT in ROS production and reveal the importance of thiol-
based antioxidants as potential drugs for HD treatment.
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1.3. MITOCHONDRIAL DYSFUNCTION IN HUNTINGTON’S
DISEASE

Mitochondrial bioenergetics and dynamics are significantly linked with
neuronal physiology and homeostasis. Neurons are extremely dependent on
mitochondria since they are highly energy requiring cells. Indeed, mitochondria
have an important role in generating adenosine triphosphate (ATP) through
oxidative phosphorylation (OXPHQOS). Electron leakage at complexes | and lll
generates O,"; thus, altered mitochondrial function due to complexes inhibition
induces oxidative stress. Mitochondria also have an important role in intracellular
Ca?* homeostasis, namely through the crosstalk with endoplasmic reticulum, and
further regulate oxidative and nitrosative stress, neuronal survival, and cellular
metabolism, including heme synthesis and iron usage.

Several evidence showed that mitochondrial dysfunction is closely related
with HD pathogenesis. Previous studies reported ultrastructural defects in
mitochondria isolated from post-mortem HD cortical tissue and compromised
oxidative function and ATP synthesis in pre-symptomatic HD carriers (Saft et al.,
2005), suggesting mitochondrial dysfunction as an early relevant pathogenic
mechanism. Moreover, post-mortem HD patient’s brain specimens and human
HD lymphoblasts showed abnormal mitochondrial morphology and trafficking
(Napoli et al., 2013). Concordantly, isolated brain mitochondria from caudate
nucleus of HD patients (Yano et al., 2014) and different HD cellular (human
neuroblastoma cells; STHdh®'"1"") and animal models (Hdh(CAG)150 knock-
in mouse) showed HTT fragments in close contact with mitochondria (Choo,
2004; Orr et al., 2008), suggesting a direct effect of mHTT on mitochondrial
function.

Considering these observations, in this section we highlight the major findings
regarding the role of mitochondrial dysfunction in HD pathogenesis, by describing
mHTT-mediated altered mitochondrial membrane potential and respiration, Ca?*
buffering, mitochondrial bioenergetics and dynamics, and potential therapeutic

targets for mitochondrial malfunction in HD.
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1.3.1. ALTERED MITOCHONDRIAL MEMBRANE POTENTIAL AND
ELECTRON TRANSFER FUNCTION

Normal mitochondrial activity creates an electrochemical proton gradient and
thus a mitochondrial transmembrane potential (Aym) of -150 to -180 mV, allowing
ATP synthesis. Studies with caudate and putamen of post-mortem symptomatic
HD patients, and striatal mHtt-expressing cells, brains of HD animal models
(Htt171-82Q and 3-NP rat HD mice, with 20 weeks) and peripheral cells derived
from HD patients (pre-symptomatic and symptomatic) showed a dramatic
decrease in the activity of complexes I, 1ll and mildly of complex IV (Benchoua
et al., 2006; Browne, 2008; Gu et al., 1996; Pandey et al., 2008; Silva et al.,
2013a). Different reports showed altered electron transfer chain activity, which
cause impaired AWYm in HD. Mitochondria isolated from HD patients and HD
transgenic mouse brains (with 72 or 150 polyQ repeats, respectively) showed
increased depolarized mitochondrial membrane (Panov et al., 2002). Several
studies also reported that HD lymphoblasts are highly susceptible to decreased
Aym, showing correlation with increased polyQ repeats (Naia et al., 2014; Panov
et al., 2002). We previously showed significant changes in Aym associated with
apoptotic events in symptomatic HD cybrids (an ex-vivo peripheral model
obtained from the fusion of HD human platelets with mtDNA-depleted rhoO cells)
and in HD human B-lymphocytes (Almeida et al., 2008; Ferreira et al., 2010a).
Concordantly, when compared with wild-type cells, striatal STHdh®"""?""" cells
showed significant Aym reduction after increasing Ca* concentrations (Milakovic
et al., 2006) (Figure 1.4). Of relevance, the AWm defect in STHdh®""""" cells
was attenuated in the presence of ADP and the reduced Ca®" uptake capacity
was improved in the presence of inhibitors of the permeability transition pore
(PTP) (Milakovic et al., 2006). Melatonin (endogenously produced by the pineal
gland and the retina) has been described to be protective in HD context,
preventing toxicity induced by 3-NP. Indeed, melatonin inhibited mutant Htt-
induced AWm loss in ST14A cells (Wang et al., 2011); this further inhibited the
release of mitochondrial proapoptotic factors, making melatonin a therapeutic
strategy for counteracting cell death and improve HD-related mitochondrial
features (Wang et al., 2011). Moreover, HTT phosphorylation at Ser421 improved
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Aym in HD human lymphoblasts (Humbert et al., 2002; Naia et al., 2014).
Moreover, striatal mitochondria isolated from R6/1 HD transgenic mice showed
reduced activity of complexes I, Ill, IV and altered oxygen consumption rates.
Similarly, 3-NP treatment reduced the activity of complexes Il, IV and V in mice
(Sandhir et al., 2012). Moreover, our group previously demonstrated that insulin-
like growth factor 1 (IGF-1) alleviated HD symptoms through improvement of
mitochondrial function; HD models (YAC128 and R6/2 mice, human HD
lymphoblasts and STHdh®'""@""" cells) exhibited reduced ATP/ADP ratio,
decreased O, consumption, increased mitochondrial ROS and fragmentation,
aberrant lactate/pyruvate levels and decreased mitochondrial membrane
potential, and each of these parameters was shown to be rescued by IGF-1
treatment via upregulation of PI3K/AKT signaling in cellular and mouse models
of HD (Naia et al., 2016, 2014; Ribeiro et al., 2014).

Mitochondria

© (| Nucleus

\vatt g§ROS ® Ca?* @ Increased Levels © Reduced Levels

Figure 1.4 | Effect of mHtt expression on mitochondrial complexes function and Aym.
mHTT can associate with the MOM and MIM leading to decreased complexes I, Ill and
IV function, as well as decreased ATP production, which results in decreased Aym.
Adapted from (Fao and Rego, 2021)
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1.3.2. IMPAIRED MITOCHONDRIAL BIOGENESIS IN HUNTINGTON’S
DISEASE

Mitochondrial biogenesis is a complex multi-step process where transcription
and translation of mtDNA and nuclear-encoded mitochondrial-related transcripts
associate to control mitochondrial protein import and general assembly of a
mitochondrial network. mtDNA is a ~16-kb genome that encodes for 13 protein
subunits of the mitochondrial electron transport chain and ATP synthase
(Anderson et al., 1981). Most of the mitochondrial proteins are nuclear encoded,
then synthesized in the cytosol, and imported into the mitochondria. Thus, an
imbalance in nuclear- and/or mitochondrial-encoded proteins synthesis, import
and folding, or mutations in mtDNA, can disturb mitochondrial integrity and
functionality.

Different studies provided evidences that mtDNA damage is implicated in the
pathogenesis of HD (Gemba et al., 1999; Yang et al., 2008) since mtDNA is a
major target of the oxidative stress associated with mHTT. In line with that, some
authors showed that the abundance of mtDNA decreases dramatically in striatal
cells expressing mHtt (STHdh®'"""""\(Siddiqui et al., 2012). Additionally, HD
patients showed mtDNA depletion in leukocytes, which was negatively correlated
to the number of mHTT polyQ repeats (Liu et al., 2008). Moreover, human
peripheral HD leukocytes and striatum from transgenic HD R6/2 mice showed
significantly reduced mtDNA copy number (Hering et al., 2015; Petersen et al.,
2014).

Mitochondrial proteins encoded in nucleus are synthesized as precursors and
maintained in the cytosol with an unfolded conformation, existing in complexes
with cytosolic chaperones, such as HSP70 and HSP90, to avoid their degradation
and aggregation (Young et al.,, 2003). Most of these precursors contain N-
terminal mitochondrial targeting sequences (MTS), which are 10—-80 amino acid
residues with no sequence identity, in order to direct them to the mitochondria
and into the correct mitochondrial compartment. Several mitochondrial proteins
are located to the matrix. Once in the mitochondrial matrix, MTS are cleaved
generating mature polypeptides. Moreover, cooperation between the two main
mitochondrial translocases, the translocase of the outer membrane (TOM)
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complex at MOM and the translocase of the inner membrane (TIM23) complex,
is needed for these proteins to be imported (Bausewein et al., 2017; Mokranjac
and Neupert, 2010). In addition, an intact mitochondrial membrane potential and
the hydrolysis of ATP are essential for protein translocation through the TIM23
complex.

Highly purified synaptosomal mitochondria from presymptomatic R6/2 mice
showed mitochondrial import defects. Indeed, mHTT can interact with TIM23
complex, while wild-type HTT does not associate with this translocase complex,
suggesting a role of polyQ domains in these interactions (Yano et al., 2014).
Interestingly, the delivery of Tim23, Tim50, and Tim17a (subunits of TIM23
complex) by lentiviral to rescue mitochondrial protein import, improved
mitochondrial function and reduced cell death in mHTT-expressing neurons
(Yano et al., 2014), suggesting a possible therapeutic approach against impaired
mitochondrial import in HD.

Mitochondrial network is constantly renewed through nuclear- and mtDNA-
encoded proteins. However, mHTT can interact and affect the function of several
transcription factors involved in maintenance of mitochondrial function and
biogenesis. Peroxisome proliferator-activated receptor (PPAR)y coactivator 1a
(PGC-10a) is a regulator of several metabolic processes including mitochondrial
respiration and biogenesis (Cui et al., 2006), expression of nuclear-encoded
subunits of each of the electron transport-chain complexes, and antioxidant
defense proteins, suppressing cellular ROS formation (St-Pierre et al., 2006).
PGC-1a also regulates the expression of the mitochondrial transcription factor A
(Tfam), the major transcriptional regulator of mtDNA (Palikaras and Tavernarakis,
2014). Striatum of early-stage HD patients showed diminished Tfam and PGC-
1a levels and decreased expression of 24 out of 26 PGC-1a target genes,
increasing disease severity and loss of mitochondrial function (Cui et al., 2006;
Weydt et al., 2006) (Figure 1.5). Additionally, a PGC-1a coding variant was
described to be associated with the age of onset of motor symptoms in HD
patients (Weydt et al., 2014). Moreover, spongiform lesions predominantly in the
striatum were seen in PGC-1a null mice, which developed a neurological
phenotype consistent with neurodegeneration, suggesting an increased
susceptibility of striatal neurons to altered PGC-1a expression (Lin et al., 2004).
mHTT can further interact with the PGC-1a promoter, interfering with the
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transcriptional activation functions of promoter-bound transcription factors, cAMP
response element CREB and TAF4, which results in decreased PGC-1a
expression and augmented mitochondrial abnormalities.

SIRT1 is a deacetylase of the sirtuin family that deacetylates PGC-1a. Our
group showed that resveratrol, a SIRT1 activator with antioxidant properties,
increased mtDNA copies and mitochondrial-related transcription factors (TFAM
and nuclear PGC1a) in HD human lymphoblasts, as well as increased expression
of mitochondrial electron transport chain proteins and improved motor function in
YAC128 mice (Naia et al., 2017b).
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Figure 1.5 | Effect of mHtt expression on mitochondrial biogenesis. mMHTT expression
disturbs CREB/TAF4 signaling leading to decreased PGC-1a levels and activity, which
in turn results in decreased TFAM activation and reduced mitochondrial biogenesis. HTT
expression increases ROS production, resulting in decreased mtDNA. Adapted from
(Fao and Rego, 2021)
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1.3.3. ABNORMAL Ca®** HOMEOSTASIS AND MITOCHONDRIA-
ASSOCIATED MEMBRANE (MAM) COMMUNICATION

Mitochondria is an important organelle in the regulation of intracellular Ca**
homeostasis, due to mitochondrial calcium uniporter (MCU) channel, which is
located at MIM and allow mitochondrial Ca?* buffering. Altered mitochondrial ca*
handling may participate in HD neurodegeneration. Indeed, mHTT can interact
with MOM, which may induce the opening of the mitochondrial PTP. PTP opening
can be stimulated by increased Ca?*, ROS or decreased adenine nucleotide
levels, which can induce mitochondrial swelling, depolarization, diminished ATP
levels within the organelle and cell death (Milakovic et al., 2006; Panov et al.,
2002). Isolated mitochondria from liver of homozygous knock-in Hdh150/150
mice also demonstrated increased predisposition to PTP induction by Ca?*
(Choo, 2004). Lower Ca?" retention were shown in isolated mitochondria from
brains of transgenic YAC72 and HD patients lymphoblasts (Panov et al., 2002).
In addition, HD human lymphoblasts exposed to H,O, displayed decreased
mitochondrial Ca?* retention (Naia et al., 2014). In contrast, our group showed
increased Ca?* uptake in isolated mitochondria from pre-symptomatic R6/2 and
YAC128 brain mice (Oliveira et al., 2007). Additionally, in a study using synaptic
and non-synaptic mitochondria from YAC128 mice brain, augmented Ca2+
uptake could be directly correlated with mHTT levels associated with the
mitochondrial membrane (Pellman et al., 2015).

Mitochondrial-associated membrane (MAM) is the connection between
mitochondria and a specialized domain of the endoplasmic reticulum (ER), the
best-characterized inter-organelle connection. ER-mitochondria contact sites are
important regulators of lipid metabolism and Ca?* homeostasis, and consequently
modulate fundamental cellular processes such as mitochondrial morphology, cell
stress induced by ROS, autophagy and apoptosis (Hamasaki et al., 2013;
Verfaillie et al., 2012). MAMs regulate Ca?* transfer from the ER to mitochondria
in order to maintain cellular bioenergetics and mitochondrial dynamics or to
induce cell death (Boehning et al., 2003). Ca*" transfer in MAMs can occur
through the Ca?* channel inositol-1,4,5-trisphosphate (IP3) receptor (IP3R),
which contacts with outer mitochondrial membrane (OMM) protein voltage-
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dependent anion channel isoform 1 (VDAC1) through the molecular chaperone
glucose-regulated protein 75 (GRP75) (Szabadkai et al., 2006). Thus, IP3R is
highly concentrated in ER-mitochondrial contact sites. Importantly, Tang and
colleagues showed that mHTT can interact with type 1 IP3R (IP3R1), suggesting
an important role of this ER Ca®" channel in HD Ca®" deregulation and
neurodegeneration (Tang et al., 2003) (Figure 1.6).

The ER protein sigma-1 receptor (Sig-1R) is further localized at the ER-
mitochondria junction and is usually used as a MAM marker (Hayashi and Su,
2007). Sig-1R forms a Ca?*-sensitive chaperone complex with immunoglobulin
protein/glucose-regulated protein 78 (BiP/GRP78), prolonging Ca®" signaling
from the ER to the mitochondria by stabilizing IP3R at MAMs (Hayashi and Su,
2007). Hyrskyluoto and coworker showed that mHTT expression (N-terminal HTT
fragment with 120 polyQ repeats or full-length HTT with 75 repeats) diminished
S1R expression in neuronal PC6-3 cells. Importantly, selective S1R agonist PRE-
084 treatment improved S1R, SOD1, SOD2 and thioredoxin 2 expression in
these cells (Hyrskyluoto et al., 2013). PRE-084 administration also diminished
caspase-3 cleavage and oxidative stress and increased calpastatin (endogenous
calpain inhibitor), activating the NF-kB pathway, suggesting a protective effect of
S1R augmented function in HD (Hyrskyluoto et al., 2013). In accordance, S1R
downregulation with antisense RNA amplified the amount of mHTT aggregates
in both the cytoplasm and nucleus. Pridopidine, which was first described as a
dopamine stabilizer (Ponten et al., 2010; Waters et al., 2014), was recently shown
to interact with S1R (Sahlholm et al., 2015). Several clinical trials using
pridopidine showed its efficacy in treating motor symptoms of HD (Karl et al.,
2013; Lundin et al., 2010; Reilmann et al., 2019), suggesting that S1R may be
involved in the therapeutic effects of pridopidine.
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Figure 1.6 | Influence of mHtt expression on MAMs and calcium altered levels. In MAMs
(ER-mitochondria contact sites) mitochondria can take up Ca®* into the matrix through
the interaction between IP3;R and VDAC (at the MOM) and MCU (at the MIM). GRP75
localizes in MAMs and acts as a bridging molecule between the two organelles by
assembling the IP3R-GRP75-VDAC complex, which is involved in the transport of Ca*
from the ER to mitochondria. Adapted from (F4o and Rego, 2021)

1.3.4. mHTT-INDUCED MITOCHONDRIAL DYNAMICS CHANGES

Mitochondria are dynamic organelles and thus their structure varies
constantly from a tubular network to individual mitochondria. Mitochondrial
dynamics (including mitochondrial fusion and fission), mitochondrial biogenesis
and elimination of unwanted mitochondria, by mitophagy (described in 1.4
section), and movement are processes that must coexist in balance for normal
mitochondrial network and function. Indeed, mitochondria can divide (fission) and

unite (fusion) in response to several stimuli. Both dynamic processes make
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possible the exchange of membranes and intra-mitochondrial content or mobility
of the organelle to specific subcellular locations.

Altered mitochondrial morphology and consequently neuronal dysfunction
have been described in HD models, complemented with altered expression of
genes involved in fission/fusion balance (Reddy and Shirendeb, 2012).
Mitochondrial fission is regulated by dynamin-related protein 1 (Drp1), which
have an effector guanosine triphosphate (GTP)ase domain and can translocate
from cytosol to MOM, after a fission stimulus (Knott et al., 2008). Additionally,
mitochondrial fission 1 (Fis1) and mitochondrial fission factor (Mff), located at
MOM, serve as adaptors for Drp1, which allows the recruitment of Drp1. The
GTPases mitofusins (Mfn) 1 and 2, present at MOM, mediate the fusion of MOMs
of juxtaposing mitochondria. Moreover, mitochondrial fusion is regulated by optic
atrophy 1 (OPA1), which is located in MIS and shows association with the MIM.
Striatum and cortex of several HD animal models further showed reduced levels
of Mfn1, Mfn2 and OPA1 and augmented levels of Drp1 and Fis1, revealing
excessive mitochondrial fragmentation (Costa et al., 2010; Shirendeb et al.,
2011) . Moreover, mHTT can interact with Drp1, resulting in increased GTPase
activity and consequently less efficient mitochondria and reduced energy
production for neuronal function (Song et al., 2011) (Figure 1.7). Interestingly,
although mitochondrial fission has been associated with HD, the phenotype
analyses of HD mice with and without Mff, which greatly reduces mitochondrial
fission, showed that R6/2 HD mice lacking Mff exhibit more severe neurological
phenotypes and have shortened lifespans (Cha et al., 2018). This recent study
suggests a protective role for mitochondrial fission in HD and emphasize the idea
that manipulation of mitochondrial dynamics can be applied to HD therapy.
Recently, Aladdin and co-workers demonstrated that skin fibroblasts from
juvenile HD patients had significantly lower levels of mitochondrial fusion and
fission proteins and reduced branching in the mitochondrial network. Moreover,
juvenile HD fibroblasts exhibited higher proteasome activity, which was
associated with elevated gene and protein expression of parkin, as well as
augmented proteasomal degradation of the mitochondrial fusion protein Mfn1 in
diseased cells (Aladdin et al., 2019). These data suggest that expansion of mHtt
is linked to increased proteasome activity and faster turnover of specific
substrates of ubiquitin-proteasome system in order to protect cells, which could
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contribute to altered mitochondrial dynamics in early phases of the disease.
However, mitochondrial fusion also seems to be positive in HD models.
Metformin, an antidiabetic drug, mimics caloric restriction by acting on cell
metabolism at multiple levels. In HD context, metformin restored ATP levels in
STHdh®'"@1T cells, and prevented mitochondrial membrane depolarization,
excess fission and modulated the disturbed mitochondrial dynamics in HD cells
(Jin et al., 2016). Additionally, 3-NP-mediated HD model mitochondria showed
increased cholesterol to phospholipid ratio, suggesting decreased mitochondrial
membrane fluidity, as well as ultrastructural mitochondrial changes, accompanied
by organelle swelling.

Mitochondria are present in different subcellular locations where high energy
is required through mitochondrial trafficking, which has been shown to be
deregulated in neurodegenerative diseases as HD. In neurons expressing mHTT,
mitochondria are mainly localized in the cell body and less transported to
dendrites, axons or synapses (anterograde movement), resulting in reduced ATP
levels at these sites, followed by synaptic degeneration (Shirendeb et al., 2012).
Both N-terminal fragments and full-length mHTT can directly disturb
mitochondrial trafficking in either anterograde or retrograde movement (Orr et al.,
2008; Shirendeb et al., 2012; Trushina et al., 2004). In striatal and cortical
neurons overexpressing mHTT protein aggregates can sequester and block
mitochondrial transport machinery, hindering mitochondrial movement through
neuronal projections (Trushina et al., 2004), suggesting that improvement of

mitochondrial movement could be a possible therapeutic strategy in HD.
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Figure 1.7 | Effect of mHtt expression on mitochondrial morphology. mHTT disrupts the
balance between fission and fusion, with increased mitochondrial fragmentation resulting
from increased levels of Drp1 and Fis1 as well as decreased levels of Mfn1, Mfn2 and
OPA1. mHTT can further interact with and increase Drp1’s GTPase activity.
Furthermore, mHTT expression leads to increased mitochondrial swelling. Adapted from
(Féo and Rego, 2021)
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1.4. PROTEIN DEGRADATION IN HUNTINGTON’S DISEASE

1.4.1. AN OVERVIEW OF PROTEIN DEGRADATION PATHWAYS

Intracellular protein degradation is an important intracellular degradative
process that maintains intracellular homeostasis through degradation and
recycling of toxic macromolecules and damaged organelles (Klionsky and Emr,
2000). Impairment of the protein quality control mechanisms in neuronal cells are
a common feature in several NDD, such as AD, PD and HD (Harding and Tong,
2018). In NDD, clearance of misfolded proteins by the proteasome, autophagy
pathways and exocytosis is impaired, which leads to accumulation of toxic protein
oligomers and aggregates in neurons (Harding and Tong, 2018). Toxic protein
species affect various cellular functions resulting, lately, in cell death. In HD the
ubiquitin-proteasome system (UPS) and macroautophagy pathways are
particularly altered, which favors the accumulation of protein aggregates (Harding
and Tong, 2018). These processes occur at basal levels in almost all mammalian
cells and can be stimulated in response to starvation, providing the cell with the
building blocks for new proteins and lipids. UPS is one major pathway for
intracellular monomeric protein degradation. On the other hand, autophagy plays
an important role in the clearance of protein aggregates, pathogens and in the
regulation of inflammation and immunity, as well as during starvation (Deretic et
al., 2013; Okamoto, 2014). Autophagy pathways assume a critical role in
neurons, as they are unable to dilute the accumulation of toxic components by
cell division, and so may activate programmed cell death in response to the
accumulation of misfolded proteins. Therefore, this section summarizes the most

important protein degradation pathways and their alterations in HD models.

1.4.1.1. UBIQUITIN PROTEASOME SYSTEM

The UPS is the major pathway in the regulation of intracellular protein
degradation. Monomeric proteins are tagged for degradation by the conjugation
of a minimum of four ubiquitins in a polyubiquitin chain (Pickart and Fushman,

2004). Ubiquitin, a 76 amino acid protein, tag proteins to degradation by
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proteolytic activity, which depends upon the three enzymes E1, E2 and E3
(Finley, 2009). Additional ubiquitins are added to the already conjugated
ubiquitin, resulting in a polyubiquitin chain. Lysine residues within ubiquitin are
used as sites for additional ubiquitin conjugation (Pickart and Fushman, 2004).
The recognized targeting signal is a chain with at least four ubiquitin molecules
linked through isopeptide bonds between the C terminus of one ubiquitin and
lysine 48 (K48) of the next (Thrower et al., 2000). Beyond K48, ubiquitin chains
can be linked through other linkage sites, being K48, K63, and K11 the most
common (Xu et al., 2009). After being poly-ubiquitinated, proteins can be
delivered to the proteasome in order to be degraded. The 26S proteasome is a
multicatalytic protease complex, localized both in the nucleus and the cytoplasm,
composed of 19S regulatory and 20S core particles. The 20S core is organized
in four heptameric rings, with tryptic, chymotryptic, and peptidylglutamyl
proteolytic activities contained in the inner B rings (Pickart and Cohen, 2004). The
19S regulatory cap binds the polyubiquitin chain, removes the ubiquitins, unfolds
the substrate, and activates the 20S proteolytic core in an ATP-dependent
manner (Smith et al., 2007). The 11S regulatory complex performs an analogous
role to the 19S complex, but in a ubiquitin and ATP-independent manner
(Rechsteiner and Hill, 2005).

1.4.1.2. MACROAUTOPHAGY

Autophagy can be divided into three main types, according to the delivery
of cargo to the lysosome: macroautophagy, microautophagy and chaperone-
mediated autophagy (CMA). In macroautophagy, cytoplasmic cargo is engulfed
by a growing double-membrane vesicle that after closure (autophagosome) fuses
with the lysosome for degradation (autolysosome) (Mizushima, 2007). The
process is complex and involves a group of specific autophagy-related proteins
acting in a concerted flux, and it can occur randomly (bulk macroautophagy) or
selectively through specific adaptors. In microautophagy, the cargo (mostly
proteins) is directly internalized through invagination of the lysosome membranes
and endosomal vesicles (Ahlberg et al., 1982). Chaperone-mediated autophagy
(CMA) is a selective process by which proteins with a specific targeting motif (the
pentapeptide KFERQ motif) are recognized by cytosolic chaperone heat shock
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cognate 70 (Hsc70) and its co-chaperones, assisting the translocation of cargo
into the lumen of lysosomes through lysosomal-associated membrane protein 2A
receptor (LAMP2A) (Kaushik and Cuervo, 2012). CMA constitutes an alternative
lysosome-mediated degradation pathway that can be upregulated when
blockage of macroautophagy occurs (Kaushik et al., 2008). For the scope of this
review, macroautophagy and selective autophagy of mitochondria, known as
mitophagy, will be further detailed and explored in the context of neuronal

function and neurodegeneration (Figure 1.8).
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Figure 1.8 | Different types of autophagy. Selective autophagy and macroautophagy
initiates with isolation membrane formation and later the phagophore. Through a series
of chain reactions, the phagophore sequesters its materials into a double-membraned to
form the autophagosome, which, in turn, docks and fuses with the lysosome. In
microautophagy the cargo is directly internalized through invaginations in the
membranes of lysosomes and endosomes. The chaperone-mediated autophagy (CMA)
initiates with recognition of cytosolic proteins carrying KFERQ consensus pentapeptide
motifs by the cytosolic HSC70 chaperone and translocated to the lysosome membrane
through binding with lysosomal-associated membrane protein type-2A (LAMP-2A),
resulting in their internalization and degradation. Adapted from (Magalhaes et al., 2021)

Macroautophagy is a complex and sequentially process starting with
autophagosome formation and engulfment of cargo, followed by closure and
maturation and finally fusion with the lysosome for degradation. Each of these
steps involves distinct autophagy-related (ATG) proteins that mechanistically
coordinate the autophagic flux along autophagosome biogenesis and fusion with
the lysosome (Klionsky, 2007). The initiation of autophagy is regulated by the
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phosphorylation status of unc-51 like autophagy activating kinase 1 (ULK1),
which is regulated by the upstream mammalian target of rapamycin complex 1
(mTORC1) (Kim et al., 2011). mTORCH1 is active in nutrient-rich conditions or
when PI3K/Akt pathway is stimulated by growth factors (e.g. IGF1). Active
mTORC1 phosphorylates ULK1 and ATG13, components of the ULK1 initiation
complex (also composed by ATG101 and FAK family kinase-interacting protein
with 200 kDa, FIP200) (Zachari and Ganley, 2017) suppressing autophagy. In
nutrient-depleted conditions, mTORC1 is inactivated, facilitating ULK1
autophosphorylation (Hosokawa et al., 2009). Moreover, when the cellular
energetic status is low, AMP activates AMPK, which in turn inhibits mMTORC1 and
phosphorylates ULK1, promoting autophagy (Egan et al., 2011; Hosokawa et al.,
2009). Once ULK1 is activated it phosphorylates ATG13 and FIP200, thus
activating the entire ULK1 initiation complex (Mercer et al., 2009). After ULK1
complex activation, it translocates to omegasomes (specific regions at the
endoplasmic reticulum (ER), initiating phagophore membrane assembly for
autophagosome biogenesis (Axe et al., 2008). At omegasomes, ULK1 promotes
the recruitment and activation of class Il phosphatidylinositol 3-kinase complex
(PIBPK, composed by vacuolar protein sorting 34, beclin-1, phosphoinositide-3-
kinase regulatory subunit 4 and ATG14L), through phosphorylation of Beclin-1
(Axe et al., 2008; Lamb et al., 2013). PI3PK is responsible for generation of
phosphatidylinositol-3 phosphate (PI3P) for phagophore expansion (Russell et
al., 2013). The generation of PI3P is essential for the nucleation of the
phagophore vesicle, recruitment of PI3P-binding proteins that are involved in
phagophore expansion and curvature shaping and recruitment of downstream
ATG proteins (Dooley et al., 2014). The recruitment of PI3P effectors like WD-
repeat domain phosphoinositide-interacting proteins (WIPIs) to the omegasome
is essential for autophagosome biogenesis and autophagic flux (Dooley et al.,
2014; Polson et al., 2010). Alfy, a large scaffolding FYVE domain-containing
protein, is a PI3P effector that targets ubiquitinated aggregates to the
autophagosome thus participating in selective autophagy (Simonsen et al.,
2004). The next step is the recruitment of microtubule-associated protein 1A/1B-
light chain (LC3) to the phagophore, assisted by ubiquitin-like conjugation
systems. Initially, the E1 ubiquitin ligase ATG7 and E2 ubiquitin ligase ATG10
are involved in conjugation of ATG12 to ATGS that further binds to ATG16L1.
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The complex ATG12-ATGS5-ATG161L is essential for the recruitment of the LC3
to the PI3P positive membranes (Dooley et al., 2014). First, LC3 is proteolytically
cleaved at C-terminal by ATG4 protease forming LC3-I which in turn, through the
action of ATG3 and ATG7 and ATG12-ATG5-ATG161L, generates LC3-
through its binding to the amine headgroup of phosphatidylethanolamine (PE) in
the phagophore membrane (Fujita et al., 2008b; Kirisako et al., 2000). Such
lipidation of LC3 is essential to the expansion and closure of the phagophore and
further maturation of the autophagosome (Kabeya et al., 2004). Moreover,
lipidated LC3 is involved in specific cargo-recognition via the LIR (LC3 interaction
region) domain through selective adaptor proteins (Wild et al., 2014). The
phagophore expansion and elongation is poorly defined but the interaction of
WIPI2 with ATG9 enriched vesicles is essential for the process (Orsi et al., 2012).
Recent work showed that additional ATG proteins are involved in the final steps
of autophagosome biogenesis, but their exact roles are not clearly defined yet.
Studies showed that defects in LC3 ubiquitin-conjugation systems impaired
autophagosome closure (Fujita et al., 2008a; Mizushima et al., 2001) implying
these complexes in the final steps of autophagosome biogenesis. The closure of
autophagosome vesicle is mediated by the endosomal sorting complex required
for transport (ESCRT) machinery (Yu and Melia, 2017). After the closure,
autophagosome dissociates from ER and its maturation proceeds through
interaction with multiple endocytic vesicles. Dephosphorylation of PI3P at the
autophagosome membrane by phosphoinositide 3-phosphatases of the
myotubularin protein family is required prior to their fusion with lysosomes
(Taguchi-Atarashi et al., 2010) (Figure 1.9).
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Figure 1.9 | Overview of macroautophagy machinery. Nutrient deprivation and cellular
stresses induce mTORC1 inhibition and AMPK activation, which, in turn, activate the
ULK1 complex. ULK1 complex positively regulation subsequently activates
phosphatidylinositol 3-kinase (PI3K), which leads to PI3P synthesis in phagophore and
initiates autophagy. The sources of membrane for phagophore nucleation and expansion
can be varied, from ER membrane, Golgi apparatus, trans-Golgi network (TGN), plasma
membrane, endosomal compartment to mitochondria. Two ubiquitin-like conjugation
systems, the Atg12—Atg5—Atg16L1 complex and LC3-Il, participate in the expansion and
closure of the phagophore. Once it is completed, the autophagosome can fuse with
lysosome to form an autolysosome, resulting in the degradation of autophagic
substrates. Adapted from (Magalhaes et al., 2021)

1.4.1.3. MITOPHAGY

The elimination of defective mitochondria is an essential quality control
mechanism to sustain a healthy pool of mitochondria and maintain a viable
network in neuronal cells (Martinez-Vicente, 2017). These cells are more
sensitive to mitochondrial defects due to their high metabolic demands; thus, the
selective elimination of dysfunctional organelles is vital for reliable
neurotransmission. Mitochondria that are irreversibly damaged or become no
longer efficient are eliminated by mitophagy, a selective mechanism where
specialized receptors recognize flawed mitochondria and mediate cargo targeting
to autophagic vesicles (Pickles et al., 2018).

Cells make use of different methods to recycle defective mitochondria,
namely ubiquitin-dependent and independent pathways. Majorly, neuronal cells
resort to the ubiquitin-dependent mechanism system controlled by PTEN-induced
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kinase 1 (PINK1)/Parkin to preserve an active and dynamic pool of mitochondria.
PINK1 is a mitochondrial protein whose accumulation in the OMM acts as a
sensor for maintaining mitochondrial function, since it flags damaged
mitochondria for degradation (Pickrell and Youle, 2015). PINK1 exhibit a
mitochondrial-targeting sequence thus being systematically imported to the IMM
by complexing with translocases of the outer membrane 20 and 40 (TOM20 and
TOM40) (Lazarou et al., 2012), where it is cleaved by the intramembrane serine
protease presenilin-associated rhomboid-like (PARL) (Deas et al., 2011) and
therefore maintained at low levels under physiological conditions. Upon a given
damage, the molecular interactions between TOM20/40 and PINK1 decrease
and PINK1 clusters in the OMM of damaged mitochondria, promoting Parkin
phosphorylation and its subsequent recruitment (Kondapalli et al., 2012). Parkin,
a cytosolic E3 ubiquitin ligase, ubiquitinates a myriad of proteins of the OMM,
which are recognized by receptors such as p62, also denominated
sequestosome 1 (SQSTM1). p62/SQSTM1 is the ubiquitin-binding receptor
responsible for driving ubiquitinated mitochondria to the autophagosome
assembly site by interacting with the ATG8 family LC3/GABARAP receptors
(Pankiv et al., 2007). These receptors also recognize LIR motifs of many OMM
proteins for specific targeting of damaged mitochondria to the autophagosome
assembly site (Birgisdottir et al., 2013) (Figure 1.10).

In neuronal cells, ubiquitin-independent mitophagy orchestrated by two bi-
functional proteins, BCL2 and adenovirus E1B 19 kDa-interacting protein 3
(BNIP3L) and BNIP3-like protein X (NIX), is also responsible for the differentiation
of retinal ganglion cells (RGCs). BNIP3 and NIX contain a BH3 domain and are
mainly located at the OMM. These proteins have a WXXL-like motif with affinity
for LC3 and its homologue GABARAP, driving mitochondria to autophagic
vesicles. During retinal neurogenesis, a metabolic shift takes place, accompanied
by an increase in the expression of both proteins (Esteban-Martinez and Boya,
2018). NIX activity can be mediated by increasing ROS levels in several cell lines
(Ding et al., 2010) adding a new layer of complexity apart from developmental
functions. Indeed, ROS production increases as a consequence of damaged
mitochondria (Stefanatos and Sanz, 2018) and can induce mitophagy (Shefa et
al., 2019). NIX can also regulate the translocation of Parkin to mitochondria upon
a depolarizing stimulus, such as CCCP (Ding et al., 2010). In addition, BNIP3L
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and NIX-regulated mitophagy has neuroprotective functions. In a model of brain
ischemia, the selective degradation of mitochondria mediated by these proteins
was crucial for neuronal survival and function (Yuan et al., 2017). Also, NIX
overexpression alone is sufficient to restore mitophagy defects observed in cell
lines derived from PD patients (Koentjoro et al., 2017).

Fun14 domain-containing protein 1 (FUNDC1) is an OMM protein that
interacts with LC3 and GABARAP and mediates mitophagy in hypoxic conditions.
At homeostatic levels, FUNDC1-dependent mitophagy is repressed by Src
kinase-mediated phosphorylation in the moiety of the LIR motif at Tyr18. In a
hypoxic state, reduced Src activity results in FDUNC1 Tyr18 dephosphorylation,
facilitating its interaction with LC3 and subsequent mitophagy (Liu et al., 2012).
Moreover, hypoxia-driven phosphorylation of ULK1 by AMPK at Ser555 favours
ULK1 translocation to the mitochondria, enhancing FUNDC1 activity (Shefa et
al., 2019). Additionally, Optineurin (OPTN) is a cytosolic receptor located at the
OMM that promotes mitophagy through its interaction with LC3 (Wong and
Holzbaur, 2014a). Interestingly, OPTN dysfunction is associated with
neurodegenerative diseases, as well as other pathologies (Weil et al., 2018).
Overall, mitophagy constitutes an essential quality control mechanism for
maintaining neuronal metabolism and homeostasis. The transport of
mitochondria within neurons relies on anterograde and retrograde movements
and is essential to fulfil the energetic and metabolic requirements along the
neuronal structure. These movements are also essential for mitochondrial repair

and degradation and are assisted by transport adaptor proteins.
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Figure 1.10 | Overview of mitophagy machinery. Dysfunctional mitochondria stabilize
PTEN-induced kinase 1 (PINK1) in the outer mitochondrial membrane (OMM) while its
proteolytic cleavage through presenilin-associated rhomboid-like (PARL) proteases is
blocked. Concurrently, PINK1 recruits Parkin through a series of modifications, such as
phosphorylation of both Parkin and ubiquitin. Polyubiquitinated proteins are recognized
by several adaptor molecules, including p62 and optineurin (OPTN), anchoring
mitochondria to nascent phagophore through microtubule associated light chain 3 (LC3)
binding. Receptor-mediated mitophagy relies on various OMM proteins such as BCL2
Interacting Protein 3 (BNIP3), BNIP3-like protein X (NIX), and FUN14 domain-containing
protein 1 (FUNDC1). After elongation is completed, autophagosome fuses with lysosome
for degradation of dysfunctional mitochondria. Adapted from (Magalhaes et al., 2021)

1.4.2. UBIQUITIN PROTEASOME SYSTEM IN HUNTINGTON’S DISEASE

UPS involvement in HD pathology was initially proposed when nuclear
polyQ inclusions were positively labeled by antibodies against ubiquitin in post-
mortem brains of HD patients and in different cellular and animal HD models
(DiFiglia et al., 1997; Gutekunst et al., 1999). In subsequent studies, it was found
that the proteasome could not digest expanded polyglutamine sequence
efficiently, but only cut the flanking basic residues (Venkatraman et al., 2004),
suggesting that expanded polyQ tracts or aggregated proteins could not be
digested by the UPS, resulting in an impairment of the function of the UPS.
Transfected PC12 cells that co-express N-terminal Htt with a normal (23Q) and
expanded (76Q) polyQ showed N-terminal mHtt fragments accumulated via
inhibition of the UPS (Li et al., 2010). Moreover, Bennett and coworkers showed
that production of protein aggregates specifically targeted to either the nucleus
or cytosol led to global impairment of UPS function in both cellular compartments,
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which was independent of sequestration of protein aggregates (Bennett et al.,
2005). Concordant results were obtained in HD mouse models. Despite whole
cell homogenates of brain tissues did not detect reduced UPS activity in HD
mouse brains (Diaz-Hernandez et al., 2003; Wang et al., 2008), Lys 48-linked
polyubiquitin chains accumulated early in HD mouse brains (Bennett et al., 2007).
Additionally, as referred before, mHtt can induce mitochondrial dysfunction,
leading to reduced ATP levels in HD synapses and contributing to reduced
activity of synaptic UPS seen in HD mouse brains (Orr et al., 2008; Wang et al.,
2008).

1.4.3. AUTOPHAGY IN HUNTINGTON’S DISEASE

Two putative KFERQ-like CMA-targeting motifs were identified in the HTT
protein: one at amino acids 99-103 (KDRVN), and one at amino acids 248—-252
(NEIKV). Upon phosphorylation at Ser16, the very N-terminus (14-LKSFQ-18) is
considered a KFERQ-like third motif (Qi et al., 2012). While normal HTT is
degraded by the UPS, polyQ-HTT is a target for CMA-degradation, since purified
intact lysosomes showed mHTT fragments in a LAMP2A-dependent manner (Qi
et al., 2012). However, CMA-dependent mHTT degradation is less efficient. This
may be explained by polyQ expansion-mediated delay of mHTT CMA transport
across the lysosomal membrane, leading to accumulation in the cytosol.
Furthermore, LAMP2A and Hsc70 can strongly interact with polyQ-HTT, which
results in CMA pathway traffic blockage (Qi et al., 2012). However, LAMP2 mRNA
expression is increased in the caudate nucleus of HD patients (Koga et al., 2011),
which is consistent with increased levels of LAMP2 protein and concomitant
induction of CMA in HD patient cells and mouse models (Koga et al., 2011),
suggesting an attempt to increase the activity of this system. Indeed, full-length
polyQ-HTT is primarily targeted to macroautophagy, whereas N-terminal
fragments of HTT can be selectively targeted to CMA (Muller et al., 2015).
Interestingly, R6/2 HD mice showed diminished inclusion formation and improved
HD phenotypes after N-terminal mHTT fragment target to the CMA pathway.

Furthermore, clearance of phosphorylated N-terminal fragments of polyQ-HTT
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depends on LAMP2A and Hsc70 proteins (Thompson et al., 2009). Fibroblasts
from HD patients, striatal Hdh knock-in cells and pre-symptomatic HTT Q111
knock-in mice showed augmented CMA activity (Koga et al., 2011). This increase
in CMA activity was not sustained when aged mice became symptomatic.
Moreover, a significant decrease in LAMP-2A staining was detected in older HTT
Q111 knock-in mice (Koga et al., 2011). Since LAMP-2A localization and CMA
activity is regulated by lipid composition at the lysosomal membrane, and altered
lipid metabolism occurs in HD (Martinez-Vicente et al., 2010), modifications in
lipid homeostasis might contribute to HD dysfunction in CMA. Thus, to
compensate for malfunctioning macroautophagy pathway, HD neurons might
upregulate CMA. However, CMA-competent lysosomes are less efficient at
degrading substrates over time, while polyQ-HTT interferes with LAMP-2A and
Hsc70 cargo uptake.

As an attempt to maintain the normal proteostasis, since UPS-mediated
protein degradation and CMA fails, macroautophagy may be upregulated in HD
(Pandey et al.,, 2007). PolyQ-HTT is targeted for autophagic clearance,
suggesting selectivity of macroautophagy towards pathogenic HTT (Ravikumar,
2002). However, UPS and autophagy degradation pathways are significantly
compromised in HD, which results in polyQ-HTT aggregates accumulation,
ultimately leading to neuronal dysfunction and death (Cortes and La Spada,
2014). Furthermore, progressive failure of degradation pathways and
proteostasis lead to accumulation of damaged organelles such as mitochondria
and ER. Interestingly, in addition to polyQ-HTT aggregates being a substrate for
autophagy-mediated degradation, HTT protein is further involved in autophagy
pathway regulation (Kegel et al., 2000), as described below in this section.
Moreover, HTT has a role in axonal transport of autophagosomes, as suggested
by live-cell imaging studies in striatal neurons. After both loss of HTT or
expression of mHTT, decreased autophagosome transport and subsequent
inhibition of substrate degradation were observed (Wong and Holzbaur, 2014b).

Brain biopsies from HD patients showed significant abnormalities in
compartments of the vesicular-endocytic pathway, with abnormal proliferation of
multivesicular bodies, endosomes and lysosomes, accompanied by disruption of
the Golgi apparatus and disorganization of the ER (Tellez-Nagel et al., 1974).
Concordantly, striatal neurons in brains from HD patients stained for HTT,
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showed significant increases in endosome-lysosome-like organelles and HTT-
positive tubulovesicular structures (Sapp et al., 1997).

Normal HTT acts as a scaffold protein to selective autophagy, since HTT can
physically interact with p62 in order to facilitate its association with LC3-Il and
ubiquitinated substrates. HTT can also bind to ULK1, releasing ULK1 from
negative regulation by mTOR (Rui et al., 2015). Indeed, ULK1 was shown to have
reduced activity in HD cellular and animal models (Q175) (Antonioli et al., 2017;
Wold et al., 2016). Moreover, HTT can contribute to microtubular transport of
autophagosomes that is essential for autophagosome-lysosome fusion (Wong
and Holzbaur, 2014b). Indeed, different cell types, such as primary neurons,
striatal cell lines, fibroblasts and hepatocytes from two HD mouse models, and
lymphoblasts derived from HD patients showed increased number of autophagic
vacuoles without an augmented autophagy-mediated degradation (Martinez-
Vicente et al., 2010). Additionally, two HD mouse models, R6/2 and YAC128 mice
(described in section 1.1.5.1) showed specifically increased levels of the
autophagy markers p62 and LC3-Il in the striatum at later age (18 months) (Lee
et al., 2012), suggesting deficit(s) in autophagy-mediated protein degradation.
Conversely, polyQ-HTT aggregates can sequester mTOR, leading to autophagy
induction (Ravikumar et al., 2004). One possible explanation for this contradiction
is a substantial alteration in macroautophagy cargo recognition in HD cells, which
results in ‘empty’ autophagosomes formation (Martinez-Vicente et al., 2010).
Autophagosomes have reduced amount of cytosolic cargo inside, possibly due
to abnormal p62—polyQ-HTT interaction, leading to reduced protein degradation
rate in HD samples (Martinez-Vicente et al., 2010), which can result in serious
deleterious effects on cell homeostasis and consequent neuronal loss.
Compensatory activation of macroautophagy in response to polyQ-HTT
aggregates may be an important approach to HD neuron survival. Definitely,
organelles are turned over by macroautophagy, requiring the recognition of
targeted membranes by the autophagy machinery. Because polyQ-HTT can
interact with different organelle membranes (Kegel et al., 2000; Ravikumar et al.,
2004), it is possible that polyQ-HTT interferes with organelle recognition by
autophagic vacuoles. Concordantly with this hypothesis, HD cells show
accumulation of defective mitochondria, which suggest that compromised
mitochondria are not efficiently recognized or marked up to autophagy.
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Furthermore, polyubiquitination is another way for protein aggregates to be
degraded by macroautophagy and polyQ-HTT can bind to polyubiquitinated
protein aggregates, which can restrict their recognition by the autophagy system
(Ravikumar, 2002).

Several studies revealed that HTT interacts with autophagy-associated
proteins indirectly influencing the autophagy pathway. Clearance of
polyubiquitinated inclusions are mediated by the selective autophagy receptor,
p62, which can exist in polyubiquitinated mHTT aggregates (Nagaoka et al.,
2004). A shell of p62 and LC3 proteins can surround mHTT aggregates to
promote recruitment to autophagosomes, whereas p62 knock-down leads to
augmented cell death in the presence of mHTT (Bjerkey et al., 2005). p62
expression levels are diminished in the HD R6/1 mouse model brain, as a result
of decreased protein synthesis, at the early stage of the pathology. However, at
late stages, p62 accumulates in the striatum and hippocampus (Rué et al., 2013).
STHAR""AMT striatal cells, derived from HD knock-in mice, also showed
increased p62 levels, in response to proteotoxic stress (Huang et al., 2018). Thus,
p62 can bind mHTT aggregates and progressively accumulate in HD mice and
patient’s cell nuclei, contributing to the onset of HD symptoms. Previously,
Kurosawa and colleagues, revealed that genetic p62 depletion in three HD
mouse models (R6/2, HD190QG and HD120QG mice) improved HD phenotypes
and life expectancy, showing reduced nuclear inclusions and increased
cytoplasmic inclusions of mHTT. These data suggest that p62 genetic ablation in
HD mice interrupts autophagic clearance of polyQ inclusions, reducing polyQ
nuclear influx and ameliorating disease phenotypes by decreasing toxic nuclear
inclusions (Kurosawa et al., 2015).

The selective autophagy receptor NBR1, which sequestrates protein
aggregates, shares similar function and structure with p62 and has been shown
to interact with p62 (Lamark et al., 2003). As explained before, mHTT forms
nuclear inclusions with p62, leading to neurotoxicity. In contrast to what happens
with p62, NBR1 does not accumulate within neuronal nuclei or at late stage of
HD in mice or patients (Rué et al., 2013), suggesting that NBR1 may take over
p62 nuclear accumulation, to maintain some basic rate of selective
macroautophagy. The adaptor protein autophagy-linked FYVE protein (ALFY)
acts as a scaffold for aggregates, p62, and the autophagosome and has a central
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role in the autophagic degradation of mHTT aggregates (Filimonenko et al.,
2010). Concordantly, ALFY mRNA expression is decreased in the caudate
nucleus of HD patients (Isakson et al., 2013). The autophagy adaptor OPTN can
also act as an autophagy receptor, which recognises and promotes autophagic
clearance of protein aggregates (Ryan and Tumbarello, 2018). OPTN enables
intranuclear mHTT inclusion clearance via selective autophagy (Mori et al.,
2012). Intriguingly, OPTN shows a cell-specific expression pattern in striatum,
which is related with the neuronal loss pattern in this HD brain region (Okita et
al., 2012). Moreover, OPTN overexpression reduced mHTT aggregation via
increased selective autophagy (Shen et al., 2015). Toll-interacting protein (Tollip)
is another selective autophagy cargo receptor protein with protein aggregate
clearance function (Lu et al., 2014a). A study using the stable Neuro2a cell line
expressing mHTT (HD60Q and HD150Q) showed that Tollip associate with
mHTT derived N-terminal peptides, stimulating their aggregation and enhancing
their clearance via autophagy, protecting the cells from proteotoxicity (Oguro et
al., 2011). Additionally, R6/2 mouse striatum and cortex showed Tollip protein in
nuclear inclusions (Doi et al., 2004). As estimated, Tollip depletion led to cell
death, while Tollip overexpression enhanced aggregate clearance (Lu et al.,
2014b). Thus, by acting as a mediator of selective autophagy associated with
HD, Tollip might be a good candidate for a HD therapeutic strategy.

Beclin 1 is a major autophagy regulator, which levels are reduced with aging.
Beclin 1 can be recruited to mHTT aggregates, reducing its activity, further
contributing to autophagy dysfunction in HD (Shibata et al., 2006). A study from
Ashkenazi and colleagues, using the HD-N171-82Q mice (expressing the first
171 amino acids of human HTT) and primary fibroblasts from HD patients,
showed that mHTT outcompetes ataxin 3 in binding Beclin 1, avoiding its
activation (Ashkenazi et al., 2017). Rhes is a striatal-specific protein and a Beclin
1 activator that recruits Beclin 1 away from Bcl-2, preventing its inhibitory action.
However, mHTT can inhibit Rhes interaction with Beclin 1, reducing its role in
promoting autophagy (Mealer et al., 2014). Conversely, Beclin 1 overexpression
increased mHTT aggregates clearance and reduced neuronal damage (Shibata
et al., 2006). Expression of Beclin-1 show an age-dependent decrease in human
brain (Shibata et al., 2006) and in HD patient’s fibroblasts (Ashkenazi et al.,
2017), as well as age-related decreased trafficking of the lysosomal protein
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LAMP2 (Kaushik et al., 2008). Remarkably, R6/2 HD transgenic mice and HD
patients brains showed Beclin-1 accumulation into polyQ-HTT inclusions
(Shibata et al., 2006).

PolyQ-HTT aggregates also sequestered mTOR, as observed in COS-7 cells
expressing mutant (Q74) huntingtin exon 1, brain tissue of mice expressing
mHTT (Q82) and brain tissue from HD patient's caudate and putamen
(Ravikumar et al., 2004). Additionally, ULK1 activity was decreased in the brains
of zQ175 HD mice, since ULK1 substrates such as Beclin-1 and ATG14 are less
phosphorylated, together with the redistribution of ULK1 to an insoluble fraction
where aggregated mHTT was found (Wold et al., 2016). Moreover, Metzger and
coworkers showed that the V471A polymorphism in ATG7 is related to an earlier
onset form of HD (Metzger et al., 2010).

TFEB is a master regulatory transcription factor of the autophagy-lysosome
pathway (lysosomal biogenesis and autophagy), which was shown to be
upregulated by peroxisome proliferator-activated receptor-gamma coactivator
(PGC)-1alpha (Tsunemi et al., 2012), a member of transcription coactivators that
plays a central role in the regulation of cellular energy metabolism, mitochondrial
biogenesis and adaptive thermogenesis. N171-82Q HD transgenic mice showed
abnormal TFEB expression and activity, suggesting that TFEB signaling is
impaired in HD (Tsunemi et al., 2012). Concordantly, TFEB can promote polyQ-
HTT clearance (Tsunemi et al., 2012), which emphasizes TFEB as a possible
therapeutic target for HD or other diseases with protein aggregates accumulation.

1.4.4. MITOPHAGY IN HUNTINGTON’S DISEASE

Previous studies reported ultrastructural defects in mitochondria isolated
from post-mortem HD cortical tissue and compromised oxidative function and
ATP synthesis in pre-symptomatic HD carriers (Saft et al., 2005), suggesting that
mitochondrial dysfunction is an early relevant pathogenic mechanism. HD mutant
cells and striatal and cortical neurons isolated from YAC128 transgenic mice
presented altered mitochondrial  bioenergetics, including pyruvate

dehydrogenase (PDH) dysfunction (Naia et al., 2017a), as well as Aym
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deregulation (Naia et al., 2017b), augmented mitochondrial ROS production
(Ribeiro et al., 2014) and increased Ca?* uptake in isolated mitochondria from
pre-symptomatic R6/2 and YAC128 mouse forebrain (excluding the cerebellum)
(Oliveira et al., 2007). Abnormal elimination of dysfunctional mitochondria
observed in HD suggests an impairment in mitophagy (described in section 1.3).
Levels of basal mitophagy were seen to be reduced in the dentate gyrus (DG)
region of HD mice crossed with the mito-Keima mouse line (Sun et al., 2015).
Moreover, a recent study showed that mitophagy is affected in STHdh®!"/1"
striatal cells (Franco-lborra et al., 2020). These authors showed that mHTT
affects the initiation of the mitophagy process, as well as the recruitment of
mitophay receptors and its interaction with LC3-Il during mitophagy (Franco-
Iborra et al., 2020).

As explained earlier, PINK1-Parkin-mediated mitophagy starts with PINK1
stabilization at the OMM of damaged mitochondria to recruit Parkin. In the
caudate nucleus of HD patients, mMRNA expression of PINK1 is significantly
decreased (Kamat et al., 2014). Augmented mitochondrial fragmentation (Costa
et al., 2010) and inefficient incorporation of mitochondria into autophagosomes
(Wong and Holzbaur, 2014b) are HD features, thus decreased PINK1 may
exacerbate the dysfunctional autophagosome recruitment in HD cells.

Concordantly, PINK1 overexpression in HD flies and STHdh®" Va1

cells proved
to be protective in these models (Khalil et al., 2015). Moreover, juvenile HD
fibroblasts showed increased Parkin levels (Aladdin et al., 2019). Although there
is some lack of information regarding the alterations in PINK1/Parkin-dependent
mitophagy in HD, its activation may constitute an interesting therapeutic
approach. Moreover, mHTT can interact with Drp1, resulting in increased Drp1
GTPase activity and consequently increased mitochondrial fission, causing
reduced mitochondrial function (Song et al., 2011). Recently, Aladdin and co-
workers showed that skin fibroblasts from juvenile HD patients had significantly
lower levels of mitochondrial fusion and fission proteins and reduced branching
in the mitochondrial network. Furthermore, juvenile HD fibroblasts revealed
higher proteasome activity, which was associated with elevated gene and protein
expression of Parkin, as well as increased proteasomal degradation of the
mitochondrial fusion protein Mfn1 in diseased cells (Aladdin et al., 2019). These

data suggest that expansion of mHTT is linked to increased proteasomal activity
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and faster turnover of specific substrates of ubiquitin-proteasome system in order
to protect cells, which could contribute to altered mitochondrial dynamics in early

phases of the disease.
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1.5. SYNAPTIC DYSFUNCTION IN HUNTINGTON’S
DISEASE

There is a clear evidence for altered dendrite morphology in MSNs of HD
patients, showing recurved endings and appendages, altered spine density and
abnormalities in the size and shape of spines, or even their complete absence
(Graveland et al., 1985). Concordantly, some HD mouse models such as the R6/2
(Klapstein et al., 2017), YAC72 (Hodgson et al., 1999) and YAC128 (Milnerwood
et al.,, 2010; Slow, 2003) mice show early and significant changes in striatal
somato-dendritic morphology, reduced dendritic fields and somatic areas,
decreased dendritic spine density and length in striatal MSNs and cortical
pyramidal neurons, indicating dysfunctional synaptic connections and neurons,
possibly contributing for striatal neuronal loss. Murmu and coworkers showed that
mHTT in R6/2 mice causes a progressive loss of persistent-type spines,
important for neuronal circuitry and long-term memory in the brain (Murmu et al.,
2015, 2013). Interestingly, HD knock-in mice with 140Q presented reduced
number of thalamo-striatal synapses as early as 1 month of age and impaired
cortico-striatal synapse at 12 months of age (Deng et al., 2013). However, the
mechanism by which mHTT drives initial selective neurodegeneration remains so
far elusive.

N-methyl-D-aspartate receptor (NMDAR) are important postsynaptic
receptors that contribute to normal synaptic function and cell survival. In this
section we discuss, in more detail, NMDARs involvement in HD and synaptic
dysfunction.

1.5.1. NMDA RECEPTORS IN HUNTINGTON’S DISEASE

1.5.1.1. NMDA RECEPTORS FUNCTION

NMDARSs are cationic channels stimulated to open by the neurotransmitter
glutamate. After glutamate binding, it requires a sufficient postsynaptic
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depolarization (favored by pre-activation of high-affinity and Na*-permeable a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors) to
remove the Mg®* blocker ion from the channel, resulting in mostly Ca** entry, but
also sodium (Na*) and potassium (K*) (MacDermott et al., 1986) (Figure 1.11).
NMDARs are crucial ionic channels for several events, namely excitatory
transmission, synaptic integration, learning and memory in the CNS (Mota et al.,
2014, for review). NMDARs are hetero-tetramer channels comprised by two
required GIuN1 subunits and two modulatory GIuN2 or GIuN3 subunits (Cull-
Candy et al., 2001). GIuN2 subunit has different subtypes, namely GIuN2A, B, C
or D, with different spatial and temporal patterns of expression (Zhang et al.,
2016) (Figure 1.11). Reduced expression and activity of GIuN2B subunits
contributes to cognitive decline, exhibiting impaired long-term potentiation (LTP)
and memory (Brigman et al., 2010).

NMDA Receptor

Ca 2+ Agonists:

@ Glutamate; NMDA
Coagonists:
Glycine; D-serine

Extracellular

Intracellular

@ GIuN1
O GluN2B
@ GIluN2A

@ Mg+

Figure 1.11 | Scheme of the NMDA receptor. NMDARs are composed by two obligatory
GluN1 subunits and two modulatory GIuN2(A-D) or GIuN3(A-B) subunits — the scheme
shows the most frequent GIuN2A,B composition. When stimulated by glutamate, or
NMDA (selective pharmacological agonist), in the presence of glycine or D-serine (co-
agonists), the Mg** ion is removed if under depolarized conditions, which results in the
opening of the channel, allowing the Ca?* (mainly) and Na+ influx and K* outflux.

NMDARs can have both synaptic or extrasynaptic localization. The
activation of extrasynaptic NMDARSs requires higher glutamate concentrations
and these receptors are located on dendrites or the sides/neck of spines (Oliet
and Papouin, 2014). Synaptic NMDARs are inhibited by D-serine degradation,
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decreasing LTP, while glycine degradation has no effect on LTP, suggesting that
synaptic NMDARSs play a key role on LTP, in contrast with extrasynaptic receptors
(Papouin et al., 2012). Nevertheless, both synaptic and extrasynaptic NMDARs
are crucial for long-term depression (LTD) (Newpher and Ehlers, 2009; Papouin
et al., 2012). In this way synaptic NMDARs seem to be neuroprotective, whereas
stimulation of extrasynaptic NMDARs cause loss of mitochondrial membrane
potential and cell death (Zhang et al., 2016).

Indeed, synaptic NMDAR activation is associated with augmented CREB-
dependent gene expression. CREB is a signal-regulated transcription factor,
important for neuronal survival with important roles in several processes, such as
synaptic plasticity, addiction, neurogenesis, learning and memory, which binds to
the cAMP response element (CRE) promoter sequence of its target genes, upon
phosphorylation at Ser133 by protein kinase A (PKA), required to recruit CREB
binding protein (CBP) and initiate transcription (Alberini, 2009). Beyond PKA,
CREB can be phosphorylated at Ser133 by Akt, PKC, calcium/calmodulin-
dependent protein kinase Il (CaMKIl), p90 ribosomal S6 kinase (p90RSK), casein
kinase |, and casein kinase Il (Trinh et al., 2013; Wen et al., 2010). Moreover,
CBP acts as a transcriptional co-activator with histone acetyl transferase activity,
and thus CBP-induced CREB acetylation also increases its transcriptional
activity. Activated CREB promotes the expression of survival-related genes,
including brain-derived neurotrophic factor (BDNF), which has neuroprotective
properties and can rescue neurons from NMDAR blockade-induced neuronal
death (Hansen et al., 2004). In contrast, extrasynaptic NMDARs activation
promotes cell death pathways (e.g. dendritic blebbing, loss of mitochondrial
membrane potential and CREB shutoff pathway, reducing BDNF expression)
(Hardingham et al., 2002).

1.5.1.2. mHTT-INDUCED NMDA RECEPTORS ALTERED FUNCTION

Before the identification of the HTT gene in 1993, several studies showed
that injection of quinolinic acid, a NMDAR agonist, in the striatum caused
selective loss of MSNs, mimicking many behavioral and neuropathological
characteristics observed in HD patients (Beal et al., 1991). Although these

experiments were merely based on excitotoxic events, they were key on
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identifying the susceptibility of striatal dendrites. Supporting this notion, different
HD mouse models and HD patient post-mortem brains show impaired glutamate
uptake (Hassel et al., 2008; Miller et al., 2012), for which reduced glutamate
transporter 1 (GLT1) levels in astrocytes may contribute, enhancing extracellular
glutamate levels (Estrada-Sanchez and Rebec, 2012; Faideau et al., 2010).

Studies performed by Lynn Raymond’s and Michael Hayden’'s groups
demonstrated that expression of HTT-138Q, but not HTT-15Q, in HEK293 cells
transfected with cDNAs encoding GIuN1, GIuN2 (A or B) resulted in NMDAR
activation. Interestingly, the potentiating effect of HTT-138Q was selective for the
GIuN1/GluN2B NMDAR subunits, but not for the GIuN1/GIuN2A NMDAR
subunits (Chen et al., 1999). Still using HEK293 cells, it was demonstrated that
HTT-138Q expressing cells were more sensitive to NMDA-induced apoptosis,
particularly in the presence of GIuUN1/GIuN2B NMDAR subunits (Zeron et al.,
2001). The specificity of mHTT effects on NMDAR subtypes is specifically
important since  MSN express mostly GIuN1/GIuN2B NMDAR subunit
combinations (Landwehrmeyer et al.,, 2018; Portera-Cailliau et al., 2010).
Moreover, GIuN2B-containing NMDARs present increased permeability to
calcium, which can induce dramatic effects on intracellular calcium signals in
MSNs (Monyer et al., 1994). We previously showed that striatal neurons from
YAC128 mice, almost exclusively composed by GABAergic neurons, exhibit
delayed intracellular calcium recovery and immediate calcium deregulation
following NMDAR activation, which was linked to altered mitochondrial-
dependent calcium handling, evidencing NMDAR-dependent HD striatal
neuronal dysfunction (Oliveira et al., 2006).

Heng and colleagues demonstrated that double-mutant mice, expressing
HTT-150Q and overexpressing GIuN2B NMDAR subunits presented
exacerbation of selective striatal neurodegeneration, evidencing the role of
GluN2B-composed NMDAR-mediated excitotoxicity and striatal atrophy in HD
(Heng et al., 2009). However, the available data concerning NMDAR-subunits in
HD models is not consistent. In human post-mortem HD brain tissue, radioligand-
binding studies showed a loss of NMDARSs in the striatum of HD patients in early
symptomatic or in pre-symptomatic stages of the disease, suggesting that
neurons expressing high levels of NMDARs are most vulnerable and are lost
during disease progression (Young et al., 1988). Furthermore, R6/2 mice in pre-
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symptomatic and early symptomatic stages showed decreased GIuUN2A mRNA
levels (Ali and Levine, 2006). Concordantly, YAC72 mice exhibited increased
GIuN2B/GIuN2A ratio in the striatum, when compared to cortex or hippocampus
(Li et al., 2003). However, GIuN1 and GIuN2B total expression levels were not
significantly different in striatal neuronal lysates from YAC46 or YAC72 mice at 2
months of age, suggesting that mHTT does not influence transcription or
translation of NMDARs at this early age (Li et al., 2003). Studies in a different
model of HD (N171-82Q) showed unchanged levels of striatal GIluN1 and GIluN2B
subunit expression at either pre-symptomatic or symptomatic stages, while a
transient decrease was noted for GIUN2A protein expression at the pre-
symptomatic stage (Jarabek, 2003). Altered surface levels of NMDARs may
provide an explanation for the enhancement of NMDAR-mediated currents and
toxicity observed in HD models. In fact, Fan and colleagues performed co-
immunoprecipitation experiments and showed that YAC72 mouse MSNs have an
increased proportion of GIuN1 C2' isoforms associated with GIuN2 subunits,
which may result in a faster rate of NMDAR insertion to the surface in HD YAC72
mice (Fan et al., 2007).

Likewise, Milnerwood and coworkers found that YAC128 mice have
increased extrasynaptic GluN2B-containing NMDAR expression and currents
(Milnerwood et al., 2010). These authors showed that application of DL-threo-
beta-benzyloxyaspartate (DL-TBOA), a GLT1 transport inhibitor that enhances
glutamate spillover to extrasynaptic receptors, further increased NMDA currents
in YAC128 MSNSs. Interestingly, those effects were ameliorated upon
extrasynaptic GIluN2B-containing NMDAR antagonism with application of
ifenprodil. Moreover, 2- to 4-month-old YAC128 mice treated with a low dose of
memantine, which appears to preferentially antagonize extrasynaptic NMDARSs,
induced increased CREB activation and improved motor learning, when
compared to WT mice. Extrasynaptic NMDAR activation is associated with a
CREB-inactivating dephosphorylation signal (Hardingham et al.,, 2002).
Consistently, YAC128 mice present decreased CREB phosphorylation levels in
the striatum, whereas extrasynaptic NMDARs are overactivated (Milnerwood et
al., 2010). Concordantly, experiments in vivo further evidenced GIuN2B-
containing NMDAR-mediated excitotoxicity in HD (Heng et al., 2009). In this
study, authors demonstrated that the double-mutant mice, which express Htt-
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150Q and overexpress GIuUN2B NMDAR subunits, presented exacerbation of
selective striatal neuron degeneration.

Moreover, post-translational modifications including phosphorylation,
palmitoylation, and proteolytic cleavage are important mechanisms underlying
NMDAR mislocalization in HD. The GluN2B-containing NMDAR Tyr1472
phosphorylation by Src family kinases or STriatal-Enriched protein tyrosine
Phosphatase (STEP) is associated with enrichment of synaptic NMDAR,
whereas Tyr1336 phosphorylation is associated to extra-synaptic NMDAR
retention (Goebel-Goody et al., 2009), suggesting that NMDAR lateral diffusion
between synaptic and extra-synaptic sites is modulated by tyrosine
phosphorylation. Nonetheless, NMDAR dissociation from postsynaptic density 95
protein (PSD-95) facilitates Tyr1472-GluN2B dephosphorylation, resulting in
decreased GluN2B-containing NMDARSs retained synaptically (Sanz-Clemente et
al., 2010). Remarkably, YAC128 striatum revealed increased synaptic STEP
activity, correlating with decreased Tyr1472-GluN2B phosphorylation, which
facilitates NMDAR movement to extrasynaptic sites, reducing synaptic NMDAR
retention (Gladding et al., 2012). In R6/2 mice, increased GIuN1 subunit levels
were described in striato-nigral projections, but decreased levels were observed
in large aspiny striatal interneurons. Additionally, this HD mouse model further
presented enhanced GIuN1 subunit phosphorylation by PKA, at Ser897, in
striatal projection neurons (Ariano et al., 2005). This phosphorylation induced
NMDAR mobilization to the cell surface and synaptic regions, increasing
receptor-dependent activity through a rise in open channel time, along with
neuronal glutamate responsiveness, which may induce excitotoxicity and
selective HD neuronal vulnerability (Ariano et al., 2005).

Since synaptic targeting and trafficking of both PSD-95 and GIuN2B
subunits are regulated by palmitoylation, the altered interaction between mHTT
and palmitoyl transferase HIP14 can also facilitate GIuUN2B mislocalization
(Huang et al., 2004; Singaraja, 2002). In addition, STEP-induced regulation of
GIuN2B phosphorylation and calpain-mediated cleavage of the GIuN2B C-
terminus, also contribute to altered synaptic/extrasynaptic balance of striatal
GluN2B-containing NMDAR in presymptomatic YAC128 mice (Gladding et al.,
2012). Moreover, R6/1 mice presented hippocampal reduced total levels of
GIuN2A, but no change in GluN2B, and decreased tyrosine phosphorylation
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levels of Tyr1246-GIuN2A, Tyr1325-GIuN2A and Tyr1472-GIuN2B (Giralt et al.,
2017).

Striatal neurons from the YAC72 mouse showed increased NMDA-evoked
currents, which were selectively blocked by GIuN2B-specific antagonist
ifenprodil, supporting the evidence for GluN2B NMDAR subtype involvement in
HD (Zeron et al., 2002). Similar results were obtained in YAC128 MSN cultures
(Tang et al., 2005). Consistently, R6/2 mice presented enhanced NMDA currents
specifically in the striatum, possibly reflecting an alteration of NMDAR subunit
composition, in a pre-symptomatic phase (Starling et al., 2005). Together, these
results demonstrate that striatal neurons expressing mHTT have an altered
NMDAR function and location.
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1.6. SRC KINASE FAMILY PROTEINS

1.6.1. A GENERAL OVERVIEW OF SRC KINASE FAMILY PROTEINS

Src kinase family (SKF) is a non-receptor tyrosine kinases family with
eleven members: c-Src, Fyn, Yes, Brk, Lyn, Fgr, Frk, Hck, Lck, Srm and BIk. c-
Src, Fyn and Yes were shown to be expressed ubiquitously (Parsons and
Parsons, 2004; Roskoski, 2004). SKF members have a similar structure with six
functional regions: i) N-terminal Src homology domain (SH) 4 (SH4) that holds a
myristic acid, essential for SKF stabilization at the cell membrane inner surface;
ii) between the SH4 and SH3 domains, SKF members have an unique domain of
each element; iii) the SH3 domain, with a proline rich sequence functioning as
mediator to intra- and intermolecular interactions; iv) a SH2 domain, responsible
for binding phosphorylated tyrosine residues on Src and other proteins; v) a SH1
domain, in charge of catalytic capacity; and vi) the C-terminal tail holding the
negative regulatory Tyr530 residue (Chojnacka and Mruk, 2015) (Figure 1.12).

Phosphorylation and dephosphorylation of SKF tyrosine residues regulate
SKF activity. SKF can be phosphorylated at Tyr530 and Tyr419, in humans, or
Tyr527 and Tyr416, in mice, respectively. These tyrosine residues regulation can
occur by kinases and phosphatases proteins, mentioned further ahead, leading
to structural changes by intramolecular interactions (Roskoski, 2015). In this way,
SKF proteins conformation is considered closed, and so inactive, when Tyr530
phosphorylation happens, which prevents the autophosphorylation of Tyr419,
keeping these kinases unable to bind substrates. Inversely, SKF are activated
when the dephosphorylation of Tyr530 opens the protein conformation, allowing
Tyr419 autophosphorylation and being able to interact with substrates and be
active to phosphorylate other proteins (Figure 1.12).

Without stimulus, SKF proteins are maintained in an inactive state,
however SKF can be activated by other proteins interactions (Chojnacka and
Mruk, 2015). Indeed, SKF can be inactivated by the Csk or Csk-homologous
kinases, due to SKF Tyr530 phosphorylation, whereas tyrosine phosphatase
non-receptor type 1, 2, 6, 11 (PTPN1, PTPN2, PTPN6, and PTPN11) and
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receptor-like protein tyrosine phosphatases (alpha, gamma and type C) can
dephosphorylate the SKF Tyr530 residue, leading to their activation (Hebert-
Chatelain, 2013). Furthermore, SKF proteins can be activated by
phosphoinositide 3-kinase (PI3K) or Akt, cyclic adenosine monophosphate
(cAMP) and extracellular signal-regulated kinase (ERK), or even membrane
receptors such as Platelet-Derived Growth Factor (PDGF) B-receptor, which are
all signaling cascades important for SKF function (Alonso et al., 1995; Ehinger et
al., 2021; Watson et al., 2016). Besides intracellular interactions, SKF members
are also redox-sensitive and can be activated by H,O, and peroxynitrite, while
tyrosine phosphatases, which are also ROS sensitive due to the presence of SH
groups, can be inhibited favoring SKF activation (Akhand et al., 1999).

Tyr416
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Figure 1.12 | Scheme of SKF proteins. At the structural level, SKF are composed to an N-
terminal group attached to the SH4, a unique region following the SH4 domain, a SH3
domain, a SH2 domain, a kinase domain (also named SH1 domain), and a C-terminal
domain. SKF members are maintained in an inactive status, which is its closed
conformation, supported by an interaction between the SH3 domain and the proline-rich
region. When activated by several interactions, SKF proteins are dephosphorylated at
Tyr527, opening the conformation and phosphorylation at Tyr 416 occurs, thereby
creating a fully activated c-Src protein.

c-Src

Tyr416

Specially, c-Src and Fyn kinases have been extensively investigated for a
long time since they may have a role in malignant transformation and
oncogenesis (Levinson et al., 1972). Additionally, c-Src and Fyn can be located
in several cellular compartments, such as the cytosol, mitochondria, rough

endoplasmic, plasma membrane, nucleus, endosomes and lysosomes
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(Sandilands and Frame, 2008). Active SKF members are mostly degraded by the
UPS (Hebert-Chatelain, 2013). The brain expresses high levels of c-Src and Fyn;
as such, these two kinases are involved in different processes besides cell
division, as neurons are post-mitotic cells (Brown and Cooper, 1996). Indeed, c-
Src/Fyn, and specially Fyn, are highly expressed in the striatum, the most
affected brain area in HD (Pascoli et al., 2011).

1.6.2. C-SRC AND FYN FUNCTIONS AND INTERACTIONS

Different studies showed that SKF is involved in several intracellular
processes, such as cell growth, differentiation, metabolism, signal transduction,
neuronal ion channel and receptor regulation ( Cao et al., 2007). These proteins
can modulate and participate in several intracellular pathways, being involved in
different important roles for cellular normal function (Anguita and Villalobo, 2017).
One of the most studied SKF roles in the adult CNS is the regulation of different
channels and receptor’s activity (Wang et al., 2004), being involved in the control
of learning and memory, pain, epilepsy and neurodegeneration (Salter and Kalia,
2004).

In this section we discuss c-Src and Fyn roles at the synapse and

mitochondria, where they perform important roles in neurons.

1.6.2.1. c-SRC AND FYN AND SYNAPTIC ROLE

At presynaptic level, c-Src mediates synaptic vesicles recruitment to the
reserve pool, regulating neurotransmitters release by synapsin-l Tyr301-
phosphorylation (Messa et al., 2010). Concordantly, several studies previously
showed a relevant role for c-Src and Fyn in synapse development and plasticity
(Grant and Silva, 1994; Maness, 1992). Fyn-deficient mice showed impaired LTP
and alteration in both short- and long-term contextual fear memory (Grant et al.,
2006; Isosaka et al., 2008). Additionally, the use of PP2, a selective SKF inhibitor,
further correlated with spatial memory reduction in the radial arm maze (Mizuno
et al., 2003). Fyn was shown to play a relevant role in LTP, learning and memory,
as well as in dendritic spine and synapse formation. Fyn knockout mice exhibited
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reduced dendritic spine density of pyramidal neurons in cortical layers at 3
months of age; primary cortical neurons from this Fyn knockout mice also showed
decreased spine formation (Babus et al., 2011; Morita et al., 2006). Altogether,
these studies show that Fyn kinase has an important role in spinogenesis
regulation, both in vitro and in vivo, as in synaptic plasticity, learning and memory,
which are fundamental for normal function and maintenance of synapsis over
time. Disruption of these functions may contribute to synapse and spine loss that
strongly correlates with cognitive impairments observed in HD.

SKF may regulate learning and memory through phosphorylation of
NMDAR subunits, which play an important role in synaptic plasticity and
formation (Jiang et al., 2008). Indeed, Takasu and colleagues showed that Ca**
influx mediated by NMDARSs activation upon its phosphorylation by a SFK,
resulted in gene transcription required for the remodeling of synaptic connections,
in excitatory synapses of primary cortical neurons (Takasu et al., 2002). Hence,
SKF are key NMDARs regulatory proteins. NMDARs modulation by Fyn was
earlier discovered, since this kinase can phosphorylate the two NMDARs
subunits (GIUN2A and GIuN2B) located in postsynaptic membranes in rat
neurons (Suzuki and Okamuranoji, 1995). On other hand, c-Src was found to be
a component of the NMDAR complex, being able to increase NMDAR currents
(Brugge et al., 1985). Overexpression of c-Src or Fyn proteins potentiated
NMDARs currents in HEK293 cells transiently expressing NMDARs (Kéhr and
Seeburg, 1996), which occurs through GIuN2B phosphorylation at Tyr1472 (Ali
and Salter, 2001; Lau and Huganir, 1995). c-Src or Fyn phosphorylation of
GIuN2B Tyr1472 residue was associated with enrichment of synaptic NMDARs
(Goebel-Goody et al., 2009). Additionally, IL-13 administration in primary cortical
neurons induced Src kinases activation, which led to NMDARs phosphorylation,
generating a Ca* signal that results in the activation of CaMK-Il and CREB, being
implicated in the expression of IL-6, a key inflammatory mediator (Tsakiri et al.,
2008). Moreover, PSD-95, an adaptor protein that binds NMDARs at GIuN2A and
GIuR2B subunits, can also be phosphorylated at Tyr523 residue, by c-Src and
Fyn (Du et al., 2009). Interestingly, Gingrich and coworkers showed that the
interaction between c-Src and mitochondrial complex | favors c-Src anchoring to
NMDARs, as along with the regulation of the activity of these receptors(Gingrich
et al., 2004).

68



1.6.2.2. c¢c-SRC AND FYN IN MITOCHONDRIA

Mitochondrial normal function clearly depends on protein phosphorylation
(Hebert-Chatelain, 2013). Several SKF members were found in mitochondria
from rat brain, namely Fgr, Fyn, Lyn and Src (Salvi et al., 2002). Additionally,
several SKF regulators, such as Src Homology 2 domain-containing tyrosine
Phosphatase-2 (SHP-2) and PTPN1, also known as protein-tyrosine
phosphatase 1B (PTP1B), and Csk were found in rat brain mitochondria,
suggesting that Src activity can be directly regulated within mitochondria
(Augereau et al., 2005; Salvi et al., 2004, 2002).

The first studies about SKF in mitochondria suggested that Src, Fyn, Lyn,
Fgr and Csk could be resident proteins in mitochondria (Salvi et al., 2004).
Boerner and colleagues further suggested that the intramitochondrial localization
of SKF members could result from continuous mitochondrial import and export
(Boerner et al., 2004), since SKF members do not have a mitochondrial
localization signal and they might need an adaptor protein to be translocated to
mitochondria. Later, two specific proteins were shown to import SKF members to
mitochondria. The first described protein was Dok-4, a member of the
downstream of kinase family (ltoh et al., 2005). Dok-4 overexpression resulted in
augmented c¢-Src mitochondrial accumulation, in endothelial cells, while
downregulation of Dok-4 resulted in increased c-Src accumulation in the cytosol
(Itoh et al., 2005). Likewise, Dok-4 increases the association of Src with complex
IV without altering their activity (Itoh et al., 2005). The second described protein
responsible for SKF mitochondrial localization is the A-kinase anchor protein 121
(AKAP121), an anchoring protein that interacts with B-tubulin targeting protein
kinase A (PKA) to the MOM. Indeed, AKAP121 can bind to both PTP1B and c-
Src (A Livigni et al., 2006). Livigni and coworkers showed that AKAP121 binds to
mitochondria and, in a SKF-depended process, it can increase cytochrome c
oxidase activity, mitochondrial membrane potential and ATP synthesis (A Livigni
et al., 2006). Moreover, overexpression of AKAP121 in HEK293 cells augmented
ATP mitochondrial production and mitochondrial membrane potential in a c-Src-
and PKA-dependent way (A Livigni et al., 2006). So far, the mechanism or
proteins responsible for SKF mitochondrial export were not identified.
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Different studies showed that SKF targets mitochondria and are involved
in normal mitochondrial function. c-Src was shown to bind mitochondrial complex
| (NADH dehydrogenase) subunit 2 (ND2), in excitatory synapses (Gingrich et al.,
2004). c-Src was shown to phosphorylate the NDUFV2 and NDUFB10 subunits
of complex |, increasing the rate of respiration, electron transfer and cellular ATP
levels (Hebert-Chatelain et al., 2012). As such, SKF inhibition resulted in
decreased mitochondrial respiration (Ogura et al., 2012). Succinate
dehydrogenase (SDH; complex IlI), an enzyme with important dual roles in
respiratory chain and citric acid (TCA) cycle, can also be phosphorylated at
Tyr215 by c-Src (Ogura et al., 2012); although this phosphorylation has no effect
on mitochondrial respiratory activity, it is important for efficient electron transfer
through the electron transport chain (ETC) (Ogura et al., 2012). Complex IV or
cytochrome c oxidase (subunit Il) can be also phosphorylated by SKF, which
increases the activity of this enzyme, and is important for the normal osteoclast
function (Miyazaki et al., 2006). Other studies suggested that adenine nucleotide
translocase 1 (ANT1), responsible for transporting ADP from cytosol to
mitochondria in exchange of ATP, is another mitochondrial SKF substrate (Feng
et al., 2010). Concordantly, treatments with ATP, H,O, or orthovanadate, known
to augment SKF activity, resulted in augmented complex IV enzymatic activity
(Hébert Chatelain et al., 2011). Overall, SKF are important proteins in the
regulation of mitochondrial oxidative phosphorylation system, and consequently
in maintaining cell viability (Ogura et al., 2014, 2012).
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1.7. HYPOTHESIS AND SPECIFIC AIMS OF THE PRESENT
WORK

As described along this chapter, HD pathological mechanisms involve
synaptic changes, altered NMDAR activity, mitochondrial dysfunction and ROS
production. Likewise, c-Src/Fyn kinases are regulated by ROS, influence NMDAR
activity and mitochondrial function. Additionally, several studies showed that
different pathways involving c-Src kinase are upregulated after specific stimulus,
resulting in Nrf2 activation, an important altered antioxidant pathway altered in
HD. Since c-Src/Fyn are highly expressed in striatum, the most affected brain
area in HD, all of these observations favor a common interplayer between mHTT
and c-Src/Fyn-regulated pathways, suggesting a relevant role for c-Src/Fyn in
HD. However, its involvement in HD is largely unexplored.

We hypothesize that mHTT modifies c-Src/Fyn levels and/or activity,
interfering with relevant intracellular pathways, , especially in ROS modulation,
mitochondrial function and NMDARs localization and activation, thus affecting
striatal neuronal function.

Thus, the present work aimed to clarify the involvement of c-Src/Fyn in HD
cells and striatal neuronal dysfunctional pathways, involving HD-related ROS
production, mitochondrial dysfunction and NMDARs activity, and evaluate
whether targeting this kinase can ameliorate HD pathology. To achieve this
objective, we used several HD models expressing full-length HTT: i) striatal cells
derived from HD Kl mice expressing mHtt with 111Q (STHdh®"""®""": mutant

h®"A7): i) human brain post-mortem

cells) versus wild-type striatal cells (STHd
tissue (caudate and parietal cortex) from HD patients and controls; iii) human
lymphoblastoid cell lines obtained from HD patients and age-matched unaffected
(control) siblings; iv) primary cortical and striatal neurons isolated from YAC128
versus wild-type embryos at embryonic 16-17 days (E16-E17); and v) 3 and 12

month-old striatal and cortical tissue from YAC128 versus wild-type mice.
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The study was divided into three parts.

)

)

Previous studies showed that Fyn is implicated in nuclear Nrf2 export
and degradation, as well as, in Nrf2 regulation (Kaspar and Jaiswal,
2011). The Nrf2 pathway is altered in HD (Oliveira et al., 2015a) and c-
Src can be activated by oxidative stress (Akhand et al., 1999). Thus, in
this first part of the work we aimed to define whether acute H,O,
exposure, which is increased in HD, acts as a regulator of c-Src and
Nrf2 phosphorylation, as well as the influence of c-Src activation on
Nrf2 regulation.

Several studies have previously showed that c-Src/Fyn synapse-
enriched kinases are important proteins in synaptic activity and
plasticity, as well as in NMDARs regulation (Goebel-Goody et al.,
2009); however, the involvement of these kinases in NMDARs and
related signaling pathways in HD is mainly unexplored. Thus, in the
second part of this work we aimed to analyse c-Src/Fyn levels in HD
altered postsynaptic density and explore the impact of c-Src/Fyn
overexpression on HD striatal NMDAR activity and associated
intracellular pathways linked to CREB activation.

Increased ROS production and mitochondrial dysfunction are
important features of HD pathology (Wang et al., 2013), while c-Src
and Fyn proteins have several important roles in mitochondrial normal
function and can be activated by ROS (Akhand et al., 1999). Therefore,
in this last section we proposed to evaluate the role of c-Src/Fyn on
HD-related mitochondrial dysfunction, altered morphology and
mitophagy and ROS generation.

Data will provide a better understanding of HD-related c-Src/Fyn-mediated

antioxidant defense modulation, ROS production, mitochondrial and postsynaptic
alterations, and potentially define c-Src/Fyn as HD therapeutic target(s).
Considering the lack of efficient therapies ought to cure or act as neuroprotective
agents in HD, understanding the intracellular mechanisms compromised by HD-
related c-Src/Fyn reduced activity is expected to promote a deeper knowledge
about the neurodegeneration and clinical manifestations of this disease. Thus,
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this study can elucidate how modulation of these kinases might constitute a
potential therapeutic strategy in HD.
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2.1. MATERIALS

Fetal Bovine Serum (FBS), Opti-MEM medium (#22600), B27 supplement and
penicillin/streptomycin, geneticin (G418; #11811-031) were from Gibco (Paisley,
Scotland, UK). Dimethyl sulfoxide (DMSO); Mowiol 40-88, 3-(4,5-
dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT), sodium butyrate
(SB), fatty-acid free albumin from bovine serum (BSA), oligomycin, carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), protease cocktail
inhibitors, RPMI 1640 medium, Dulbecco’s Modified Eagle’s Medium (DMEM)
medium (ref. D5648), 5-FDU (#F0503) and other analytical grade reagents were
purchased from Sigma Aldrich (St. Louis, MO, USA). Enhanced
ChemiFluorescence reagent (ECF), anti-rabbit IgG (from goat), anti- mouse
lgG+IgM (from goat) were from GE Healthcare (Little Chalfort, UK). Anti-goat IgG-
AP (from donkey) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
PureLink Genomic DNA mini kit, Tetramethylrhodamine methyl ester (TMRM®),
Hoechst 33342 nucleic acid stain, Propidium lodide (PI), Lipofectamine® 3000
and Alexa Fluor-647 donkey anti-rabbit (ref. A31573) were obtained from
Invitrogen/Molecular Probes (Life Technologies Corporation, Carlsbad, CA,
USA). PureZOL RNA isolation reagent, iScript cDNA Synthesis kit, SsoFast
EvaGree Supermix, Bio-Rad Protein Assay and Polyvinylidene fluoride (PVDF)
membrane were from Bio-Rad (Hemel Hempstead, UK). Nuclear/Cytosol
Extraction Kit was from BioVision (Milpitas, CA, USA). All other reagents were of
analytical grade. The primary antibodies used for western blotting (WB) and
immunocytochemistry (ICC) are listed in Table 2.1. For cell treatments were
used: H20, (100 uM, Sigma Chemical, St. Louis, MO, USA) for 10 or 30 min and
for 1, 2 or 4 h, SU6656 (5 uM, Sigma Chemical, St. Louis, MO, USA) for 1 h, 4-
Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2, 10 uM, Sigma
Chemical, St. Louis, MO, USA), for 1 h, cycloheximide (CHX, 350 uM, Alfa Aesar
J66901, United States), for 3, 6, 12, 24 h, epoxomicin (200 nM, Sigma #E3652-
50UG, St. Louis, MO, USA), for 24 h, 3-methyladenine (3-MA, 5 mM, InvivoGen,
#tIrl-3ma, Toulouse, France), for 4 h, bafilomycin A1 (Bafilo. A1, 50 nM, Sigma
#B1793, St. Louis, MO, USA), for 24 h.
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Table 2.1 | List of the primary antibodies used in this work.

ANTIBODY REFERENCE/BRAND DILUTION USE
BACTIN Sigma, A5316 1:5000 WB
BECLIN1 Cell Signaling, 3738 1:1000 WB
C-SRC Cell Signaling, 2110 1:1000/1:250 WB/ICC
CASPASE3-

CLEAVED Cell Signaling, 9664 1:200 ICC
CREB Abcam, ab32515 1:200 ICC
CREB (SER133) Cell Signaling, 9196 1:200 ICC
FYN Cell Signaling, 4023 1:1000/1:250 WB/ICC
GAPDH Chemicon MAB374 1:2500 WB
GLUN2A Millipore #07-632 1:1000 WB
GLUN2B Millipore MAB #5778 1:1000 WB
GLUNZ2B (P-

TYR1742) Cell Signaling, 4208S 1:1000 WB
LAMIN B1 Abcam, 16048 1:1000 WB
LAMP1 Thermofisher, CD107a 1:200 ICC
LC3 Cell Signaling, 12741 1:1000/1:200 WB/ICC
NRF2 Abcam, 31163-500 1:500/1:100 WB/ICC
NRF2 (P-SER40) Abcam, 76026 1:500/1:100 WB/ICC
P62 Sigma, P0067 1:2000 WB
PARKIN Abcam, ab15954 1:200 ICC
PINK1 Abcam, ab23707 1:200 ICC
PKCA Cell Signaling, 2058 1:1000 WB
PKCA (P-TYR311) Cell Signaling, 2055 1:500 WB
PSD-95 Thermo Scientific,7E3-1B8 1:200 ICC
SRC FAM. (P-

TYRA416) Cell Signaling, 6943 1:1000/1:250 WBJ/ICC
TFEB Proteintech 13372-1-AP 1:200 ICC
UBIQUITIN Dako 20458 1:200 ICC
VDAC1 Abcam, 14734 1:1000 WB

Legend: WB_ Western Blotting; ICC_ Immunocytochemistry
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2.2. HUMAN SAMPLES AND ETHICAL PERMITS

Caudate and parietal cortex samples from 5 unaffected controls and 5 HD
patients (Vonsattel grade IlI-1ll) (Table 1) were obtained from German Brain Bank
“Neurobiobank Munchen” (http://www.neurobiobank.org; Neurobiobank-Munchen
Control Committee approval GA 2021-06). The postmortem intervals did not
exceed 22 h. The ethical permit to use human samples was approved by
Institutional Review Board from Faculty of Medicine, University of Coimbra, by 21
December 2015 (reference no. CE-136/2015).

Table 2.2 | Human sample identification

Sample ID Age (y) Postmortem time (h)
HD2 38.58 10
HD3 54 5.5
HD5 56.92 4
HD6 57.58 12
HD8 68.75 20
CO1 53.17 14.93
CO3 59.5 11.57
CO4 73 16.65
CO5 51.58 20
CO6 58.08 21.75

Legend: HD_ Huntington’s disease patient; CO_ Control individual;
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2.3. EXPERIMENTAL ANIMALS

2.3.1 YAC 128 MICE

YAC128 mice, initially described previously by Slow and co-authors (2003),
express full- length mutant HTT with 128 CAG repeats from a yeast artificial
chromosome (YAC) transgene (RRID: MGI_MGI:3613515). YAC128 (line HD53)
and wild-type mice were housed in the animal facility of the Center for
Neuroscience and Cell Biology and Faculty of Medicine at the University of
Coimbra (Coimbra, Portugal) under controlled temperature (22-23°C) and a 12
h light/12 h dark cycle with lights on at 07:00 h. Food and water were available
ad libitum throughout the experiment. Animals experiences in this study were
performed in accordance with the European Community directive (2010/63/EU)
and protocols approved by the Faculty of Medicine, University of Coimbra
(ORBEA_189 2018/11042018). All efforts were made to minimize animal
suffering and to reduce the number of animals used. Animals were used at 3, 6
and 12 months of age.

2.3.2. GENOTYPING

Twenty two day-old mice were genotyped using a tail-tip DNA polymerase chain
reaction (PCR) standard procedure. Primers used were LyA1 (CCT GCT CGC
TTC GCT ACT TGG AGC), LyA2 (GTC TTG CGC CTT AAA CCA ACT TGG),
RyA1 (CTT GAG ATC GGG CGT TCG ACT 213 CGC), RyA2 (CCG CAC CTG
TGG CGC CGG TGA TGC), actin forward (GGA GAC GGG GTC ACC CAC AC),
and actin reverse (AGC CTC AGG GCA TCG GAA CC). PCR protocol consisted
in 35 cycles, with the following temperatures and times for each step:
denaturation—94 °C for 30 s; annealing—63 °C for 30 s; and elongation—72 °C
for 30 s. At the end of the cycles, DNA was left at 70 °C for 10 min. PCR products

were analyzed on 1.7 % agarose gels followed by staining with ethidium bromide
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and visualized under a UV trans-illuminator, Gel Doc XR system (BioRad,
Hercules, USA). A 100-bp ladder (Invitrogen) was used as a size marker.

2.3.3. STRIATAL PRIMARY CULTURES

Primary striatal neurons were prepared as described previously (Naia and Rego,
2018), with some minor modifications. At 16 days of gestation, pregnant female
mice were sacrificed by cervical dislocation following anesthesia using (RS)-2-
chloro-2-difluoromethoxy)-1,1,1-trifluoro-ethane. Striatum were dissected out
from fetal mice and cells were separated by mechanical digestion using a pipette
in Ca**- and Mg®*-free Hank's balanced salt solution containing 137 mM NaCl,
5.36 mM KCl, 0.44 mM KH,POQO,, 0.34 mM Na;HPO4.2H,0, 5 mM glucose, 1 mM
sodium pyruvate and 10 mM HEPES, at pH 7.2. Cells were plated at a density of
8.4x10* cells/cm? in poly-D-lysine coated 6-well or 96-well plates, and at a density
of 4.2x10* cellsicm? in poly-D-lysine coated glass coverslips for
immunocytochemistry. Cells were cultured for 12 days in Neurobasal medium
supplemented with 2% B27, 0.5 mM glutamine and 0.12 mg/mL gentamicin, at
95% air and 5% CO,. To reduce glia growth, 10 uM of the mitotic inhibitor 5-
fluorodeoxyuridine (5-FDU) was added to the culture after 72 hours in culture.
One half of the medium was changed with fresh medium without 5-FDU at day 7.

2.4. CELL LINES CULTURE

2.4.1 HUMAN LYMPHOBLASTS

Human lymphoblastoid cell lines were obtained from Coriell Institute for Medical
Research (USA) after NIGMS MTA agreement, and derived from HD-affected
patients containing heterozygous expansion mutation, four males (43/15, 45/15,
42/18, 49/17) and one female (47/18), or from unaffected voluntary control
siblings, three males and one female, defined in this work as control (Ctl)
lymphoblasts.
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2.4.2 STHdhY'?" AND STHdh @121 STRIATAL CELLS

Immortalized striatal neurons derived from knock-in mice expressing full-length
normal (referred as Q7 or wild-type cells) or full-length mutant Htt (mHtt) with 111
glutamines (referred as Q111 or mutant cells) were obtained from Coriell Institute
for Medical Research (USA) and maintained as previously described (Trettel,
2000). Cells were used until passage 16 by recommendation of cell line producer
Dr M. MacDonald (Dept. of Neurology, Massachusetts General Hospital, Boston,
USA).

2.4.3. HT22 cells

Mouse clonal hippocampal HT22 cells, a subclone of the glutamate-sensitive HT4
hippocampal cell line (Morimoto and Koshland, 1990), were obtained from Dr. Dave
Schubert from The Salk Institute, La Jolla. Cells were cultivated in 95% air and 5% CO,
at 37°C, in high glucose DMEM (Sigma D5648) containing 10% FBS, 12 mM NaHCO;,,
5 mM HEPES, pH 7.3, supplemented with 100 pg/mL streptomycin and penicillin. Sub-
cultures were made using dissociation medium containing 140 mM NaCl, 8.1 mM
Na,HPO4, 1.47 mM KH,PO,4, 1.47 mM KCI, 0.55 mM EDTA, and phenol red at pH 7.3,
when confluence was about 80%. When indicated, cells were pretreated with rottlerin (1
MM, Sigma Chemical, St. Louis, MO, USA) for 24 h, SU6656 (5 uM, Sigma Chemical, St.
Louis, MO, USA) for 1 h, or 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-
d]pyrimidine (PP2, 10 uM, Sigma Chemical, St. Louis, MO, USA), for 1 h.
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2.5 CONSTRUCTS AND TRANSFECTION

Cells were transfected with pLNCX chick Y527F SKF (Addgene, plasmid
#13660), empty pLNCX vector, GFP (Origene, GFP; #PS100010), luciferase
codifying plasmid under the ARE promoter control pGL4.37[Luc2P/ARE/Hygro]
(Promega), PKC3 specific siRNA (s71696; #4390771) and Control siRNA (#4390843)
(Thermo Fisher Scientific), pDsRed2-Mito plasmid (MitoDsRed; ref. number
632421), obtained from Clontech (CA, USA), Mito-Keima (Addgene plasmid
#131626) and mRFP-EGFP-LC3 plasmids (Addgene plasmid #21074). Empty
vector pLNCX was obtained from the Y527F SKF plasmid using the restriction
enzyme digestion Clal (BioLabs, #Ro197L) according to manufacturer’s protocol.
Result of digestion was visualized in 1% agarose gel; the band corresponding to
the empty vector was cropped and DNA was extracted using the NucleoSpin®
Gel and PCR Clean-up (Macherey-Nagel, #740609) accordingly to
manufacturer’s protocol. Then, the blunt end and cohesive end termini of the
resulting empty vector were joined using T4 DNA Ligase enzyme (BioLabs,
#MO0202S). Q7 and Q111 cells were transfected 24 h after plating with 0.75 pg
DNA/cm? of growth area in opti-MEM without FBS or antibiotics, following the
Lipofectamine 3000 (ThermoFisher Scientific) manufacturer instructions. Medium
was changed 4 h after transfection and cells were cultured for 48 h. In primary
neurons, transfection was performed at 8 DIV and in HT22 cells 24 h before
experiments when at 60% of confluence, using the calcium phosphate precipitation
method. Briefly, plasmid was diluted in TE (1 mM Tris-HCI pH 7.3, 1 mM EDTA),
followed by the addition of CaCl, (2.5 M CaCl; in 10 mM HEPES, pH 7.2). The
DNA solution was carefully added to 2 x HEBS (12 mM dextrose, 50 mM HEPES,
10 mM KCI, 280 mM NaCl and 1.5 mM Na;HPO,4.2H,0, pH 7.2) while bubbling
air through the solution with a micropipete. The mixture was then incubated for
25 min at room temperature. The precipitates were added dropwise to the
coverslips in Neurobasal medium and incubated for 80 min at 37°C. The DNA-
Ca?*-phosphate precipitates were dissolved in freshly-made dissolution medium
(Neurobasal medium with 20 mM HEPES, pH 6.8) and incubated for 7 min at
room temperature. The transfected neurons were then washed with Neurobasal
medium and transferred back to their original dishes containing conditioned
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culture medium. In HT22 cells, after 4h, transfection medium was replaced by fresh

culture medium. Plasmids expression was enabled for 24 h.

2.6. TISSUE AND CELL EXTRACTIONS

2.6.1. TOTAL, MITOCHONDRIAL AND NUCLEAR-ENRICHED
SUBCELLULAR PROTEIN FRACTIONS

2.6.1.1. TOTAL EXTRACTS

Total extracts were obtained from HT22, Q7 and Q111 cells, primary striatal
neurons and brain areas from WT and YAC128 mice. The cells (or tissues) were
scraped in Ripa buffer (containing 150 mM NaCl, 50 mM Tris HCI, 5 mM EGTA,
1% Triton X-100, 0.1% SDS, 0.5% deoxycholate, pH 7.5) supplemented with 100
nM okadaic acid, 1 mM PMSF, 25 mM NaF, 1 mM NasVO4, 1 mM DTT and 1
pug/ml protease inhibitor cocktail (chymostatin, pepstatin A, leupeptin and
antipain). Total homogenates were lysed in an ultrasonic bath (UCS 300 — THD;
at heater power 200 W and frequency 45 kHz) during 10 s and centrifuged at 4°C
for 10 min at 20,800 xg to remove cell debris. The supernatant was collected and
protein content was determined using the Bio-Rad protein assay reagent based
on the Bradford dye-binding procedure (Bio-Rad, Hercules, CA, USA). Then,
protein extracts were denaturated with 6x concentrated loading buffer (containing
300 mM Tris-HCI pH 6.8, 12% SDS, 30% glycerol, 600 mM DTT, 0.06%
bromophenol blue) at 95°C, for 5 min, and a western blotting was performed.

2.6.1.2. FRESH MITOCHONDRIA ISOLATION FROM MOUSE STRIATAL
TISSUE

Striatal tissue from WT and YAC128 mice (with 3, 6 or 12 months) was washed
in ice-cold isolation buffer containing 225 mM mannitol, 75 mM sucrose, 1 mM
EGTA, 5mM HEPES, and pH 7.2/KOH. Striatal mitochondria were then isolated

using discontinuous Percoll density gradient centrifugation, according to our
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previous work with some minor modifications (Ferreira et al., 2018). For this
purpose, striatal tissues were homogenized with 20 up and down strokes in
Dounce All-Glass Tissue Grinder (Kontes Glass Co., Vineland, NJ, USA) using
pestle A (clearance, 0.07-0.12 mm) followed by 20 up and down strokes with
pestle B (clearance, 0.02—0.056 mm). After a brief centrifugation at 1100 xg for
2 min at 4°C, the supernatant was mixed with freshly made 80% Percoll prepared
in 1 M sucrose, 50 MM HEPES, 10 mM EGTA, and pH 7.0 in a ratio 10:1. The Mix
(previous supernatant with 80% Percoll) was then carefully layered on the top of
freshly made 10% Percoll (prepared from 80% Percoll) and further centrifuged at
18500xg for 10 min at 4 °C. Supernatant was discarded including the cloudy
myelin containing fraction leaving the mitochondria-enriched pellet in the bottom
of the tube and the pellet resuspended in 1 mL of washing buffer containing
250 mM sucrose, 5 mM HEPES-KOH, 0.1 mM EGTA, and pH 7.2 and centrifuged
again at 10,000 xg for 5min at 4°C. Finally, the mitochondrial pellet was
resuspended in ice-cold washing buffer and the amount of protein quantified by
the Bio-Rad protein assay (BioRad, CA, USA; Cat. No. 500-0006) and a western
blotting was performed.

2.6.1.3. NUCLEAR-ENRICHED FRACTIONS

Nuclear and cytoplasmic fractions from HT22 cells were obtained using the
Nuclear/Cytosolic fractionation kit (Biovision, CA, USA), following the Kkit
manufacturer protocol. Briefly, cells were scraped or resuspended in cytosol
extraction buffer A containing DTT and protease inhibitors and vigorously vortex
for 15 seconds to fully resuspend the cellular suspension. Extracts were then
incubated on ice for 10 minutes. To isolate the cytoplasmic fraction, ice-cold
cytosol extraction buffer-B was added to the extract and, after a 5 seconds vortex,
centrifuged at 16,000 xg for 5 minutes. The remaining pellet (containing nuclei)
was resuspended in ice-cold nuclear extraction supplemented buffer and vortex
for 15 seconds for every 10 minutes, totaling 40 minutes. The final extracts were
then centrifuged at 16,000 xg for 10 minutes, at 4°C and a western blotting was

performed.
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2.7 TOTAL RNA EXTRACTION and ANALYSIS OF GENE
EXPRESSION BY QUANTITATIVE gPCR

The RNA was extracted using Purezol™ (Bio-Rad, Hercules, CA, USA) reagent
as described by the manufacturer’'s. RNA quantification was achieved using a
Nanodrop apparatus. 500 ng of RNA was reverse transcribed using the iScript
cDNA synthesis kit (Nzytech, Lisbon, Portugal), following the manufacturer's
instructions. All specific oligonucleotides were designed using the primer design
tool software from NIH (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to be
used at 57°C annealing temperature. Gene specific primers used for real time
PCR reactions are described un table 2.2. PCR was performed with 50 ng of the
cDNA and 400 nM of each primer using the iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA). PCR cycles were proceeded as follow: Taq activation (95°C,
3 min), denaturation (95°C, 15 s), and annealing/extension (57°C, 45 s) using the
Bio-Rad CFX 96 Real-time system, C1000 Thermal cycler (Bio-Rad, Hercules,
CA, USA). Melting curve was obtained under 0.5°C increments every 5 s, from
65°C to 95°C, with fluorescence recording after each temperature increment to
verify the specificity of the amplification. The relative mRNA levels were
estimated using Actin as a reference gene. The primers used for real-time PCR
(gPCR) are listed in Table 2.3.

86



Table 2.3 | Sequence (5’ ©3’) of primers used for gPCR experiments.

Gene Forward primer Reverse primer
Actin GGAGACGGGGTCACCCACAC AGCCTCAGGGCATCGGAACC
ATP6vVOA1 | CTGTTATCCTCGGCATCATCCAC | CAGGTAGCCAAACAACGAGGAC
c-Src GCCTCACTACCGTATGTCC TTTTGATGGCAACCCTCGTG
CTSD CCTGGGCGATGTCTTTATTG CCTGGGCGATGTCTTTATTG
Fyn AAGCACGGACGGAAGATGAC ATGGAGTCAACTGGAGCCAC
GAPDH CGGCCTTCCGTGTTCCATC GAGTTGCTGTTGAAGTCGCA
HO-1 GCTAGCCTGGTGCAAGATAC TGTCTGGGATGAGCTAGTGC
Prdx1 TATCAGATCCCAAGCGCACC AAGGCCCCTGAAAGAGATACC
SOD1 CACTTCGAGCAGAAGGCAAG CCCCATACTGATGGACGTGG
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2.8. PROTEIN EXPRESSION QUANTIFICATION

2.8.1. WESTERN BLOTTING

Total, mitochondrial and nuclear extracts, obtained as described previously, were
denatured with denaturing buffer (50 mM Tris-HCI pH 6.8, 2% SDS, 5% glycerol,
600 mM DTT, 0.01% bromophenol blue) at 950C, for 5 min. Equivalent amounts
of protein samples (15 pg-30 ug) were separated by 8%-12% SDS-PAGE and
electroblotted onto polyvinylidene difluoride (PVDF) membrane (Millipore, MA,
USA). Membrane was further blocked with 5% (w/v) BSA (Santa Cruz
Biotechnology, PA, USA) in Tris Buffered Saline (TBS, containing 250 mM, 150
mM NaCl, pH7.6) plus tween 0.1% before incubation with the specific antibody
against: described in table 2.1, overnight, at 4°C. An anti-rabbit (1:20,000;
Thermo Fisher Scientific, 31340) or anti-mouse (1:20,000; Thermo Fisher
Scientific, 31340 and 31320, respectively) IgG secondary antibodies conjugated
to the alkaline phosphatase, prepared in 1% (w/v) BSA in TBS-T, were used for
1 hour, at room temperature. Immunoreactive bands were visualized by alkaline
phosphatase activity after incubation for 5 min with ECF reagent on Bio-Rad
ChemiDoc Touch Imaging System and quantified using Image Lab analysis

software.

2.8.2. IMMUNOCYTOCHEMISTRY

To assess total, nuclear and mitochondrial protein levels, HT22, Q7 and Q111
cells or primary neurons from WT and YAC128 mice were cultured on glass
coverslips. Twenty-four h after transfection (transfection method in section 2.5),
cells were fixed with 4% paraformaldehyde (pre-warmed at 37°C) for 20 min and
permeabilized in 0.1% Triton X-100 in PBS, for 2 min. Then, cells were blocked
for 1 h at room temperature with 3% (w/v) BSA in PBS and further incubated with
the primary antibody prepared in blocking solution, overnight, at 4°C (antibodies
described in table 2.1). Cells were then washed with PBS and incubated with the
adequate secondary antibody (Alexa Fluor-594 goat anti-rabbit (Invitrogen,
R37117), Alexa Fluor-488 donkey anti-rabbit (Invitrogen, R37118) and Alexa
Fluor-488 donkey anti-mouse (Invitrogen, R37114)) at 1:300 in blocking solution
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for 1 h at room temperature. Nuclei were stained with 1 yg/mL Hoechst 33342 in
PBS (Invitrogen, CA, USA) for 10 min and coverslips were mounted using Mowiol
40-88 (Sigma Chemical, St. Louis, MO, USA). Confocal images were obtained
using a Plan-Apochromat/1.4NA 63x lens on an Axio Observer.Z1 confocal

microscope (Zeiss Microscopy, Germany) with Zeiss LSM 710 software.

2.9. CELL VIABILITY AND APOPTOSIS MEASUREMENT

2.9.1. MTT REDUCTION ASSAY

The reduction status of the cells was measured by a colorimetric assay for cell
survival, using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT). MTT (0.5 mg/ml) in sodium-based medium (containing 140 mM NaCl, 5
mM KCI, 1 mM CaCl;, 1 mM MgCl;, 10 mM Glucose, 10 mM Hepes, pH
7.4/NaOH) was added to the HT22 cell cultures and incubated for 2 h at 37°C in
the dark. When taken up by living cells, MTT is converted to a water-insoluble
blue product (formazan) (Mosmann, 1983). The precipitated dye was dissolved
with DMSO and colorimetrically measured at 540 nm. Values were expressed
relatively to control conditions.

2.9.2. APOPTOTIC CELL DEATH

The nuclear morphology of the transfected striatal wild-type and mutant cells was
analyzed by live fluorescence microscopy using Hoechst 33342 nucleic acid
stain, a cell-permeant nuclear counterstain that emits blue fluorescence when
bound to DNA. Cells mounted on 18-mm coverslips were washed with PBS and
then incubated with 2 pg/ml Hoechst 33342 for 10 min, at 33°C. Cells were then
washed 5 times in saline medium to remove extracellular dye, and further
examined in an Axioskop 2 plus upright epi-fluorescence microscope (Zeiss,
Jena, Germany) with PlanNeofluar/0.75NA 40x lens.
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2.9.3 CELL PROFILERATION

HT22 cells were plated on 6-well plates (35,000 cells/well) and cell counting was
started 24 h after plating. Cells were exposed to 1 mM H,O; for 30 min, 2, 4 and
6 h and the number of cells was counted after each time point using a

hemocytometer in trypan blue-treated cell suspension.

210 TOTAL H.O, AND REACTIVE SPECIES LEVELS
DETERMINATION

H20, levels were determined using Amplex® Red assay. Amplex® Red reagent
(10-acetyl-3,7-dihydroxyphenoxazine) is a substrate that reacts with H,O; in a
1:1 stoichiometry to produce the red-fluorescent oxidation product, resorufin,
which was monitored at 37°C (excitation 550 nm; emission 580 nm), allowing the
monitoring of H,O, production/release. After a washing step with Na* medium
(containing 140 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 10 mM Glucose,
10 mM Hepes, pH 7.4/NaOH), H,O, was measured in 10 yM Amplex® Red plus
0.5 units/mL of horseradish peroxidase during 20 min using a microplate reader
Spectrofluorometer Gemini EM (Molecular Devices, USA). Nitric oxide (NO) and
general redox changes were measured using DAF2-DA (10 uM) and H,DCFDA (20
uM), respectively. Briefly, cells were incubated for 30 min, at 33°C, in Na* medium
(described above). NO and redox modifications were measured by following
DAF2 (491 nm excitation, 513 nm emission) and DCF (488 nm excitation, 530
nm emission) fluorescence, respectively at 33°C, continuously, for 20 min, using

a Microplate Spectrofluorometer Gemini EM.

90



2.11. MITOCHONDRIAL FUNCTION ANALYSIS

2.11.1 OXYGEN CONSUMPTION RATE

Oxygen consumption rate (OCR) in striatal cells was measured using a Seahorse
XFe-24 flux analyzer (Seahorse Bioscience, Billerica, MA, USA), following the
manufacturer’s instructions. Striatal cells were seeded in XF24 cell culture
microplates at a density of 25,000 (Q7)/35,000 (Q111) cells per well. Prior to the
experiments, cells were washed and culture medium was replaced by assay
medium DMEM-5030, supplemented with 25 mM glucose and 2 mM glutamine,
pH 7.4. Experiments were performed at 37°C and four baseline measurements
of OCR were sampled prior to sequential injection of mitochondrial complex V
inhibitor oligomycin (1 uM), protonophore FCCP (1 uM) and antimycin A plus
rotenone (1 uM each) to completely inhibit mitochondrial respiration.
Mitochondrial basal respiration, maximal respiration and ATP production were
calculated and recorded by the Seahorse software. Data were normalized for

protein levels.

2.11.2. MITOSOX FLUORESCENCE

Twenty-four h after transfection with GFP or GFP+Y527F (see section 2.5),
striatal cell lines or primary striatal neurons were incubated in experimental media
(in mM: 132 NaCl, 4 KClI, 1 CaCl,, 1.2 NaH,PO4.H,0, 1.4 MgCl,, 6 Glucose, 10
HEPES, pH 7.4) plus 1 uM MitoSOX red (Thermo Fisher Sci. , #M36008) for 25
min at 33°C or 37°C, respectively. Cells were then washed with experimental
medium and the experiment was recorded in experimental media using an Axio
Observer Z1 system, a fully motorized inverted widefield microscope (Zeiss,
Jena, Germany) equipped with a large stage incubator for temperature and
humidity control and EC plan-neofluar/1.3NA 40x lens. MitoSOX fluorescence
along time was imaged at 510 nm excitation and 580 nm emission. Fluorescence

intensities were calculated using Fiji software.
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2.11.3 TMRM FLUORESCENCE

Striatal cells and primary striatal neurons were transfected with GFP or
GFP+Y527F for 24h (see section 2.5). Then, cells were incubated in experimental
media with 10 nM tetramethylrhodamine, methyl ester (TMRM®, Thermo Fisher
Sci., #T668), a concentration sufficient low to avoid quenching of the fluorescent
signal in the mitochondrial matrix, for 30 min at 33°C or 37°C in the cells line or
in neurons, respectively. Coverslips were washed twice with PBS and mounted
in a pre-warmed insert in experimental media plus 10 nM TMRM®. TMRM"*
fluorescence was monitored in a controlled temperature by excitation at 543 nm
and emission at 458 nm using an LCI PlanNeofluar/1.3NA 63x lens on a Carl
Zeiss Axio Observed Z1 inverted confocal microscope with the CSU-X1M
spinning disc technology. Three images were collected every 10 sec in the basal
condition using Zen Black 2012 software (Zeiss, Jena, Germany). Cells were
exposed to 2 yM FCCP to induce TMRM" release from mitochondria and 3
images more were collected every 1 min after FCCP exposure. Fluorescence
intensity at each time point was analyzed in Fiji software using the time series
analyzer plugin (v 3.0) developed by Balaji J. (2007) at Dept. of Neurobiology,
UCLA.

2.11.4. MITOCHONDRIAL NETWORK AND CO-LOCALIZATION STUDIES

MitoDsRed- and GFP/Y527F-transfected striatal cells were fixed with 4%
paraformaldehyde (pre-warmed at 37°C) for 20 min, permeabilized in 0.1% Triton
X-100 in PBS for 2 min and blocked for 1 hour, at room temperature in 3% (w/v)
BSA in PBS. Nuclei were labelled with 4 pg/mL Hoechst 33342 for 15 min and
coverslips were mounted using Mowiol 40-88. Confocal images were obtained
using a Plan-Apochromat/1.4NA 63x lens on an Axio Observer.Z1 confocal
microscope (Zeiss Microscopy, Germany) with Zeiss LSM 710 software.
Mitochondrial morphology and protein co-localization analysis were achieved
using Macros in Fiji designed in our Lab by Dr. Jorge Valero (currently at Institute
for Neuroscience of Castilla y Ledn, University of Salamanca, Spain). Briefly,
image background was normalized using the function Subtract Background,

included in Fiji. Mitochondria-targeting MitoDsRed images were extracted to
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grayscale. FindFoci function was then used to allow the identification of peak
intensity regions (Herbert et al., 2014) in order to show mitochondria-specific
fluorescence. A threshold was applied to optimally resolve individual
mitochondria. Mitochondrial outlines were traced through the Analyze Particles
function. Aspect ratio (the ratio between the major and minor axis of
mitochondria) was used as an index of mitochondrial length alongside, or
roundness (a relation between the area of mitochondria and its major axis). To
obtain information about protein co-localization with mitochondria, a selection of
mitochondrial ROIs was done, and the respective protein Integrated Density
inside the ROIs was considered. Y527F+GFP and GFP were analyzed in the
same way, considering also the value of Integrated Density. Each value derived
represents a single cell.

2.12. ELECTROPHYSIOLOGICAL RECORDINGS

NMDA-induced currents were recorded in transfected primary striatal neurons
(DIV 11) at -60 mV by whole-cell patch clamping using an AxonPatch 200B
amplifier (Molecular Devices, USA). The borosilicate glass micropipettes used
had a resistance of 4—6 MQ and were filled with the following internal solution (in
mM): CsMeSO4 130, CsCl 10, CaCl, 0.5, EGTA 5, HEPES 10, and NaCl 10 (pH
7.3 adjusted with CsOH). Cells were perfused with extracellular solution
containing 140 mM NacCl, 2.5 mM KCl, 1.8 mM CaClz, 10 mM HEPES and 15 mM
glucose supplemented with 10 uM glycine (pH 7.4 adjusted with NaOH). NMDA
(100 uM) was diluted in the extracellular solution and rapidly perfused with a six
channel perfusion valve control system VC-77SP/perfusion fast-step SF-77B
(Warner Instruments, USA). All experiments were performed at RT (22-25 °C).
The currents were filtered at 1 kHz (4-pole low-pass Bessel filter) and digitized at
a sampling rate of 10 kHz to a personal computer and analyzed with pClamp 10.7

software (Molecular Devices, USA).
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2.13. MEASUREMENT OF INTRACELLULAR CALCIUM
LEVELS

Twenty-four hours after transfection with empty or empty+ SKF Y527F, primary
striatal neurons were incubated in experimental media (in mM: 132 NaCl, 4 KClI,
1 CaCly, 1.2 NaH;PO4.H,0, 1.4 MgCl,, 6 Glucose, 10 HEPES, pH 7.4) plus 2 uM
Fluo4-AM (Thermo Fisher Sci., #F14201) for 45 min, at 37°C. Cells were then
washed and the experiment was recorded in experimental media, without Mg?*
and supplemented with glycine (20 uM) and serine (30 uM). Fluo4 fluorescence
was monitored before and after exposure to 100 uM NMDA, in primary striatal
neurons from WT and YAC128 mice, using an Axio Observer Z1 system, a fully
motorized inverted widefield microscope equipped with a large stage incubator
for temperature and humidity control and EC plan-neofluar/1.3NA 63x lens. Fluo4
fluorescence was imaged along time at 494 nm excitation and 506 nm emission,

respectively. Fluorescence intensities were calculated using Fiji software.

2.14. STATISTICAL ANALYSES

Data were analyzed by using Excel (Microsoft, Seattle, WA, USA) and GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA) softwares, and are
expressed as the mean £ S.E.M. of the number of independent experiments or
cells indicated in figure legends. Comparisons among multiple groups were
performed by one-way ANOVA followed by the Bonferroni or Dunnett's
nonparametric Multiple Comparison post-hoc tests or by two-way ANOVA,
followed by Sidak's Multiple Comparison as post hoc test. Unpaired non-
parametric Mann Whitney test was also performed for comparison between two
Gaussian populations, when applicable, as described in figure legends.
Significance was defined as p<0.05.
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CHAPTERIII

c-SRC REGULATES NRF2 ACTIVITY THROUGH
PKCo AFTER OXIDANT STIMULUS

" Based on the following published manuscript: (F&o et al., 2019a)






3.1. SUMMARY

Nrf2 is the main transcription factor involved in expression of cell defense
enzymes, which is altered in several oxidant-related disorders. Cytosolic Nrf2
activation is modulated through phosphorylation by PKC8, an enzyme controlled
by Src tyrosine kinases. Of relevance, Src family members are involved in
numerous cellular processes and regulated by H2O,. In this study we analysed
the activation of cell survival-related signaling proteins, c-Src and Nrf2, and the
influence of c-Src kinase on Nrf2 regulation after exposure to H,O,. Acute
exposure of HT22 mouse hippocampal neural cells to H,O increased c-Src and
Nrf2 phosphorylation/activation at Tyr416 and Ser40, respectively. Nrf2
phosphorylation at Ser40, its nuclear accumulation and transcriptional activity
involving HO-1 expression were dependent on c-Src kinase activation. Moreover,
modulation of Nrf2 activity by c-Src occurred through PKCs phosphorylation at
Tyr311. We demonstrate, for the first time, c-Src-mediated regulation of Nrf2
transcriptional activity, via PKCé activation, following an acute H,O, stimulus.
This work supports that the c-Src/PKC&/Nrf2 pathway may constitute a novel
signaling pathway stimulated by H,O» and a potential target for the treatment of

diseases involving redox deregulation.
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3.2. INTRODUCTION

ROS are largely produced as byproducts of oxygen metabolism (Imlay,
2008). Imbalance between formation and/or accumulation of ROS and the
capability of cells to defend against oxidative damage initiate deregulation of
redox status and related signaling pathways, leading to oxidative stress. Indeed,
increased levels of reactive oxidants cause several adverse effects on crucial
biomolecules, such as proteins, nucleic acids and lipids, and cellular structures
(Pizzino et al., 2017). This process has been related with the onset and/or
progression of several diseases, such as neurodegenerative disorders, cancer,
cardiovascular diseases, diabetes, atherosclerosis or metabolic diseases (Moris
et al., 2017; Pizzino et al., 2017; Rodic and Vincent, 2017). H,05 is a non-radical
and relatively stable ROS that functions as a cellular signaling molecule (Obuobi
et al.,, 2016), showing a rapid but limited permeation across biomembranes
(Bienert et al., 2006); however, it may cause several harmful effects and alteration
of cellular homeostasis, since it can be converted into highly reactive hydroxyl
radical through the Fenton reaction (Grant, 2011).

Nrf2 is a transcription factor generally considered as an adaptive cell-
response molecule and the central player in the inducible expression of cell
defense enzymes to endogenous and environmental oxidative stress (Suzuki and
Yamamoto, 2017). Thus, by binding a cis-regulatory element sequence named
ARE in the promoter of target genes (Smith et al., 2016; Stepkowski and
Kruszewski, 2011), Nrf2 mediates the expression of a high number of oxidative
stress-related genes that encode for antioxidant proteins, detoxifying enzymes,
transport proteins, proteasome subunits, chaperones, growth factors and their
receptors, and other transcription factors (Basak et al., 2017). Nrf2 is ubiquitously
expressed in most eukaryotic cells and is maintained, under normal conditions,
at low levels in the cytosol due to its binding to Keap1 and constant targeting for
poly-ubiquitination and proteasomal degradation (Kansanen et al., 2013; Nguyen
et al., 2003). In the presence of an oxidant stimulus, Keap1 cysteine residues are
oxidized, leading to conformational changes in Keap1 through modifications of its

cysteine residues and release of Nrf2, allowing Nrf2 cytosolic accumulation and
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subsequent migration to the nucleus (Kobayashi et al., 2004). Specifically, Nrf2
phosphorylation at Ser40 residue, mediated by PKCS, disrupts Nrf2 and Keap1
association, promoting the translocation of Nrf2 to the nucleus (Huang et al.,
2002; Niture et al., 2009; Numazawa et al., 2003).

SKF is a family of non-receptor tyrosine kinases composed by eleven
members, namely Src, Yes, Fyn, Fgr, Frk, Srm, Lyn, Hck, Lck, Brk and BIk,
wherein only c-Src, Yes and Fyn are expressed ubiquitously (Espada and Martin-
Pérez, 2017; Roskoski, 2015). Several reports refer that SKF is involved in
numerous processes, namely cell growth, differentiation, metabolism, signal
transduction and neuronal ion channel and receptor regulation (Roskoski, 2015;
Wang et al., 2005). c-Src has been found to be located at several subcellular
compartments, namely the cytosol, plasma membrane, nucleus, rough
endoplasmic reticulum, mitochondria, endosomes, lysosomes, phagosomes and
the Golgi apparatus (Espada and Martin-Pérez, 2017; Sandilands and Frame,
2008). All SKF members share the same structure, composed of six functional
regions, only differing in a unique domain that is characteristic of each element
of the Src family (Chojnacka and Mruk, 2015). Src kinases activity is regulated
by phosphorylation and dephosphorylation of its tyrosine residues, mainly Tyr527
and Tyr416, which cause structural changes by intramolecular interactions
(Roskoski, 2015). As such, phosphorylation at Tyr527 closes Src proteins
conformation and blocks its interaction with substrates, whereas Tyr416
phosphorylation opens Src proteins conformation and allows SKF activation
(Chojnacka and Mruk, 2015). Importantly, Src proteins are redox-sensitive and
can be directly or indirectly activated by H,O, through the inhibition of tyrosine
phosphatases, which can be downregulated by reactive oxidants due to the
oxidation of their SH groups (Chojnacka and Mruk, 2015).

Previous studies showed that different pathways involving c-Src kinase are
upregulated after specific stimulus, resulting in Nrf2 activation and increased HO-
1 expression (Cheng et al., 2010; Lin etal., 2017; Yang et al., 2015). Furthermore,
Fyn, a member of SFKs, is implicated in nuclear Nrf2 export and degradation
(Culbreth et al., 2017; Li et al., 2017). However, whether cytosolic c-Src can
regulate Nrf2 activity after an oxidant stimulus and whether c-Src kinase-
mediated Nrf2 regulation improves cell response remains poorly understood.
Thus, in this work, we aimed to define whether acute H,O, exposure act as a
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regulator of c-Src and Nrf2 phosphorylation, as well as the influence of c-Src
activation on Nrf2 regulation. We show that Nrf2 phosphorylation, nuclear
migration and activation is dependent on c-Src cytosolic activation, after an acute
H20, stimulus. Furthermore, we give evidence that c-Src-mediated Nrf2 activity
occurs through PKC5b.

3.3. RESULTS

3.3.1. ALTERED C-SRC PROTEIN LEVELS AND ACTIVATION IN
CYTOPLASM AND NUCLEUS OF HT22 CELLS AFTER AN ACUTE
EXPOSURE TO H20;

c-Src has been reported to act as redox-sensitive Tyr kinase, regulated by H,O..
In order to determine the activation of c-Src by H,O2in HT22 mouse hippocampal
cell line, we measured the levels of total and Tyr416 phosphorylated c-Src in the
cytoplasm and nucleus. Firstly, we evaluated dose-dependent effects of H,O, (for
30 min-incubation) on c-Src total and phosphorylated protein levels in
cytoplasmic (Figure 3.1A-C) and nuclear extracts (Figure 3.1D-F), derived from
HT22 cells. As depicted in Figure 3.1A-F, 1 mM H,O, for 30 min was the H;0,
concentration that consistently induced increased c-Src protein total levels and
p(Tyr416)Src kinase levels, in both cytoplasmic and nuclear fractions, as great

variability was observed after exposure to 100 or 500 puM.
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Figure 3.1 | Cytoplasmic and Nuclear c-Src Total and Phosphorylated levels in HT22 cells
after H202 exposure. HT22 cells were incubated with 10 uM, 100 uM, 500 uM and 1 mM
H202 for 30 min. The levels of ¢-Src/GAPDH (A), P(Tyr416)Src/GAPDH (B) and
P(Tyr416)Src/c-Src (C) were evaluated by Western blotting in cytoplasmic-enriched
fractions from HT22 cells. Levels of c-Src/Lamin B1 (D), P(Tyr416)Src/Lamin B1 (E) and
P(Tyr416)Src/c-Src (F) were determined by Western blotting in nuclear-enriched
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fractions from HT22 cells. Data are expressed in arbitrary units relative to GAPDH or
Lamin B1 as the mean + SEM of n=4 independent experiments. HT22 cells were further
incubated with 1 mM H202 for 30 min, 2 or 4 h and the levels of ¢c-Src/GAPDH (G,J),
P(Tyr416)Src/GAPDH (H,K) and P(Tyr416)Src/c-Src (l,L) were evaluated by Western
blotting in cytoplasmic-enriched fractions from HT22 cells. The effect of SU6656 (5 uM)
were also analysed in cells exposed to H202, for 30 min (J-L). Data are expressed in
arbitrary units relative to GAPDH as the mean + SEM of n=4 to 11 independent
experiments. Levels of c-Src/Lamin B1 (M,P), P(Tyr416)Src/Lamin B1 (N,Q) and
P(Tyr416)Src/c-Src (O,R) were evaluated by Western blotting in nuclear-enriched
fractions from HT22 cells, and the effect of SU6656 (5 uM) was also analysed (P-R).
Data are expressed in arbitrary units relative to Lamin B1 as the mean + SEM of n=6 to
11 independent experiments. ¢-Src (U,V) and p(Tyr416)Src (X,Y) cytoplasmic and
nuclear levels were analysed by immunocytochemistry using confocal microscope and
Image J software. Confocal images (S,T) were obtained with a 63x objective in confocal
microscope Zeiss LSM 710 (scale bar: 10 um). Inserts show at higher magnification the
images indicated by boxes of cytoplasmic (C) and nucleus (N) labelling. Data are
presented as the mean + SEM of 3 to 5 independent experiments considering ~15
cells/condition. Statistical analysis: (A-R) *p <0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 versus Control/untreated or versus H202 30 min+SU6656 (in K,L,P,Q)
(nonparametric Kruskal-Wallis one-way ANOVA test, followed by Dunnett's Multiple
Comparison as post hoc test); tp <0.05 versus Control (Student's t-test followed by
nonparametric Mann Whitney as post hoc test). (U-Y) *p <0.05, **p < 0.01, ***p < 0.001
and ****p < 0.0001 between different groups, as depicted in each graph (one-way
ANOVA, followed by Bonferroni's Multiple Comparison as post hoc test).

Prolonged exposure to 1 mM H20; has been described to cause oxidative stress
and cause toxicity (Sies, 2017; Wang et al., 2003), while H,O, extracellular
concentration is more than 100-fold higher when compared to intracellular H,O,
concentration (Sies, 2017). Since we aimed to study c-Src modulation and
response after an acute oxidant stimulus, we analyse time-dependent cytotoxicity
induced by 1 mM H;0; extracellular concentration. Cell death induced by 1 mM
H.O, over time, as well as time-dependent effects of 1 mM H,O; incubation on
cell proliferation were analysed by propidium iodide plus Hoechst labelling, the
MTT assay and cell counting (Figure 3.2A-D). Data showed that 1 mM H,O, for
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Figure 3.2 | Cytotoxicity in HT22 cells after H202 exposure. (A) HT22 cells were incubated
with 1 mM H,O, for 30min, 2, 4 and 6 h and cell death was evaluated by propidium iodide
(PI) and Hoechst staining. (B) HT22 cells were incubated with 1 mM H,0O,, for 30 min and
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the medium was replaced by fresh culture medium for 30 min, 1.5, 3 and 6 h for analysis
by the MTT assay. (C) HT22 cells were incubated with 1 mM H,O, for 30 min, 1, 2, 3 and
6 h and cytotoxicity was evaluated by the MTT assay. (D) HT22 cells were incubated
with 1 mM H,0, for 30 min, 1, 2, 4 and 6 h and the time-dependent effects of 1 mM H,0,
incubation on cell proliferation were evaluated. The number of cells were counted at each
time point, 1 mM H,0O, vs. Control. Data are presented as the mean + SEM of 4 to 6
independent experiments, in (A) considering ~6 fields/condition. Statistical analysis: *p
<0.05, **p < 0.01 and ****p < 0.0001 versus Control (honparametric Kruskal-Wallis one-
way ANOVA test, followed by Dunnett's Multiple Comparison as post hoc test).

Time-dependent changes in c-Src protein total levels after incubation with 1 mM
H,O, was also determined in the cytoplasm of HT22 cells. We observed a
significant increase in c-Src total levels in the cytoplasm of HT22 cells after 30
min exposure to HyO, (Figure 3.1G); similar results were observed in
p(Tyr416)Src levels, which decreased after 2 and 4 h exposure to the oxidant
stimulus (Figure 3.1H,l). Pre-treatment with SU6656 (5 uM), a selective Src
inhibitor (Blake et al., 2000), markedly inhibited c-Src phosphorylation (Figure
3.1K,L), without altering total levels of c-Src protein levels (Figure 3.1J) , showing
reversible modulation of c-Src activation after acute exposure to H2O.. In nuclear
fractions, data showed a significant increase in c-Src protein levels after 30 min
exposure to H,O; (Figure 3.1M), as well as increased p(Tyr416)Src after 30 min,
2 and 4 h (Figure 3.1N,O). Interestingly, pre-treatment with SU6656 not only
decreased nuclear c-Src Tyr416 activation/phosphorylation (Figure 3.1Q,R), but
also decreased nuclear c-Src protein levels (Figure 3.1P), suggesting a possible
role of c-Src protein phosphorylation on its translocation to the nucleus after an
acute oxidant stimulus. In HT22 total cell extracts, H,O, induced c-Src activation
after 30 min exposure (Figure 3.3-A,B), which was effectively inhibited by
SU6656 and the Src family-selective tyrosine kinase inhibitor, PP2 (Hanke et al.,
1996) (10 uM) (Figure 3.3,F,G).
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Nuclear (N) and cytoplasmic (C) levels of c-Src protein were also evaluated by
immunocytochemistry in H,O»-treated HT22 cells, as depicted in Figure 3.1S-Y.
Similarly to what was observed by Western blotting, total and phosphorylated
levels of c-Src were increased in the cytoplasm (Figure 3.1U,X) and nucleus
(Figure 3.1V,Y) after exposure for 30 min and 2 h to H,O, (1 mM). Pre-treatment
with 5 uM SU6656 inhibited H,Oz-induced c-Src activation/phosphorylation in
both nucleus and cytoplasm (Figure 3.1U-Y).

3.3.2 ACUTE H.0, EXPOSURE CAUSES INCREASED NRF2 PROTEIN
LEVELS AND PHOSPHORYLATION IN A C-SRC-DEPENDENT
MANNER

The transcription factor Nrf2 is known to be activated by H,O,. Moreover, c-Src
was shown to participate in Nrf2 nuclear accumulation (Cheng et al., 2010; Lin et
al., 2017; Yang et al.,, 2015). However, the involvement of c-Src on Nrf2
regulation, through its phosphorylation at Ser40 residue, remains unknown. As
shown in Figure 3.4, we analysed H,0O, dose-dependent effects on Nrf2 total and
phosphorylated levels after incubation for 30 min in HT22 cytoplasmic and

nuclear fractions.
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blotting in nuclear-enriched fractions from HT22 cells. Data are expressed in arbitrary
units relative to Lamin B1 or GAPDH as the mean + SEM of n=4 independent
experiments. HT22 cells were incubated with 1 mM H,O, for 30 min, 2 and 4 h and the
levels of Nrf2/GAPDH (E,I,M) and P(Ser40)Nrf2/GAPDH (F,J,N) and P(Ser40)Nrf2/Nrf2
(G,K,0) were evaluated by Western blotting in cytoplasmic-enriched fractions from HT22
cells. The effect of SU6656 (5 uM) and PP2 (10 uM) were also evaluated in the cytoplasm
of cells exposed to H,0,, for 30 min (I-K,M-O). Data are expressed in arbitrary units
relative to GAPDH as the mean + SEM of n=4 to 12 independent experiments. Levels of
Nrf2/Lamin B1 (H,L,P) were determined by Western blotting in nuclear-enriched fractions
from HT22 cells, and the effect of SU6656 (5 uM) and PP2 (10 uM) were also evaluated
(L,P). Data are expressed in arbitrary units relative to Lamin B1 as the mean + SEM of
n=5 to 9 experiments. Nrf2 (S,T) and p(Ser40)Nrf2 (U,V) cytoplasmic (S,U) and nuclear
(T,V) levels were analysed by immunocytochemistry using confocal microscope Image
J software. Representative confocal images (Q,R) were obtained with a 63x objective in
confocal microscope Zeiss LSM 710 (scale bar: 10 um). Inserts show at higher
maghnification the images indicated by boxes of cytoplasmic (C) and nucleus (N)
labelling. Data are presented as the mean + SEM of 3 to 4 independent experiments
considering ~15 cells/condition. Statistical analysis: (D,G,K) 'p <0.05 versus Control, (J)
p <0.01 H,0, 30 min versus H,0, 30 min+SU6656 and (P) "p <0.01 H,0, 30 min versus
H,0, 30 min+PP2 (Student's t-test followed by nonparametric Mann Whitney as post hoc
test); *p <0.05, **p < 0.01 and ***p < 0.001 versus Control/untreated or versus H,O, 30
min+SU6656 (nonparametric Kruskal-Wallis one-way ANOVA test, followed by Dunnett's
Multiple Comparison as post hoc test); (S-V) **p < 0.01 and ****p < 0.0001 between
different groups, as depicted in each graph (one-way ANOVA, followed by Bonferroni's
Multiple Comparison as post hoc test).

As depicted in Figure 3.4A-D, Nrf2 and P(Ser40)Nrf2 levels increased
significantly and consistently in the presence of 1 mM H20, exposure, in both the
cytoplasm and nucleus of HT22 cells. We further determined the time-dependent
changes and investigated the relationship between c-Src and Nrf2, by analysing
Nrf2 levels in cytoplasmic and nuclear extracts of HT22 cells treated with 1 mM
H2O, (Figure 3.4E-P). Nrf2 cytoplasmic levels were significantly increased after
30 min, 2 and 4 h of H,O, treatment (Figure 3.4E). Phosphorylation of Nrf2 at
Ser40 residue was reported as a signal for Nrf2 translocation from the cytosol to
the nucleus (Niture et al., 2009). Importantly, we observed a significant increase
in cytoplasmic p(Ser40)Nrf2 after 30 min exposure to H»O2, which was not
sustained after 2 and 4 h in the cytoplasm (Figure 3.4F,G). Concordantly, nuclear
Nrf2 increased largely after 30 min exposure to 1 mM H,O, (Figure 3.4H).
Interestingly, H,O»-induced total and phosphorylated Nrf2 levels in the cytoplasm
were decreased after pre-treatment with the Src inhibitors SU6656 (Figure
3.41.K) and PP2 (Figure 3.4M-0O). Similar results were observed in total cellular

extracts, as depicted in Figure 3.5.
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Figure 3.5 | Nrf2 total and phosphorylated protein levels in HT22 cells after H202 exposure.
HT22 cells were incubated with 1 mM H,O, for 10 min, 30 min and 2 h and the levels of
Nrf2/actin (A), P(Ser40)Nrf2/actin (B) and P(Ser40)Nrf2/Nrf2 (C) were evaluated by
Western blotting. The effect of SU6656 (5 uM) and PP2 (10 uM) were also evaluated in
cells exposed to H,O,, for 30 min (D-I). Data are expressed in arbitrary units relative to
actin as the mean + SEM of n=4 to 9 independent experiments. Statistical analysis: *p
<0.05 and **p <0.01 versus Control/untreated or versus H,O, 30'+SU6656
(nonparametric Kruskal-Wallis one-way ANOVA test, followed by Dunnett's Multiple
Comparison as post hoc test). 'p <0.05 Control versus H,O, 30 min, or H,O, 30 min
versus H,O0, 30 min +SU6656 or H,O, 30 min versus H,O, 30 min +PP2 (Student's t-test
followed by non-parametric Mann Whitney as post hoc test).

Enhanced nuclear Nrf2 following incubation with 1 mM H20, for 30 min was also
prevented by SU6656 and PP2 (Figure 3.4L,P). Thus, our results demonstrate,
for the first time, the involvement of c-Src on Nrf2 cytoplasmic regulation, through
its phosphorylation at Ser40, following an acute oxidant stimulus. The same
experimental conditions were evaluated by immunocytochemistry. In agreement
with previous results, data depicted in Figure 3.4Q-V showed that both
cytoplasmic (C) and nuclear (N), total and phosphorylated Nrf2 levels were
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increased after 30 min exposure to 1 mM H20,. Here again, SU6656 pre-
treatment decreased both Nrf2 total and phosphorylated levels in the cytoplasm

and nucleus.

3.3.3. INDUCTION OF NRF2 TRANSCRIPTIONAL ACTIVITY IS MODULATED
BY C-SRC

Since H,O,-mediated increase in nuclear Nrf2 levels could be modulated by c-
Src, we further analysed whether c-Src could regulate Nrf2 transcriptional activity
(Figure 3.6). For this purpose, HT22 cells were transfected with an ARE-driven
luciferase reporter and incubated with H,O, for 30 min. Luciferase activity was
then assessed 1.5 h after H,O, treatment. Results depicted in Figure 3A
evidenced a significant increase in luciferase activity after H,O, treatment,
indicating an increase in Nrf2-ARE transcriptional activity. Importantly, an
inhibitory effect of SU6656 pre-treatment on Nrf2 transcriptional activity (Figure
3.6A) was also observed, suggesting the involvement of c-Src on modulation of
Nrf2 activity.

Nrf2 can regulate the transcription of several cytoprotective genes, including HO-
1, SOD1 or peroxiredoxin-1 (Prdx-1) (Loboda et al., 2016; Ooi et al., 2017). Thus,
the activity of Nrf2 was also assessed by analysing the expression of these Nrf2
target genes by quantitative real-time PCR, after 30 min incubation with H,O, (1
mM) plus 30 min, 1.5, 3, 6, 12 and 24 h post-incubation (Figure 3.6B-E). Our
data showed a significant increase in HO-1 mRNA levels after 1.5 and 3 h post-
incubation (Figure 3.6D). An increase in Prdx1 mRNA levels was only detected
after 6 h post-incubation (Figure 3.6C), whereas no significant differences were
observed in SOD1 mRNA levels up to 24 h (Figure 3.6B). Notably, SU6656 pre-
treatment decreased HO-1 mRNA levels, revealing the involvement of c-Src on
the expression of HO-1 (Figure 3.6E). Data suggest that Nrf2 nuclear
accumulation and transcriptional activity associated with enhanced HO-1 mRNA

levels is dependent on c-Src activation.
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Figure 3.6 | Nrf2/ARE transcriptional activity in HT22 cells after H202 exposure. HT22 cells
were incubated with 1 mM H,O, for 30 min, in the absence or presence of SU6656 (5
pM). In (A) 1.5 h after H,O, stimulus Nrf2/ARE transcriptional activity was measured by
relative luciferase activity in total-enriched protein fractions. Data are presented as the
mean +* SEM of 5 independent experiments. (B-E) After H,O, treatment (30 min),
medium was replaced by fresh culture medium for 30 min, 1.5, 3, 6, 12 and 24 h and
mMRNA levels of SOD1, Prdx-1 and HO-1 were analyzed by real-time qPCR. Data are
presented as the mean + SEM of 3 to 6 independent experiments. Statistical analysis:
*p <0.05, **p <0.01 and ***p <0.001 versus Control/untreated condition (nonparametric
Kruskal-Wallis one-way ANOVA test, followed by Dunnett's Multiple Comparison as post
hoc test); 'p <0.05 H,0, 30 min versus H,0, 30 min+SU6656 (A), Control versus H,0;
30 min+6 h (C) or H,O, 30 min+1.5 h versus H,0, 30 min+1.5 h+SU6656 (E) (Student's
t-test followed by nonparametric Mann Whitney as post hoc test).

3.3.4 INVOLVEMENT OF PKC& ON NRF2 REGULATION BY c-SRC

Our results evidenced the positive cytoplasmic regulation of Nrf2 by c-Src kinase.
However, since c-Src is a tyrosine kinase, the phosphorylation of Nrf2 at residue
Ser40 implicated an intermediary protein. In this sense, we hypothesized that
PKC, a serine/threonine protein kinase family that mediates a considerable
number of cellular signalling responses, could be involved in cytoplasmic Src/Nrf2
regulation pathway. Indeed, activation of PKC® isoform in a redox-dependent
mechanism requires c-Src dependent tyrosine phosphorylation at Tyr311
(Konishi et al., 2001; Rybin et al., 2004; Steinberg, 2015). Moreover, considering
that PKC3s may phosphorylate Nrf2 at Ser40 residue (Niture et al., 2009), we
postulated that Nrf2 regulation, in a Src-dependent manner, might occur through
PKCd. Thus, we analysed PKCd total and phosphorylated levels, after 30 min
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H20, exposure, in the absence or presence of SU6656, PP2 or rottlerin (1 uM),

the latter a PKC® inhibitor at low concentrations (Gschwendt et al.,

3.7).
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Figure 3.7 | Total and phosphorylated PKC5 and Nrf2 levels in HT22 cells subjected to
H202 exposure, overexpression of an active form of Src or PKC? silencing. (A-C) HT22
cells were incubated with 1 mM H,O, for 30 min and the levels of PKC6/GAPDH (A),
P(Tyr311)PKC®/GAPDH (B) and P(Tyr311)PKC&/PKCd (C) were evaluated by Western
blotting in cytoplasmic-enriched fractions from HT22 cells. The effect of SU6656 (5 uM)
and rottlerin (1 uM, a PKC inhibitor), were also evaluated. Data are expressed in arbitrary
units relative to GAPDH as the mean £+ SEM of n=3 to 10 independent experiments. (D-
F) HT22 cells were incubated with 1 mM H,0, for 30 min and the levels of PKCd/actin
(D), P(Tyr311)PKC®&/actin (E) and P(Tyr311)PKC&/PKCd (F) were analysed by Western
blotting in total fractions from HT22 cells treated with PP2 (10 uM). Data are expressed
in arbitrary units relative to actin as the mean + SEM of n=3 to 4 independent
experiments. (G-L) HT22 cells were transfected with plasmid constructs codifying for the
constitutively active form of Src (Y527F SKF ) and treated with rottlerin (1 uM) when
indicated. Expression of plasmids was allowed for 24 h and levels of PKCd/actin (G),
P(Tyr311)PKCd/actin (H), P(Tyr311)PKC&/PKCb (I), Nrf2/actin (J), P(Ser40)Nrf2/Actin
(K) and P(Serd40)Nrf2/Nrf2 (L) were assessed by Western blotting in total fractions from
HT22 cells. Data are expressed in arbitrary units relative to actin as the mean + SEM of
n=4 to 13 independent experiments. (M-S) HT22 cells were transfected with PKCs
specific siRNA or Control siRNA for 24h, and incubated with 1 mM H,O; for 30 min; the
levels of PKCO/GAPDH (M), P(Tyr311)PKC&/GAPDH (N), P(Tyr311)PKCd (O),
Nrf2/GAPDH (P), P(Ser40)Nrf2/GAPDH (Q) and P(Ser40)Nrf2/Nrf2 (R) were evaluated
by Western blotting in cytoplasmic-enriched fractions from HT22 cells. Levels of
Nrf2/Lamin B1 (S) were determined by Western blotting in nuclear-enriched fractions
from HT22 cells. Data are expressed in arbitrary units relative to GAPDH or Lamin B1
as the mean + SEM of n=3 to 5 experiments. Statistical analysis: (A-L) *p <0.05, **p <
0.01 and ***p < 0.001 versus Control/untreated or versus H,O, 30min+SU6656
(nonparametric Kruskal-Wallis one-way ANOVA test, followed by Dunnett's Multiple
Comparison as post hoc test); 'p <0.05 and "p <0.01 versus Control or H,0, 30 min
versus H,0, 30 min+Rott. or Y527F SKF versus Y527F SKF +Rottlerin (Student's t-test
followed by nonparametric Mann Whitney as post hoc test). (M-S) *p <0.05 Control
siRNA+H,0, 30 min versus PKC3 siRNA+H,0, 30 min (nonparametric Kruskal-Wallis
one-way ANOVA test, followed by Dunnett's Multiple Comparison as post hoc test); 'p
<0.05 and "p <0.01 versus Control siRNA (Student's t-test followed by nonparametric
Mann Whitney as post hoc test).

Our results showed no significant differences in PKC8 total levels after exposure
to H,O, (Figure 3.7A); however, phosphorylation levels of PKCd
[p(Tyr311)PKC8] were significantly increased after 30 min exposure to 1 mM
H.O, (Figure 3.7B,C). Importantly, this increase was inhibited by SU6656
(Figure 3.7B,C), as evaluated in cytoplasmic fractions, and by PP2 (Figure
3.7E,F), as determined in total extracts from HT22 cells, evidencing the role of c-
Src activation on PKC& phosphorylation/activation. As a control, cells were
treated with rottlerin, a PKCd inhibitor, which was shown to significantly reduce
p(Tyr311)PKCd (Figure 3.7A-C). PKC®d inhibition significantly decreased Nrf2
cytoplasmic levels and its phosphorylation at Ser40 following exposure to H,0;
in HT22 cells, as well as Nrf2 accumulation in the nucleus, confirming the role of
PKCbd (Figure 3.8,A-D). P(Tyr416)Src levels were not significantly affected by
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24h preincubation with rottlerin in cells exposed to 1 mM H;O, for 30 min (data

not shown).
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Figure 3.8 | Nrf2 total and phosphorylated protein levels in HT22 cells after H202 exposure.
HT22 cells were incubated with 1 mM H,O, for 30 min and the levels of Nrf2/GAPDH (A),
P(Ser40)Nrf2/GAPDH (B), P(Ser40)Nrf2/Nrf2 (C) and Nrf2/Lamin B1 (D) were evaluated
by Western blotting in cytoplasmic or nuclear-enriched fractions from HT22 cells. The
effect of rottlerin (1 uM), a PKC inhibitor, was also evaluated. Data are expressed in
arbitrary units relative to GAPDH or Lamin B1 as the mean + SEM of n=4 to 13
independent experiments. Statistical analysis: (A-C) *p <0.05, **p < 0.01, ***p < 0.001
and ****p < 0.0001 versus Control or versus H,O, 30 min+Rott. (one-way ANOVA,
followed by Dunnett's nonparametric Multiple Comparison as post hoc test); 'p <0.05 and
“p <0.01 HyO, 30 min versus H;O, 30 min+Rott (Student's t-test followed by
nonparametric Mann Whitney as post hoc test).

To affirm the role of c-Src on PKCd and Nrf2 activation, we further analysed these
proteins in total extracts of HT22 cells transfected with a constitutively active form
of Src, Y527F SKF, in the absence or presence of rottlerin (Figure 3.7G-L).
Expression of Y527F SKF caused a significant increase in phosphorylated PKCd
levels at Tyr311, which was inhibited by rottlerin (Figure 3.7H,l), indicating that
c-Src activation positively influences PKCd activation. Importantly, expression of
an active form of c-Src caused a significant increase in Nrf2 levels (Figure 3.7J)
and p(Ser40)Nrf2 (Figure 3.7K,L) in HT22 cells, the latter being reduced by the
PKC3d inhibitor, rottlerin. No significant differences in p(Tyr416)Src, Nrf2 or
p(Serd40)Nrf2 levels were observed in cells transfected with the empty vector
(Figure 3.9A-D).
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Figure 3.9 | ¢c-Src and Nrf2 total and phosphorylated protein levels in HT22 cells
overexpressing a constitutive active form of Src. HT22 cells were transfected with plasmid
constructs codifying for the constitutively active form of Src (Y527F SKF ) or the empty
vector (empty). The levels of P(Tyr416)Src/actin (A), Nrf2/actin (B), P(Ser40)Nrf2/actin
(C) and P(Ser40)Nrf2/Nrf2 (D) were evaluated by Western blotting. Data are expressed
in arbitrary units relative to actin as the mean + SEM of n=5 to 8 independent
experiments. Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
versus Control or versus Empty vector (one-way ANOVA, followed by Dunnett's
nonparametric Multiple Comparison as post hoc test); "p <0.01 Control versus Y527F
SKF (Student's t-test followed by nonparametric Mann Whitney as post hoc test).

In order to confirm PKCd involvement in the novel c-Src/PKCS/Nrf2 pathway
stimulated by acute H,O; stimulus, we further tested the effect of PKCs knock-
down. HT22 cells were transfected with PKCs specific sSiRNA or Control siRNA,
in the presence or absence of 1 mM H,O,, for 30 min (Figure 3.7M-S and 3.10).
Data presented in Figure 4M and 6S,A, shows significantly reduced PKC5 levels
(50-60% reduction, relatively to Control siRNA) in HT22 cytoplasmic fractions in
the presence of PKCd siRNA, confirming PKC5 silencing. p(Tyr311)PKC? levels
were significantly increased after incubation with 1 mM H»O in cells transfected
with Control siRNA (Figure 3.7N,O and 3.10B,C), but not after selective PKC3
knockdown. PKC3 siRNA did not alter c-Src total or phosphorylated levels, both
in cytoplasmic or nuclear fractions, or in total extracts (Figure 3.10G-O).
Additionally, increased total Nrf2 and P(Ser40)Nrf2 levels, in cytoplasm and
nucleus of HT22 cells, were observed in the presence of Control siRNA in cells
exposed to 1 mM H,0O; (30 min), but not after PKC5 selective knockdown (Figure
3.7P-S). Thus, p(Serd40)Nrf2 levels were significantly reduced after diminished
PKC®& expression and exposure to 1 mM H,O3, confirming Nrf2 phosphorylation
at Ser40 by PKC®d. Concordantly, H,O2-mediated increase in Nrf2 levels in the
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nucleus of HT22 cells was abrogated by PKCo specific siRNA. Similar results
were obtained in HT22 total cell extracts (Figure 3.10D-F). Data indicate an
indirect regulation of Nrf2 cytoplasmic activation by c-Src through the

intermediate activation of PKCS?.
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for 30 min and the levels of PKC&/Actin (A), P(Tyr311)PKC&/Actin (B),
P(Tyr311)PKC8/PKCd (C), Nrf2/actin (D), P(Ser40)Nrf2/Actin (E), P(Ser40)Nrf2/Nrf2
(F), c-Src/Actin (G), P(Tyr416)Src/Actin (H) and P(Tyr416)Src/c-Src (l) were evaluated
by Western blotting in total fractions from HT22 cells. Data are expressed in arbitrary
units relative to actin as the mean £ SEM of n=3 to 5 independent experiments. Levels
of ¢c-Src/GAPDH (J), P(Tyr416)Src/GAPDH (K), P(Tyr416)Src/c-Src (L), c-Src/Lamin B1
(M), P(Tyr416)Src/Lamin B1 (N) and P(Tyr416)Src/c-Src (O) were determined by
Western blotting in cytoplasmic (J-L) and nuclear (M-O) -enriched fractions from HT22
cells, respectively. Data are expressed in arbitrary units relative to GAPDH or Lamin B1
as the mean £ SEM of n=3 to 5 experiments. Statistical analysis: *p <0.05 versus Control
siRNA (nonparametric Kruskal-Wallis one-way ANOVA test, followed by Dunnett's
Multiple Comparison as post hoc test); 'p <0.05 and "p <0.01 versus Control siRNA
(Student's t-test followed by nonparametric Mann Whitney as post hoc test).

To further confirm the results obtained by Western Blotting, we analysed the
levels of c-Src and Nrf2 by immunocytochemistry, as well as their subcellular
distribution in HT22 cells co-transfected with the constitutive active form of c-Src
(Y527F SKF) and GFP, in the absence or presence of rottlerin (Figure 3.11).
Results evidenced an enhancement in p(Tyr416)Src in the cytoplasm (C) and
nucleus (N) of Y527F SKF transfected HT22 cells, which were unchanged in the
presence of rottlerin (Figure 3.11A,D). Of relevance, results evidenced a
significant increase in total cytoplasmic Nrf2 and p(Ser40)Nrf2 (Figure 3.11B,C),
as well as an increase in nuclear Nrf2 total levels following Y527F SKF
expression, when compared to control cells (GFP expression alone) in the
cytoplasm and nucleus; these effects exerted by expression of Y527F SKF were
inhibited by rottlerin (Figure 3.11B,C,E).
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Figure 3.11 | Total and phosphorylated Nrf2 and Src Kinases levels in cells overexpressing
an active form of Src. HT22 cells were co-transfected with GFP (Control) and Y527F SKF
+GFP (Y527F SKF ), for 24 h, and P(Tyr416)Src Family (A,D), Nrf2 (B,E) and
P(Ser4d0)Nrf2 (C) cytoplasmic and nuclear levels were evaluated by
immunocytochemistry using confocal microscope and Image J software. The effect of
rottlerin (1 uM) was also evaluated. Confocal images were obtained with a 63x objective
(F) (scale bar: 10 um). Inserts show at higher magnification the images indicated by
boxes of cytoplasmic (C) and nucleus (N) labelling. Data are presented as the mean %
SEM of 3 to 5 independent experiments considering ~12 cells/condition. Statistical
analysis: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 between different groups
(one-way ANOVA, followed by Tukeys's Multiple Comparison as post hoc test); (C) 'p <
0.05 Y527F SKF versus Y527F SKF + Rottlerin (Student's t-test followed by parametric
and unpaired test).
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Altogether, data strongly suggest that H,O»-elicited c-Src activation leads to
PKCd activation through its phosphorylation at residue Tyr311, which regulates
cytosolic phosphorylation of Nrf2 at residue Ser40 and its translocation to the
nucleus, resulting in enhanced Nrf2 transcriptional activity (c-Src/PKC&/Nrf2

pathway) and increased HO-1 mRNA levels, as represented in Figure 3.12.
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Figure 3.12 | Schematic representation of Src/PKC3&/Nrf2 signaling pathway involved in HO-
1 expression after H202 exposure in HT22 cells. After H,O, exposure, Src kinases are
activated through Tyr416 phosphorylation. Src kinases-dependent phosphorylation of
PKCs Tyr 311 residue in the cytoplasm induces the activation of the protein, which can
further phosphorylate Nrf2 at Ser40. Once phosphorylated, Nrf2 migrates to the nucleus,
binds to the ARE element in genes promotor and regulates the transcription of target
genes, namely HO-1.
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3.4 DISCUSSION

The role of Nrf2 in triggering the expression of antioxidant proteins and
detoxifying enzymes during mild oxidant conditions has been extensively studied
(Moris et al., 2017; Pizzino et al., 2017; Rodic and Vincent, 2017). In the present
study, we demonstrate that exposure of HT22 cells to H,O- (used as an non-toxic
acute oxidant stimulus) evokes Nrf2 cytoplasmic phosphorylation, its nuclear
migration and accumulation in a process that is regulated by c-Src through
activation of PKCo.

c-Src levels have been described to be altered in several disease models,
such as human tumor cells (Tsygankov and Shore, 2004; Turro et al., 2016), rat
cardiomyocytes in cardiac hypertrophy (Chen et al., 2013) and pancreatic rat -
cells associated to diabetes (Weaver and Taylor-Fishwick, 2013; Zhang et al.,
2006). Furthermore, we previously demonstrated reduced c-Src activity in the
hippocampus of a mouse model of Alzheimer’s disease, the 3xTg-AD mice, at 3
months of age (Mota et al., 2014b). c-Src is a redox-sensitive protein that can be
activated by H,O,, resulting in its phosphorylation at Tyr416 residue. At the same
time, tyrosine-phosphatase proteins, which modulate c-Src phosphorylation, are
also sensitive to H,O,, favoring c-Src kinase activation (Espada and Martin-
Pérez, 2017). In our experimental model, we confirmed cytoplasmic and nuclear
c-Src activation in HT22 cell line exposed to H20».

There are several evidences for altered levels of the transcription factor
Nrf2 (e.g. its upregulation) in distinct neurodegenerative diseases (Mota et al.,
2015), ischemia and heart failure (Strom and Chen, 2017), cancer (Jeddi et al.,
2018) or diabetes mellitus (Uruno et al., 2013), revealing the importance of
understanding Nrf2 regulation. In the current study, we observed H,O,-mediated
increase in total and p(Ser40)Nrf2 levels in the cytoplasm of HT22 cells. Previous
data from Huang et al, 2002 (Huang et al., 2002), showed that there are no
differences concerning ARE-binding of P(Ser40)Nrf2 or non-P(Ser40)Nrf2. The
main effect of Nrf2 phosphorylation at Ser40 appears to be the dissociation from
Keap1, and consequent nuclear migration, but once in the nucleus they appear
to be both effective for ARE-mediated transcription, and Nrf2 in the nucleus is a
more appropriate measure, concerning Nrf2 activation. Concordantly, H,O,-

mediated increase in total and p(Serd40)Nrf2 levels in the cytoplasm was
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associated with its nuclear migration and increased Nrf2 transcriptional activity,
as shown by the augmented levels of HO-1 (at earlier time points) and Prdx-1
mRNA following H20; treatment. Our results do not evidence changes in SOD1
MRNA, suggesting a selective effect of oxidant-mediated Nrf2 transcription in
HT22 cells. Indeed, stress-induced HO-1 gene expression has been shown to be
largely controlled by Nrf2 activation (Alam et al., 1999, 1995, 1994), whereas
SOD1 and Prdx-1 mRNA levels are also controlled by other transcription factors
(Milani et al., 2011; Rhee and Kil, 2017). Interestingly, the Src inhibitor, SU6656,
significantly reduced HO-1 mRNA levels, confirming that c-Src-mediated activity
is involved in Nrf2-mediated transcription.

Nrf2 accumulation and its nuclear activity are regulated by several
chemical and molecular mechanisms, depending on cell environment. Apart from
Keap1-dependent regulation, Nrf2 activation is also influenced by different kinase
proteins, such as PKC, MAPK, GSK-3p, PI3K/Akt, among others, favoring Nrf2
serine or threonine phosphorylation (Bryan et al., 2013; Jaramillo and Zhang,
2013). PKC, a family of signal-regulated enzymes, is responsible for modulating
numerous physiological responses; it was the first protein family described to
regulate Nrf2 phosphorylation at Ser40, modulating its cytosolic and nuclear
accumulation (Huang et al., 2002). Later, Niture and colleagues (Niture et al.,
2009), followed by others (Bang et al., 2017), described the PKC5s isoform as the
main kinase responsible for this phosphorylation. Moreover, a possible
relationship between c-Src and Nrf2 nuclear accumulation has been reported in
few studies. Lee and colleagues demonstrated that lipoteichoic acid (a major
constituent of the cell wall of gram-positive bacteria), which has a protective role
in the pathogenesis of inflammatory responses, leads to enhanced Nrf2 levels
and activity in human tracheal smooth muscle cells (HTSMCs) in a c-Src-
dependent pathway (Lee et al., 2008). A similar work was developed by Cheng
and colleagues, who demonstrated, using cigarette smoke particle-phase extract,
that the activation of HO-1 via increased Nrf2 activity was dependent on c-Src
activation (Cheng et al., 2010). Both data evidenced NADPH oxidase protein as
the intermediate between c-Src and Nrf2, describing that c-Src-dependent
NADPH oxidase activation could further lead to Nrf2 nuclear accumulation.
Recently, two other studies described two different pathways of Nrf2 modulation

by c-Src. Yang and colleagues, used the transition metal carbonyl compound
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carbon monoxide-releasing molecule-2 (CORM-2) to induce HO-1 expression in
HTSMCs cells (Yang et al., 2015). These authors described that CORM-2
activates c-Src, leading to its phosphorylation at residue Tyr139, which in turn
activates the membrane epidermal growth factor receptor (EGFR) leading to
PI3K/Akt pathway activation and consequent JNK1/2 and p38 MAPK
phosphorylation, favoring Nrf2 activity (Yang et al., 2015). On other hand, Lin and
co-workers used arachidonic acid (AA), a polyunsaturated fatty acid that causes
ROS generation through NADPH oxidase activation, to study HO-1 expression in
rat brain astrocytes (Lin et al., 2017); the authors evidenced a pathway in which
AA-induced ROS cause c-Src phosphorylation and subsequent activation of Pyk2
tyrosine kinase. Pyk2 further activates the platelet-derived growth factor receptor
linking to PI3K/Akt/ERK1/2 activation, which results in HO-1 augmented
expression (Lin et al., 2017). Importantly, our findings evidenced that both
increased Nrf2 total and phosphorylated levels in the cytoplasm and nucleus of
HT22 cells, as well as Nrf2 transcriptional activity, were inhibited by SU6656, a
selective Src kinase inhibitor. These results suggested that phosphorylation of
Nrf2 at Ser40 occurred in a c-Src-dependent manner, as confirmed using a
constitutive active form of Src (Y527F SKF). Considering that such interaction
could only occur indirectly, here we demonstrate the involvement c-Src-
dependent PKCs activation on Nrf2 modulation. Indeed, both PKC4 inhibition by
rottlerin and a PKCo¢ specific SiIRNA reduced Nrf2 total and phosphorylated levels
in cytoplasm, as well as Nrf2 nuclear accumulation in HT22 cells exposed to
H205.

Importantly, different authors described the link between c-Src and PKC?6
proteins. Indeed, and as described above, c-Src can be activated by H,O2, which
in turn, promotes the PKC&-Src complex formation, leading to Src-dependent
PKCd tyrosine phosphorylation at Tyr311, and resulting in enhanced PKCd
catalytic activity (Konishi et al., 2001; Rybin et al., 2004; Steinberg, 2015).
Concordantly, we show that PKCd phosphorylation at Tyr311 increases after
H.O, exposure, in a c-Src-dependent manner, in the cytoplasm of HT22 cells.
Data do not support the reciprocal interaction, PKCd-mediated Src activation,
because silencing of PKCS did not alter c-Src total or phosphorylated levels.

Thus, considering our results, H,O2-induced Nrf2 enhanced accumulation and
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activity may occur through PKCd phosphorylation via c-Src activation. Indeed,
the constitutive active form of Src (Y527F SKF) enhanced Nrf2 phosphorylation
through the intermediate phosphorylation of PKC at Tyr311 residue, leading to
Nrf2 cytoplasmic and nuclear and accumulation, which potentially increased Nrf2
transcriptional activity and HO-1 and later Prdx1 expression.

Our data provide strong evidence that acute H,O, exposure results in
increased c-Src activation in HT22 cells, which in turn upregulates PKC3
phosphorylation, subsequently increasing Nrf2 phosphorylation at Ser40 residue;
under these conditions, Nrf2 shows enhanced accumulation in the nucleus and
Nrf2/ARE transcriptional activity, testified through increased HO-1 mRNA levels
(Figure 6). To our knowledge, our study provides the first evidence that c-Src can
serve as Nrf2 co-activator via PKCS, after acute oxidant stimulus induced by
H20,. In this way, c-Src may constitute an essential protein in regulating Nrf2
nuclear activity after short exposure to a high concentration of H,O2, which may
occur locally in cells. Considering that increased oxidant conditions are a
common feature in several diseases, our study provides the first evidence that c-
Src is a key protein in Nrf2 regulation after an oxidant stimulus, highlighting the
c-Src/PKC3&/Nrf2 pathway as a possible novel target for ameliorating pathologies

linked to redox deregulation.
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CHAPTER IV

RESTORATION OF c-SRC/FYN PROTEINS
RESCUES MITOCHONDRIAL DYSFUNCTION IN
HUNTINGTON’S DISEASE*

" Based on the following published manuscript: (F&o et al., 2022)






4.1. SUMMARY

HD is an autosomal-dominant neurodegenerative disorder with no effective
therapies. mHTT, the main HD proteinaceous hallmark, has been linked to ROS
formation and mitochondrial dysfunction, among other pathological mechanisms.
Importantly, Src-related kinases, c-Src and Fyn, are activated by ROS and
regulate mitochondrial activity. However, c-Src/Fyn involvement in HD is largely
unexplored. Thus, in this study we aimed to explore changes in Src/Fyn proteins
in HD models and their role in defining altered mitochondrial function and
dynamics and redox regulation.

We show, for the first time, that c-Src/Fyn phosphorylation/activation and proteins
levels are decreased in several human and mouse HD models mainly due to
autophagy degradation, concomitantly with mHtt-expressing cells showing
enhanced TFEB-mediated autophagy induction and autophagy flux. c-Src/Fyn
co-localization with mitochondria is also reduced. Importantly, expression of
constitutive active c-Src/Fyn to restore active SKF levels improves mitochondrial
morphology and function, namely through improved mitochondrial
transmembrane potential, mitochondrial basal respiration and ATP production,
but did not affect mitophagy. Additionally, constitutive active c-Src/Fyn
expression diminishes the levels of reactive species in cells expressing mHTT.
c-Src/Fyn restoration in HD improves mitochondrial morphology and function,
precluding the rise in oxidant species and cell death. This work supports a
relevant role for c-Src/Fyn proteins in controlling mitochondrial function and redox

regulation in HD, revealing a potential HD therapeutic target
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4.2. INTRODUCTION

HD is an autosomal-dominantly inherited neurodegenerative disorder for
which there is no cure. HD is caused by an abnormal expansion of CAG triplets
encoding for an abnormally long polyQ tract (Finkbeiner, 2011) in the coding
region of the ubiquitously expressed HTT gene, encoding for mHTT (Morreale,
2015). Clinically, HD symptoms include psychiatric and behavioural disturbances,
cognitive dysfunction, involuntary motor movement, and progressive dementia
(Morreale, 2015; Ross and Tabrizi, 2011). Neuropathologically, HD is
characterized by selective neurodegeneration of MSNs in striatum (caudate and
putamen), with a dorsomedial to ventrolateral direction (Sieradzan and Mann,
2001). HTT aggregates intracellularly and causes cytotoxicity, associated to
protein clearance pathways inhibition, mitochondrial and synaptic dysfunction,
altered Ca** handling, ER stress, impaired gene transcription and translation,
among other defective pathways (Finkbeiner, 2011).

Mitochondrial dysfunction is one of the major early relevant pathogenic
mechanisms in HD. Several studies reported ultrastructural defects in
mitochondria isolated from postmortem HD cortical tissue and compromised
oxidative function and ATP synthesis in pre-symptomatic HD carriers (e.g. Saft
et al., 2005). Moreover, decreased activity of mitochondrial complexes II-IV was
observed in HD patient’s postmortem striata, human peripheral cells and animal
brains (Pandey et al., 2008). In accordance, isolated brain mitochondria from
caudate nucleus of HD patients (Yano et al., 2014) and different HD cellular (e.g.
human neuroblastoma cells and platelets, mouse striatal STHdh®"'"3""! cells)
and animal models (Hdh(CAG)150 knock-in mouse) showed HTT fragments in
close contact with mitochondria (Choo, 2004; Orr et al., 2008; Silva et al., 2013b),
supporting a direct effect of mHTT on mitochondrial function.

Autophagy is an essential catabolic mechanism in neuronal homeostasis
and survival (e.g. Komatsu et al., 2006). Several HD models showed
dysfunctional autophagy, suggesting that macroautophagy dysregulation
contributes to neurotoxicity. Martinez-Vicente and colleagues evidenced an
increase in the number of autophagic vacuoles in several HD models (e.g.

128



primary neurons, striatal cell lines and fibroblasts) that did not undergo
autophagy-mediated degradation mainly due to deficient cargo recognition
(Martinez-Vicente et al., 2010).

Fyn and c-Src, two members of the SKF, are involved in several cellular
processes, specifically regulation of neuronal ion channels activity, cell
differentiation, signal transduction and general metabolism (Roskoski, 2015;
Wang et al., 2005). SKF proteins can be directly and indirectly activated by H,O,,
since they are redox-sensitive (Chojnacka and Mruk, 2015). Interestingly, c-
Src/Fyn kinases were identified in the intermembrane space of highly purified rat
brain mitochondria (Salvi et al., 2002). Moreover, c-Src/Fyn modulated brain
mitochondrial respiration through phosphorylation of complexes I, lll and IV
(Ogura et al., 2012).

Indeed, increased ROS production and mitochondrial dysfunction are
important features of HD ethiopatogenesis, while c-Src and Fyn proteins have
several important roles in mitochondrial normal function and can be activated by
ROS. However, the involvement of Src/Fyn in HD pathogenesis is still largely
unexplored. In the context of mMHTT expression, a previous study described the
role of Src in Tyr phosphorylation of GIuUN2B subunits only (Song et al., 2003).
Herein, we determined the changes in c-Src/Fyn total and
activated/phosphorylated protein levels in several HD models, analysed their
degradation process and determined the role of Src/Fyn kinases in HD-
associated mitochondrial impairment. Our results evidence a decrease in Src and
Fyn levels in HD due to autophagy degradation; this coincides with altered
mitochondrial morphology and impaired function, and enhanced ROS levels.
Importantly, data point out the therapeutic potential of modulating Src/Fyn
activation/levels to alleviate HD cytopathological features.
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4.3. RESULTS

4.3.1. ENHANCED SRC AND FYN PROTEIN DEGRADATION IN DIFFERENT
HD MODELS

The SKF members have not been thoroughly explored before in the context of
HD. Therefore, we first analysed c-Src and Fyn total and activated levels, the
later using an anti-P-Tyr416-SKF antibody, in several models of HD by Western
blotting and immunocytochemistry. Postmortem human caudate from HD
patients presented reduced c-Src and Fyn total levels, when compared to control
individuals (Figure 4.1A,B).
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Figure 4.1 | c-Src and Fyn Total and Phosphorylated levels are reduced in different HD
models. c-Src/Actin (A,C,E,H), Fyn/Actin (B,F,lI) and P(Tyr416)SKF/Actin (D,G,J) were
analysed by western blotting in total extracts from postmortem human caudate brain
samples from control and HD patients (grade II-lll, A,B), total extracts from human
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heterozygous HD lymphoblasts expressing 42 to 49 CAG repeats in HTT gene (C,D),
total extracts of primary striatal neurons obtained from the yeast artificial chromosome
(YAC) bearing 128 CAG repeats in the human HTT gene (E-G), total extracts from Q7
vs. Q111 striatal cells (H-J). Data are expressed in arbitrary units relative to Actin as the
mean £ SEM of 4 to 10 independent experiments. The levels of c-Src (K), Fyn (L) and
P(Tyr4d16)SKF (M) were also evaluated by immunocytochemistry using confocal
microscope and Image J software in Q7 vs. Q111 cells. Confocal images were obtained
with a 63x objective in confocal microscope Zeiss LSM 710 (N, scale bar: 10 um). Data
are presented as the mean + SEM of 4 independent experiments considering ~8
cells/condition. In (O-P) Q7 and Q111 cells were incubated with 350 uM cycloheximide
for 3, 6, 12 or 24 h and the levels of ¢c-Src/Actin (O) and Fyn/Actin (P) were evaluated by
Western blotting in total extracts. Data are expressed in arbitrary units relative to Actin
as the mean = SEM of 3 to 4 independent experiments. Statistical analysis: (A—M) 'p <
0.05, "'p < 0.01, and ™p < 0.0001 versus control conditions (nonparametric Mann Whitney
test). (O,P) *p < 0.05, **p < 0.01 versus untreated Q7 cells (two-way ANOVA, followed
by Sidak's Multiple Comparison as post hoc test).

No significant changes were observed in postmortem human parietal cortex from
HD patients (Figure 4.2A,B). Moreover, in peripheral cells, namely lymphoblasts
derived from HD affected patients containing heterozygous expansion mutation,
we observed a significant decrease in the levels of P-Tyr416-SKF when
compared with unaffected voluntary control siblings, suggesting reduced
activated Src and Fyn, and a trend for decreased total c-Src protein levels (Figure
4.1C,D).
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Figure 4.2 | c-Src and Fyn Total levels in HD human parietal cortex postmortem tissue. c-
Src/Actin (A) and Fyn/Actin (B) were determined by western blotting in total extracts from
parietal cortex human postmortem brain samples derived from control individuals and
HD patients (grades lI-Ill). Data are expressed in arbitrary units relative to Actin as the
mean = SEM of 5 independent analyses.
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Primary striatal neurons from YAC128 transgenic mice (Figure 4.1E-G) also
evidenced decreased in both c-Src and Fyn total and phosphorylated/active
protein levels. Similar results were observed in knock-in striatal STHdh®" V&
cells (hereafter Q111 cells) by Western blotting (Figure 4.1H-J), and
immunocytochemistry (Figure 4.1K-N), when compared to Q7/control cells.
Moreover, striatal and cortical tissue isolated from 3 month-old YAC128
transgenic mice, at early-symptomatic stage, presented reduced total and
phosphorylated Fyn levels (Figure 4.3A-F). Altogether, data indicate diminished
c-Src/Fyn total levels and activation consistently across different human and

mouse HD models.
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Figure 4.3 | Total Fyn and phosphorylated SKF levels are reduced in striatal and cortical
total extracts from 3 month-old YAC128 mice. c-Src/Actin (A,D), Fyn/Actin (B, E) and
p(Tyr416)SKF/Actin (C,F) levels were analysed by western blotting in total extracts from
striatal (A-C) and cortical (D-F) tissue from WT and YAC128 mouse brain. Data are
expressed in arbitrary units relative to Actin as the mean £ SEM of 5 to 7 animals through
independent determinations. Statistical analysis: 'p < 0.05 versus WT (nonparametric
Mann Whitney test).

SKF members have been reported to act as redox-sensitive Tyr kinase, regulated
by H2O,. Considering that our results evidence an impairment in c-Src/Fyn
activation in HD models, we evaluated c-Src/Fyn response to oxidative stress in
Q7/Q111 cells (Figure 4.4). Cells were exposed to 100 uM H,O; for 30 min and
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1 hour and levels of total and Tyr416 phosphorylated c-Src/Fyn were measured
in total extracts. Our results evidence significant increased total Fyn and
phosphorylated SKF levels after H,O, exposure (1 hour) in Q7 cells, while no
differences were disclosed in Q111 cells, reinforcing the idea of an impairment in

the activation pathway of SKF in this model.
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Figure 4.4 | Total Fyn and phosphorylated SKF levels are increased only in Q7 cells after
exposure to H202. c-Src/Actin (A), Fyn/Actin (B) and p(Tyr416)SKF/Actin (C) levels were
determined by Western blotting in total extracts from Q7 vs. Q111 cells after H202
exposure (100 uM) for 30 min and 1 h. Data are expressed in arbitrary units relative to
Actin as the mean = SEM of 7-9 independent analyses. Statistical analysis: *p < 0.05
versus Q7 cells without treatment (two-way ANOVA, followed by Sidak's Multiple
Comparison as post hoc test).
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To assess whether reduced c-Src/Fyn protein levels in HD models are related to
decreased gene expression, we evaluated c-Src and Fyn mRNA levels. No
differences between Q7 and Q111 cells or between YAC128 and WT primary
striatal neurons were observed regarding c-Src and Fyn mRNA levels (Figure
4.5), indicating that decreased SKF levels is unrelated with altered gene
transcription. Therefore, we then assessed c-Src/Fyn protein degradation kinetics
using the cycloheximide (CHX, a protein synthesis inhibitor) chase assay (Figure
4.10,P). Our results show a significant decrease in c-Src and Fyn total levels in
Q111, when compared to Q7 cells, after 3 and 6 hours CHX treatment, which is
maintained thereafter, indicating increased c-Src/Fyn protein degradation in

mutant/Q111 cells.
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Figure 4.5 | c-Src and Fyn mRNA levels in primary striatal neurons from WT and YAC128
mice and Q7 and Q111 cells. mMRNA levels of c-Src and Fyn were analysed by real-time
gPCR, in primary neurons from WT and YAC128 mice (A,B), as well as in Q7 and Q111
striatal cells (C,D). Data are presented as the mean + SEM of at least 3 independent
experiments.

4.3.2. FYN AND c-SRC PROTEINS ARE DEGRADED DUE TO ENHANCED
AUTOPHAGY IN CELLS EXPRESSING MHTT

Since our data evidenced higher c-Src/Fyn protein degradation in Q111 cells, we
further analysed the involvement of protein degradation systems, namely endo-
lysosomal, autophagy pathway and ubiquitin-proteasome system (UPS).

In Figure 4.6A,B, epoxomicin (selective UPS inhibitor) was used to assess the
role of UPS in c-Src/Fyn degradation. Our results show that UPS seems to be
involved in kinases degradation in Q7 cells only. In Q111 cells, UPS does not
seem to be involved in kinases degradation, since no significant increase in
protein accumulation was observed in the presence of epoxomicin (Figure
4.6A,B).

Autophagy pathway activation was evaluated at early and late phases. Early
phase was assessed using 3-MA, which inhibits autophagy by blocking
autophagosome formation via the inhibition of class Ill PI3K (Figure 4.6C,D),
while late phase was analysed using bafilomycin A1, a lysosome proton pump
inhibitor that prevents maturation of autophagic vacuoles by inhibiting fusion
between autophagosomes and lysosomes (Figure 4.6E,F). c-Src protein levels
are significantly increased in Q111 cells after incubation with 3-MA or bafilomycin
A1, while no changes were observed in Q7 cells, suggesting autophagy-related
degradation of Src in HD model (Figure 4.6C,E). Our results also evidence

increased degradation of Fyn by autophagy pathway in Q111 cells (Figure
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4.6D,F). Because Fyn levels are also increased after bafilomycin A1 exposure in
Q7 cells, we calculated the fold change over the respective control (Figure 4.6G),
confirming that Fyn protein is more degraded in Q111 cells by autophagy.
Concordantly, treatment with rapamycin, which increase cellular autophagy
through the inhibition of mMTOR, reduced the protein levels of c-Src (Figure 4.6H)
and Fyn (Figure 4.61) in Q111 cells only, confirming the role of autophagy in the
degradation of these two protein kinases in HD striatal cell model. Interestingly,
in striatal primary neurons from WT and YAC128 mice treated with bafilomycin
A1, the increase in c-Src and Fyn levels was only significant in YAC128 striatal
neurons (Figure 4.6L,M); however, this was not observed after 3-MA treatment
(Figure 4.6J,K), suggesting that degradation of these kinases in HD cells is
favored at the late phase of autophagy, by lysosomes. These results may explain
the decrease in c-Src and Fyn total and phosphorylated levels in HD cell models,

namely in striatal Q111 cells and YAC128 mouse primary neurons.
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Figure 4.6 | Autophagy is implicated in c-Src and Fyn degradation in HD cell models. Q7
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and Q111 cells were incubated with 200 nM epoxomicin for 24 h (A,B), 5 mM 3-MA for
4 h (C,D), 50 nM bafilomycin A1 for 24 h (E,F,G) and 200 nM rapamycin for 4 h (H,l) and
the levels of c-Src/Actin (A,C,E,H) and Fyn/Actin (B,D,F,l) were evaluated by Western
blotting in total extracts from Q7 vs. Q111 cells. Data are expressed in arbitrary units
relative to Actin as the mean + SEM of n = 3 to 8 independent experiments. (G) shows
the fold change over respective control of Fyn/Actin levels after bafilomicyn A1
incubation. Primary striatal neurons from WT and YAC128 mice were incubated with 5
mM 3-MA for 4 h (J,K), 50 nM bafilomycin A1 for 24 h (L,M) and the levels of c-Src/Actin
(J,L) and Fyn/Actin (K,M) were analysed by Western blotting in total cell extracts. Data
are expressed in arbitrary units relative to Actin as the mean + SEM of 3 to 5 independent
experiments. Statistical analysis: 'p < 0.05, "p < 0.01, and ™p < 0.0001 versus Q7 cells
or WT primary striatal neurons (nonparametric Mann Whitney test).

In order to confirm our hypothesis of enhanced degradation of c-Src/Fyn through
autophagy, we further analysed some key proteins in the autophagy process.
Cytosolic LC3-l is recruited to autophagosomal membranes, where is conjugated
to phosphatidylethanolamine forming LC3-Il. p62 is a selective autophagy
receptor with an ubiquitin-binding domain, able to recognize ubiquitinated cargo
designated for degradation. Q111 cells showed augmented levels of LC3-I/LC3-
| and significantly reduced levels of p62 protein, which accumulated in the
presence of bafilomycin A1 (Figure 4.7A-D), suggesting increased induction of
autophagy in mutant striatal cells. Regarding Beclin-1, which acts during the
initiation phase of autophagy by forming the isolation membrane, no significant
differences were found between Q7 and Q111 cells (Figure 4.7E,F), suggesting
that expression of mHtt does not impose changes in the initial steps of
autophagosome formation. Furthermore, we analysed lysosomal biogenesis in
HD cells. TFEB is an important mediator of autophagy regulation (Sardiello et al.,
2009). Translocation of TFEB into the nucleus occurs in situations of stress in
order to induce the expression of genes needed to activate and/or restore the
autophagy-lysosomal pathway (Settembre et al., 2012). Our data show an
increase in total and nuclear TFEB levels in Q111 cells (Figure 4.7G-l), which
suggests augmented TFEB activation in cells expressing mHtt. Additionally, we
measured LAMP1 levels, a lysosome-associated membrane protein, which
correlates with the number of lysosomes and can be used as a marker of
lysosomal biogenesis, a process regulated by TFEB. Consistent with TFEB data,
LAMP1 levels were also found to be augmented in Q111 cells (Figure 4.7J,K).

TFEB is activated by dephosphorylation and translocates to the nucleus where it

promotes the transcription of several genes involved in the autophagy-lysosomal
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pathway (Settembre et al., 2011), namely lysosomal cathepsin D (CTSD) and
ATP6VOA1. Q111 cells show increased CTSD mRNA levels (Figure 4.7L),
consistent with our data, showing augmented autophagy induction and increased
c-Src/Fyn autophagy-dependent degradation. Concordantly with these data, we
further show that autophagic flux is increased in Q111 cells (Figure 4.7N,0O).
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Figure 4.7 | Analysis of autophagy pathways in Q7 and Q111 cells. Q7 and Q111 cells were
incubated with 50 nM bafilomycin A1 for 24 h when indicated (B,D,F) and the levels of
LC3II/LC3I (A,B) and p62/Actin (C,D) and beclin/Actin (E,F) were evaluated by Western
blotting in total extracts from Q7 vs. Q111 cells. Data are expressed in arbitrary units
relative to Actin as the mean + SEM of 4 to 12 independent experiments. Nuclear (H)
and total (G) TFEB levels and total LAMP1 levels (J,K) were analysed by
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immunocytochemistry using confocal microscope and Image J software in Q7 vs. Q111
cells. Images were obtained with a 63x objective in Zeiss LSM 710 confocal microscope
(LK, scale bar: 10 ym). Data are presented as the mean + SEM of 4 independent
experiments considering ~10 cells/condition. mMRNA levels of CTSD and ATP6 were
analysed by real-time qPCR, in Q7 and Q111 cells (L,M). Data are presented as the
mean * SEM of at least 3 independent experiments. (N,O) Q7 and Q111 cells were
transfected with a specific plasmid (mMRFP-EGFP-LC3) which allows the estimation of
the autophagic flux as well as LC3 autophagy degradation rate. The GFP/RFP ratio
represents the autophagic flux. Images were obtained with a 63x objective in Zeiss LSM
710 confocal microscope (O, scale bar: 10 um). Data are presented as the mean + SEM
of 3 independent experiments considering ~6 cells/condition. Statistical analysis: 'p <
0.05, "p < 0.01 and ™p < 0.0001 versus control (nonparametric Mann Whitney test).

4.3.3. TOTAL AND PHOSPHORYLATED FYN LEVELS ARE DECREASED IN
HD MITOCHONDRIA

c-Src/Fyn were previously shown to be located in mitochondria and their activity
at complex |, lll, and IV is crucial to maintain normal mitochondrial respiration and
cell survival (Arachiche et al., 2008; Ogura et al., 2012).

Because our results evidence a consistent decrease of Fyn protein levels in
several HD models, we analysed Fyn protein and phosphorylated SKF levels co-
localization with mitochondria in Q7/Q111 cells and primary striatal neurons from
WT and YAC128 mice, as well as in isolated mitochondria from WT and YAC128
mouse brain striata (Figure 4.8). Results show a significant decrease in Fyn and
phosphorylated co-localization with mitochondria in Q111 cells (Figure 4.8A-C),
YAC128 striatal primary neurons (Figure 4.8D-F) and in mitochondria isolated
from 3 month-old YAC128 mouse striatum (Figure 4.8G,H), when compared with

the respective controls.
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Figure 4.8 | Fyn total and phosphorylated levels co-localized with mitochondria are reduced
in HD cells and in isolated striatal mitochondria. Fyn(A,D) and P(Tyr416)SKF (B,E) co-
localization with mitochondria was analysed by immunocytochemistry using confocal
microscope and Image J software in Q7 vs. Q111 cells (A-C) and primary striatal neurons
from WT and YAC128 mice (D-F). Mitochondria were labeled after transfection with
MitoDsRed plasmid. Images were obtained with a 63x objective in Zeiss LSM 710
confocal microscope (C,F, scale bar: 10 um). Data are presented as the mean + SEM of
4 independent experiments considering ~6 to 12 cells/condition. Fyn/VDAC1 (G) and
P(Tyr4d16)SKF/VDAC (H) levels were determined by Western blotting in isolated
mitochondrial extracts from striatal brain tissue of WT and YAC128 mice. Data are
expressed in arbitrary units relative to VDAC as the mean £+ SEM of 5 to 7 independent
experiments. Statistical analysis: 'p < 0.05, and ™p < 0.0001 versus Q7 cells or WT
primary striatal neurons (nonparametric Mann Whitney test).
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4.3.4. CONSTITUTIVE ACTIVE SKF AMELIORATES MITOCHONDRIAL
MORPHOLOGY INDEPENDENTLY OF MITOPHAGY IN HD CELLS

Considering our data showing reduced levels of Fyn associated with
mitochondria, the fact that mHTT affects mitochondrial morphology and trafficking
in different HD models (Naia et al., 2021; Napoli et al., 2013), as well as the
involvement of SKF in regulating mitochondrial function (Arachiche et al., 2008;
Ogura et al.,, 2012), we next evaluated the involvement of SKF proteins in
mitochondrial morphology in HD cells (Figure 4.9).

HD mitochondrial morphology was assessed in Q7/Q111 cells (Figure 4.9A-D)
and striatal primary neurons from WT and YAC128 mice (Figure 4.9E-H)
following transfection with a constitutively active form of the SKF, Y527F. The
Y527F mutation blocks the formation of the closed state of SKF proteins which is
repressive, leading to a constitutive active form of these proteins (Irtegun et al.,
2013). In accordance with previous published data, we observed a decrease in
mitochondrial perimeter and in mitochondrial aspect ratio, accompanied by an
increase in mitochondrial roundness in both Q111 cells and YAC128 striatal
neurons, when compared to WT cells (Figure 4.9). Importantly, expression of
Y527F SKF in Q111 cells restored mitochondrial perimeter (Figure 4.9B),
roundness (Figure 4.9C) and aspect ratio (Figure 4.9D). Similar results were
observed in mitochondria located at proximal neurites in YAC128 striatal neurons
following expression of Y527F SKF, reestablishing mitochondrial perimeter
(Figure 4.9F _upper), roundness (Figure 4.9G_upper) and aspect ratio (Figure
4.9H_upper). In distal neurites, the ameliorated effect of Y527F SKF in YAC128
neurons was only significant when assessing mitochondrial roundness (Figure
4.9G_lower). In this way, enhanced levels of SKF active form positively influence

mitochondrial morphology in striatal cells expressing mHTT.
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Figure 4.9 | Overexpression of activated SKF restores mitochondrial morphology in HD cell
models. Mitochondrial perimeter (B,F), roundness (C,G) and aspect ratio (D,H) were
analysed for categorization of mitochondrial morphology by immunocytochemistry using
confocal microscope and Image J software in Q7 vs. Q111 cells (A-D) and striatal
neurons from WT and YAC128 mice (E-H). Mitochondria were labeled using targeted
MitoDsRed. Confocal images were obtained with a 63x objective in confocal microscope
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Zeiss LSM 710 (A,E, scale bar: 10 ym). Data are presented as the mean + SEM of 4
independent experiments considering ~6 to 12 cells/condition. Statistical analysis: 'p <
0.05, "p < 0.01, "p < 0.001 and ™p < 0.0001 versus Q7 cells or Q111+GFP
(nonparametric Mann Whitney test). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001 versus WT primary striatal neurons or YAC128+GFP (two-way ANOVA, followed
by Sidak's Multiple Comparison as post hoc test).

Since mitophagy is the primordial process for mitochondrial quality control and
recycling, and it can be related to altered mitochondrial morphology (Twig and
Shirihai, 2011), we analysed mitophagy in HD cells. The (PTEN)-induced putative
kinase 1 (PINK1)/ Parkin (an E3 ligase)-dependent pathway is the most well
characterized signalling cascade. PINK1 is stabilized in the MOM, and its auto-
phosphorylation induces the recruitment of Parkin to the mitochondrial surface
(Kazlauskaite et al., 2015). Once stabilized in the mitochondrial surface, Parkin
ubiquitinates MOM proteins, promoting their degradation as well as their
association with downstream autophagy adaptors, such as p62 and LC3-l
(Narendra et al., 2008). Q111 cells showed increased levels of PINK1 (Figure
4.10A), Parkin (Figure 4.10B), LC3 (Figure 4.10C) and Ubiquitin (Figure 4.10D)
in mitochondria, suggesting augmented mitophagy initiation in mHtt-expressing
cells. To confirm this observation, we analysed MitoKeima red/green
fluorescence, an index of mitophagic flux, as mitochondria that undergo
degradation by the lysosome are red (Sun et al., 2017). Data show augmented
mitophagy in Q111 cells, however, restoration of SKF levels did not affect
mitophagy flux in both cells (Figure 4.10E), Q7 and Q111, which suggests that
c-Src/Fyn-mediated mitochondrial changes are not regulated by mitophagy.
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Figure 4.10 | Analysis of mitophagy in Q7 and Q111 cells. Mitochondrial levels of PINK1
(A), Parkin (B), LC3 (C) and Ubiquitin (D) were analysed by immunocytochemistry using
confocal microscope and Image J software in Q7 vs. Q111 cells. Mitochondria were
labeled after transfection with MitoDsRed plasmid. Images were obtained with a 63x
objective in Zeiss LSM 710 confocal microscope (scale bar: 10 ym). Data are presented
as the mean + SEM of 3 independent experiments considering ~6 cells/condition. (E) Q7
and Q111 cells were transfected with a specific plasmid (pHAGE-mt-mKeima plasmid or
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mito- Keima). Under neutral pH (in the cytosol), mitochondria are marked with green
fluorescence, whereas under acidic pH (in the lysosomes), mitochondria are red. Images
were obtained with a 63x objective in Zeiss LSM 710 confocal microscope (scale bar: 10
pm). Data are presented as the mean + SEM of 4 independent experiments considering
~6 cells/condition. Statistical analysis: 'p < 0.05, "p < 0.01, ™p < 0.001 and ™p < 0.0001
versus control (nonparametric Mann Whitney test).

4.3.5. RESTORATION OF ACTIVE SKF ALLEVIATES HD MITOCHONDRIAL
DYSFUNCTION

Our group has previously shown that Q111 cells exhibit mitochondrial
depolarization and excessive levels of ROS. Thus, we next studied the influence
of expression of constitutive active SKF on mitochondrial function in HD cell
models.

Expression of Y527F SKF enhanced TMRM® mitochondrial accumulation, as
evaluated after mitochondrial depolarization with FCCP, in both Q111 striatal
cells (Figure 4.11A) and YAC128 striatal proximal neurites (Figure 4.11B,C),
indicating a recovery in Ay, in mutant cells. As anticipated, decreased Ay, was
accounted for by impaired mitochondrial basal and maximal respiration and ATP
production, as observed in Q111 cells (Figure 4.11E,F). Y527F SKF expression
slightly but significantly improved mitochondrial basal respiration and ATP
production in Q111 striatal cells (Figure 4.11E). Interestingly, the SKF inhibitor
SU6656 decreased mitochondrial basal and maximal respiration, as well as ATP
production in Q7 cells, but not in Q111 cells (Figure 4.11F), indicating that SKF
inactivation impairs mitochondrial function in control cells. These data reinforce
the important role of SKF activation for normal mitochondrial function and the link
between impaired mitochondrial function and reduced SKF levels associated with
the organelle.
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Figure 4.11 | Expression of constitutive active SKF improves mitochondrial function in HD
models. Mitochondrial membrane potential was measured using TMRM+ under
quenching (A) and non-quenching conditions (B-D). Units of fluorescence were
monitored before and after exposure to 1 yM FCCP. In Q7 and Q111 cells (A)
mitochondria membrane potential was evaluated by monitoring the fluorescence using a
microplate reader Spectrofluorometer Gemini EM. In primary striatal neurons from WT
and YAC128 mice, proximal (B) and distal (C) neurites mitochondria membrane potential
was evaluated by monitoring the fluorescence using fluorescence microscopy. In D:
representative images obtained in YAC128 and WT mouse neurons subjected to GFP
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or Y527F SKF+GFP expression, where TMRM+ (in red) fluorescence was acquired
before and 1 min after exposure to FCCP (2 uM, scale bar: 10 ym). Data are presented
as the mean + SEM of 3 independent experiments considering ~4 cells/condition.
Oxygen consumption rate (OCR) was evaluated by Seahorse analyzer in Q7 and Q111
cells subjected to expression of activated/Y527F SKF (E) or in the presence of SU6656
(5 uM) (F). Basal respiration, maximal respiration and oligomycin-dependent ATP
production were calculated relative to Q7 cells. Data are presented as the mean £ SEM
of 4 independent experiments considering ~3 wells/condition. Statistical analysis: *p <
0.05, ****p < 0.0001 versus Q7 cells or WT primary striatal neurons (two-way ANOVA,
followed by Sidak's Multiple Comparison as post hoc test); tp < 0.05, ttp < 0.01 and tttp
< 0.001 versus Q7 cells (nonparametric Mann Whitney test).

4.3.6. EXPRESSION OF ACTIVE SKF DECREASES MITOCHONDRIAL AND
TOTAL REACTIVE SPECIES LEVELS AND APOPTOSIS IN HD
STRIATAL CELLS

Since oxidative stress and mitochondrial dysfunction are closely related in HD,
we measured the specific mitochondrial O, in single cells using the fluorescent
probe MitoSOX. Q111 cells (GFP transfected) exhibited increased O, levels
when compared to Q7 cells (Figure 4.12A,B), as previously described by our
group (Ribeiro et al., 2013). Importantly, expression of the constitutive active form
of SKF (GFP plus Y527F SKF transfected cells) significantly reduced
mitochondrial O, levels in Q111 cells. Similar results were observed in both
proximal and distal neurites of YAC128 mouse striatal neurons subjected to
Y527F SKF expression (Figure 4.12C-E). Concordantly, restoration of
active/Y527F SKF levels decreased cellular generation of HO, in Q111 cells
(Figure 4.12F).
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Figure 4.12 | Expression of activated SKF decreases mitochondrial and total ROS levels
and reduces apoptosis in HD models. Single cell analysis of mitochondrial ROS was
followed by MitoSox Red fluorescence in GFP and GFP+Y527F transfected striatal cells,
namely Q7 and Q111 cells (A,B) and striatal neurons derived from WT and YAC128 mice
(C-E); representative images are shown in B,E (scale bar: 10 ym). Data the mean + SEM
of 4 independent experiments considering ~4 to 8 cells/condition. H202 production was
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analysed by monitoring the fluorescence of resorufin using AmplexRed (F) in Q7 and
Q111 cells. Results were plotted as the slope differences relatively to control/GFP
expressing Q7 cells; the graph in the right displays representative line charts of all
experimental conditions. Data are expressed as the mean £ SEM of 5 to 6 experiments,
run in quadruplicates. Analysis of Q7 and Q111 cells undergoing apoptosis (G) was
determined by fluorescence microscopy following nuclei staining with Hoechst 33342.
Caspase3-cleaved/activated levels (H) were analysed by immunocytochemistry using
confocal microscope and Image J software in Q7 vs. Q111 cells. Images were obtained
with a 63x objective in Zeiss LSM 710 confocal microscope (I, scale bar: 10 um). Data
are presented as the mean + SEM of 3 independent experiments. Statistical analysis: *p
<0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 versus Q7 cells or WT primary striatal
neurons (two-way ANOVA, followed by Sidak's Multiple Comparison as post hoc test).

Furthermore, NO levels and overall redox changes were ameliorated after
expression of constitutive active (Y527F) SKF (Figure 4.13). These data confirm
augmented levels of reactive species in Q111/HD cells. Following SFK
overexpression, we observed a tendency for a decrease in NO levels and a
significant decrease in redox mechanisms, confirming the involvement of reduced

c-Src/Fyn levels on redox signaling in HD.
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Figure 4.13 | Nitric oxide and redox modifications in Q7 and Q111 cells. NO levels (A) and
redox changes (B) were analysed by monitoring the fluorescence of DAF2-DA and
H,DCFDA, respectively, in Q7 and Q111 cells. Results were plotted as the slope
differences relatively to control/Q7 cells. Data are expressed as the mean + SEM of 5
experiments, run in triplicates. Statistical analysis: ‘p < 0.05 and "p < 0.01 versus Q7
Control or Q111 Y527F (nonparametric Mann Whitney test).
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Significantly, Q111 cells expressing a constitutively active form of the SKF
displayed a significant reduction in the number of apoptotic cells, as determined
by nuclear condensation using Hoechst staining (Figure 4.12G), but there were
no evidences of necrosis (Figure 4.14). Additionally, we validated apoptosis
modulation following c-Src/Fyn restored levels in HD cells through decreased
caspase3-cleaved/active levels (Figure 4.12H,1).

Altogether, these data evidence that SKF activation is essential for mitochondrial
activity and cell survival in cells expressing mHTT/mHtt by ameliorating
mitochondrial function and morphology, and limiting the levels of oxidant species.

Q7-CTL Q7-H,0, Q111-CTL Q111-H,0,

Merge Merge Merge Merge

Figure 4.14 | H202 incubation is needed to induce necrosis in Q7 and Q111 cells. Q7 and
Q111 cells were incubated with 150 yM H,O; for 3 h, when indicated, and Hoechst and
propidium iodide fluorescence were evaluated. Confocal images were obtained with a
20x objective in confocal microscope Zeiss LSM 710 (scale bar: 100 ym).

Hoechst
apipol wnipidoad
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4.4. DISCUSSION

In the present study we provide evidence that two SKF members, c-Src
and Fyn kinases, are reduced in several HD models, and that expression of
constitutive active form of SKF is neuroprotective against mHTT-induced
mitochondrial dysfunction and enhanced ROS levels. Indeed, we show a
decrease in c-Src and Fyn protein levels, and in their activation in human brain
caudate, YAC128 mouse brain striatum and cortex at early stages, YAC128
striatal neurons and Q111 striatal cell lines.

mHTT aggregates are ubiquitinated (DiFiglia et al., 1997), reflecting a
generalized deficiency in UPS and decreased degradation of mHTT through this
pathway. Indeed, different HD models show decreased UPS function, suggesting
that proteasome sequestration by mHTT aggregates is responsible for altered
UPS activity (Li and Li, 2011). To maintain normal proteostasis under conditions
of UPS failure, autophagy can be upregulated (Pandey et al., 2007). Under
normal conditions regulation of SKF protein levels occurs mainly through the
proteasome (Harris et al., 1999), and we were able to confirm it in control/wild-
type cells. Conversely, our results evidence a higher degradation of c-Src and
Fyn proteins through (macro)autophagy pathway, as confirmed by using selective
autophagy inhibitors, in cells expressing full-length mHTT, namely Q111 cells and
YAC128 striatal neurons. In accordance, our data also show augmented TFEB-
mediated autophagy induction, and autophagy flux linked to increased c-Src/Fyn
autophagy-dependent degradation.

Fyn kinase was previously identified at the intermembrane space of highly
purified rat brain mitochondria (Salvi et al., 2002), playing a key role in normal
mitochondrial function (Ogura et al., 2012). In this study, we show, for the first
time, that Fyn total and phosphorylated levels are reduced in YAC128 mouse
striatal isolated mitochondria. We also show decreased co-localization of Fyn
with mitochondria in striatal neurons or Q111 striatal cells. Since SKF do not
contain a typical mitochondrial localization signal, adaptor proteins appear to be
required for interaction with the organelle. Several studies revealed that two
anchoring proteins of PKA, A Kinase Anchor Protein 121 (AKAP121) and Dok-4,
can associate with Src both in the cytosol and mitochondria (Itoh et al., 2005;
Alessandra Livigni et al., 2006). Moreover, AKAP121 was observed in the
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mitochondrial inner membrane bound to SKF proteins (Sardanelli et al., 2006).
However, AKAP121 or Dok-4 proteins have not been studied in the context of
HD. Decreased co-localization of c-Src and Fyn protein with mitochondria might
be related not only with increased autophagic degradation, but also with reduced
interaction with mitochondrial proteins and/or mitochondrial translocation. This
might occur similarly as described for the HD transgenic R6/2 mouse model
showing defective protein import to mitochondria, as an early defect found in the
forebrain, since mHTT interacts with TIM23 mitochondrial protein import complex
(Yano et al., 2014). Additionally, although mitophagy is an important regulator of
mitochondrial morphology (Twig and Shirihai, 2011) and our data suggest that
mitophagy initiation is augmented in Q111 cells, c-Src/Fyn-mediated
mitochondrial changes are not regulated by mitophagy.

Mitochondrial dysfunction and related oxidative stress is a well
characterized early relevant HD pathogenic mechanism. Indeed, impaired
OXPHOS, abnormal Aym, oxidative stress, accompanied by modifications in
mitochondrial morphology, favors the accumulation of damaged mitochondria in
HD models, and ultimately extends to cell death. In this work we confirm
mitochondrial morphology and function impairments as well as increased
apoptosis in HD in in vitro models. Importantly, our findings evidence a restoration
of mitochondrial morphology and function after the re-establishment of active
SKF levels in both Q111 cells and YAC128 mouse striatal neurons. Of relevance,
mitochondrial complexes are c-Src/Fyn substrates, and mitochondrial respiration
is dependent on c-Src/Fyn-mediated phosphorylation of respiratory chain
components, namely complex |, lll, and IV (Arachiche et al., 2008; Ogura et al.,
2012). Moreover, mitochondrial SKF activation is essential for cell survival
(Arachiche et al., 2008; Ogura et al., 2012). Additionally, Fyn was associated with
large complexes in mammalian mitochondria, including ribosomes and other
translation components (Koc et al., 2017). The same authors showed that Fyn
regulates mitochondrial translation by phosphorylation of its multiple
components, and thus, stimulates energy generation in mammalian mitochondria
(Koc et al., 2017). Our results are in accordance with these findings. Indeed, we
show that active SKF expression restores mitochondrial morphology
(mitochondrial perimeter, roundness and aspect ratio) and improves Aym as well
as mitochondrial respiratory through augmented basal respiration and ATP
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production. Conversely, SKF inhibition is enough to induce HD-like mitochondrial
phenotype, which evidence the mitochondrial-related SKF role under normal
conditions. Moreover, expression of active SKF reduced mitochondrial ROS
levels and augmented cell viability in cells expressing mHTT. The positive impact
of SKF expression on mitochondrial reactive species and on decreased number
of apoptotic cells and reduced caspase3-cleaved/active levels are probably due
to its effect on mitochondrial function. Thus, this study discloses an essential role
of SKF in regulating mitochondrial function in HD, potentially influencing disease
progression (Figure 4.15).
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Figure 4.15 | Src kinase family proteins as important molecules in Huntington’s
Disease. SKF are reduced in several HD models, including in mitochondria, due to
degradation through autophagy. Restauration of SKF constitutive active levels improves
mitochondrial morphology and function, augmenting mitochondrial transmembrane
potential, basal respiration and ATP production, as well as decreasing the levels of
reactive/oxidant species, namely ROS.

Our study provides the first evidence that c-Src and Fyn proteins are reduced
in HD models, including in HD mitochondria. c-Src and Fyn proteins are
decreased in HD due to degradation through autophagy. Moreover, reduced c-
Src and Fyn protein levels is accompanied by a decrease in c-Src/Fyn active
form(s). Decreased Fyn mitochondrial co-localization correlates with HD-related
mitochondrial dysfunction and altered morphology, and increased
reactive/oxidant species levels. Importantly, restoration of active SKF levels
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significantly alleviates mHTT-induced mitochondrial deregulation. Therefore, c-
Src and Fyn may constitute essential proteins which deficits contribute for HD
etiopathogenesis and thus should be considered as potential HD therapeutic
target(s) (Figure 4.15).
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5.1. SUMMARY

NMDAR are important postsynaptic receptors that contribute to normal synaptic
function and cell survival; however, when overactivated, as in HD, NMDARs
cause excitotoxicity. HD-affected striatal neurons show altered NMDAR currents
and augmented ratio of surface to internal GluN2B-containing NMDARs, with
augmented accumulation at extrasynaptic sites. Fyn protein is a member of the
SKF with an important role in NMDARs phosphorylation and synaptic localization
and function; recently, we demonstrated that Fyn is reduced in several HD
models. Thus, in this study, we aimed to explore the impact of HD-mediated
altered Fyn levels at PSD, and their role in distorted NMDARs function and
localization, and intracellular neuroprotective pathways in YAC128 mouse
primary striatal neurons. We show that reduced synaptic Fyn levels and activity
in HD mouse striatal neurons is related with decreased phosphorylation of
synaptic GIuN2B-composed NMDARs; this occurs concomitantly with
augmented extrasynaptic NMDARs activity and currents and reduced CREB
activation, along with induction of cell death pathways. Importantly, expression of
a constitutive active form of SKF reestablishes NMDARs localization,
phosphorylation and function at PSD in YAC128 mouse neurons. Enhanced SKF
levels and activity also promotes CREB activation and reduces caspase-3
activation in YAC128 mouse striatal neurons. This work supports, for the first
time, a relevant role for Fyn protein in PSD modulation, controlling NMDARs
synaptic function in HD, and favoring neuroprotective pathways and cell survival.
In this respect, Fyn Tyr kinase constitutes an important potential HD therapeutic
target directly acting at PSD
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5.2. INTRODUCTION

HD is an autosomal dominant progressive neurodegenerative disorder that
affects mainly the striatum (caudate and putamen) and later the cortex
(Sieradzan and Mann, 2001). HD is characterized by psychiatric and behavioral
disturbances, such as motor impairment, psychiatric symptoms, like obsessive-
compulsive disorder, depression and/or anxiety, cognitive decline and weight loss
(Morreale, 2015; Ross and Tabrizi, 2011). HD is caused by an abnormal
expansion of CAG repeat at the HTT gene, encoding for mHTT retaining a polyQ
extension at the N-terminus (Finkbeiner, 2011). mHTT has been associated with
protein conformational changes, aggregation and abnormal protein-protein
interactions (Morreale, 2015), which cause cytotoxicity, evidenced through
changes in gene transcription, synaptic dysfunction, NMDARSs overactivation,
decreased mitochondrial Ca** handling and organelle dysfunction, and increased
oxidative events, leading to neuronal death (Finkbeiner, 2011). NMDARs
involvement in HD pathogenesis is still not completely clear. HD-affected MSNs
show altered NMDAR currents as well as augmented ratio of surface to internal
GIluN2B-containing NMDARs, with augmented accumulation at extrasynaptic
sites (Milnerwood et al., 2010). Nonetheless, the mechanism underlying this
altered NMDARSs localization is largely unknown.

NMDARs are important postsynaptic receptors that contribute to normal
synaptic function and cell survival. Activation of synaptic NMDARs is associated
with augmented CREB-dependent gene expression. CREB is a signal-regulated
transcription factor, important for neuronal survival with important roles in several
processes, namely synaptic plasticity, neurogenesis, learning and memory.
Conversely, extrasynaptic NMDARs activation promotes cell death pathways
linked to dendritic blebbing, loss of mitochondrial membrane potential and CREB
shut-off pathway, with blockade expression of BDNF, a neurotrophin relevant for
survival of striatal neurons. Altered NMDAR function has been related to HD, as
documented by previous studies. Milnerwood and colleagues showed that
YAC128 HD mouse striatum presented increased extrasynaptic NMDAR
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expression and currents and reduced nuclear CREB activation, which was
reversed after NMDAR inhibition with memantine (Milnerwood et al., 2010).

Interestingly, intracellular mechanisms involved in HD pathogenesis, as
altered striatal glutamatergic synapses and mitochondrial dysfunction linked to
redox changes, are also relevant neuronal pathways modulated by c-Src and
Fyn, two ubiquitous proteins belonging to the SKF, predominantly located in
synaptic membranes (Goebel-Goody et al., 2009). c-Src and Fyn are broadly
expressed in the Central Nervous System (CNS), being enriched in striatal
neurons (Hattori et al., 2006), and have been implicated in brain neuronal
development, transmission, synaptic activity and plasticity in mammalian CNS,
being both kinases activated by H,O, (Chojnacka and Mruk, 2015). Importantly,
Fyn can be found in the PSD, concomitantly with components of the NMDAR
complex (Brugge et al., 1985). Fyn interacts and phosphorylates NMDARs and
postsynaptic scaffold proteins, as PSD95, to regulate synaptic transmission and
plasticity (Brugge et al., 1985). Moreover, Fyn phosphorylates NMDAR GIuN2B
subunit at Tyr1472, increasing receptor retention at the synapse, thus controlling
synaptic plasticity (Ai et al., 2013; Mota et al., 2014b). Several studies evidenced
depressed synaptic transmission in HD. Importantly, there is a clear evidence for
altered dendrite morphology in MSNs of HD patients, showing recurved endings
and appendages, altered spine density and abnormalities in dendritic spine size
and shape (Graveland et al., 1985). Moreover, Murmu and coworkers showed
that mHTT in R6/2 mice causes a progressive loss of persistent-type spines,
important for neuronal circuitry and long-term memory in the brain (Murmu et al.,
2015, 2013). Recently, we showed that c-Src/Fyn activation and total protein
levels are reduced in several human and mouse HD models mainly due to
autophagy degradation (8). Moreover, restoration of active SKF levels improves
mitochondrial morphology and function, namely through improved mitochondrial
transmembrane potential, mitochondrial basal respiration and ATP production,
diminishing ROS levels (Fao et al., 2022). Additionally, YAC128 mouse striatum
revealed increased synaptic activity of STEP, correlating with decreased GluN2B
phosphorylation at Tyr1472, reducing synaptic NMDARs by facilitating their
movement to extrasynaptic sites (Gladding et al., 2012).

Based on these findings, in this study we aimed to explore the impact of
HD-mediated altered Fyn levels on synaptic versus non-synaptic NMDARs
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function and localization, as well as intracellular neuroprotective pathways. Our
data reveal that SKF activation is important for normal synaptic function and
neuronal survival in neurons expressing mHTT by contributing for synaptic
NMDARs presence and function. Thus, synaptic modulation of Src/Fyn
activation/levels may constitute a therapeutic potential target in HD.

5.3. RESULTS

5.3.1. SYNAPTIC AND EXTRASYNAPTIC GLUN2B-COMPOSED NMDAR
ARE ALTERED IN EARLY HD STAGES

The two most common non-obligatory NMDAR subunits, GIuN2B and GIuN2A,
predominate in the striatum (Landwehrmeyer et al., 2018) and have differential
roles in synaptic plasticity and NMDARs function in adult cortex, as well as,
different patterns of expression at PSD (Massey et al., 2004).

Thus, we initially determined the relative levels of GIluN2B and GIuN2A NMDARs
in striatum from YAC128 mouse model at 3, 6 and 12 months of age (Figure
5.1A-C). Total GIuN2A levels were significantly increased at 6 months of age, but
not at 3 or 12 months of age in the striatum of YAC128 mice (Figure 5.1A),
whereas total GIuN2B levels were not significantly altered at 3-12 months of age
(Figure 5.1B).

GIuN2B phosphorylation at Tyr1472 by SKF is associated with enrichment of
synaptic NMDAR (Goebel-Goody et al., 2009). We observed a significant
decrease in Tyr1472 phosphorylation of GIuUN2B subunit in the striatum of 3
month-old YAC128 mice, a relative presymptomatic stage, when compared to
WT mice (Figure 5.1C). Similar results were observed in primary striatal neurons
from YAC128 mice (Figure 5.1D-F), which may suggest that in early HD stages
NMDARSs’ retention at the synapse is altered, potentially contributing for modified
synaptic function in HD.

To confirm these results we analyzed co-localization of total and phosphorylated
levels of GIluN2B-containing NMDARs with PSD or non-PSD sites (defined by co-
localization or not with PSD-95, respectively) as described in (Milnerwood et al.,

2010), from the soma to proximal (<50 um) or distal neurites (<50 um) in primary
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striatal neurons, as identified in (Fao et al., 2022). In accordance with published
data, YAC128 mouse striatal neurons showed reduced GIuN2B-NMDARs levels
at the synapse and augmented in the non-synaptic portion (Figure 5.1G), both in
proximal and distal neurites. Tyr1472 phosphorylation of GIuN2B subunit was
reduced both in PSD and non-PSD compartments in HD neurons (Figure 5.1H),
indicating that this NMDARSs subunit is less phosphorylated. Additionally, primary
striatal neurons showed reduced PSD-95 levels and puncta (Figure 11), which
suggests decreased PSD number and potential synaptic pruning in HD striatal

neurons.
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Figure 5.1 | Altered GIuN2A- and GluN2B-composed NMDARs levels in HD models.
GIuN2A/Actin (A,D), GIuN2B/Actin (B,E) and P(Tyr1472)GIuN2B/Actin (C,F) were
analysed by Western blotting in total extracts obtained from striatal tissue from WT and
YAC128 mouse brain (A-C) and total extracts obtained from primary striatal mouse
YAC128 and WT neurons (D-F). Data are expressed in arbitrary units relative to Actin
as the mean £ SEM of 5 to 7 independent experiments. The levels of GIuN2B (G) and
P(Tyr1472)GIuN2B (H) in co-localization with PSD-95, or out of PSD, as well as, the
levels and number of puncta of PSD-95 (I), were evaluated by immunocytochemistry, in
proximal (from soma to 50um) and distal (more than 50um) neurites, using confocal
microscope and Image J software in YAC128 vs. WT striatal neurons. Confocal images
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were obtained with a 63x objective in confocal microscope Zeiss LSM 710 (scale bar: 10
pm). Data are presented as the mean + SEM of 4 independent experiments considering
~5 to 8 cells per condition per culture. Statistical analysis: 'p < 0.05, "p < 0.01,"p <
0.001, and ™p < 0.0001 versus control conditions, by nonparametric Mann Whitney test.

5.3.2. FYN TOTAL AND PHOSPHORYLATED LEVELS ARE REDUCED IN
PSD OF HD NEURONS

Fyn play a relevant role in regulating dendritic spine and synapse formation
(Grant and Silva, 1994; Maness, 1992). Furthermore, Fyn regulates learning and
memory through phosphorylation of NMDAR subunits, playing an important role
in synaptic plasticity (Jiang et al., 2008). Considering that Fyn phosphorylation of
GIuN2B at Tyr1472 is associated with enrichment of synaptic NMDARSs, when
compared with extrasynaptic membrane receptors receptors (Goebel-Goody et
al., 2009) and we recently observed diminished Fyn in several HD models (Fao
et al., 2022), we further analyzed Fyn total and phosphorylated at Tyr416, the
latter indicating SKF activation, since all the family members share the C-
terminal. Firstly, we confirmed reduced Fyn total and phosphorylated/active
levels in different neuronal sections, from soma to proximal and distal neurites in
YAC128 primary striatal neurons (Figure 5.2A,B). Considering SKF role in
NMDARs regulation, we further assessed Fyn total and phosphorylated levels in
PSD and non-PSD portions in proximal and distal neurites of primary striatal
neurons. As shown in Figure 5.2C,D, total and phosphorylated Fyn levels are
significantly reduced in HD PSD. Considering that inhibition of SKF activity with
PP2 decreased NMDAR subunits in synaptic and extrasynaptic membranes
(Goebel-Goody et al., 2009), reduced Fyn levels and activity are apparently
related with reduced synaptic GIuN2B Tyr1472 phosphorylation (Figure 5.1H).
These data suggest that Fyn reduced levels and activity in PSD may contribute

to altered NMDARSs phosphorylation and potentially their function.
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Figure 5.2 | Reduced total and phosphorylated Fyn levels in HD synapses. The total levels
of Fyn (A) and P(Tyr416)SKF (B), as well as, the levels of Fyn (C) and P(Tyr416)SKF
(D) in co-localization with PSD-95, or out of PSD were evaluated by
immunocytochemistry, in proximal and distal neurites, using confocal microscope and
Image J software in YAC128 vs. WT striatal neurons. Confocal images were obtained
with a 63x objective in confocal microscope Zeiss LSM 710 (scale bar: 10 um). Data are
presented as the mean + SEM of 4 independent experiments analyzing 5 to 8 cells per
condition per culture. Statistical analysis: 'p < 0.05, "p < 0.01, ™p < 0.001, and "p <
0.0001 versus control conditions (nonparametric Mann Whitney test).
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5.3.3. CONSTITUTIVE ACTIVE SKF REESTABLISHES GLUN2B-COMPOSED
NMDAR LEVELS AND ACTIVITY IN PSD

Considering reduced Fyn levels and activation within PSD and the observation
that Fyn-mediated phosphorylation of GIuN2B at Tyr1472 is related with
enrichment of synaptic NMDARs (Goebel-Goody et al., 2009) next we evaluated
the influence of SKF proteins on NMDARSs localization and function in HD cells.
GluN2B-composed NMDARs total and phosphorylated levels were assessed in
striatal primary neurons from YAC128 and WT mice, both in PSD and non-PSD
sites following transfection with a constitutively active form of the SKF, Y527F
SKF (Figure 5.3). The Y527F SKF mutation enables a mutationally activated
form by locking SKF proteins into the open conformation (Irtegun et al., 2013).
Importantly, expression of Y527F SKF in YAC128 primary striatal neurons
restored GIuUN2B Tyr1472 phosphorylated levels in both PSD and non-PSD
compartments (Figure 5.3E-H) and GIuN2B total levels in PSD, while decreasing
GIuN2B total levels in non-PSD compartment (Figure 5.3A-D) in proximal
(Figure 5.3A,B,E,F) and distal (Figure 5.3C,D,G,H) neurites. These data
indicate that augmented SKF activity is important for normal GIuN2B

phosphorylation and synaptic enrichment in HD.
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Figure 5.3 | Overexpression of activated SKF restores GIuN2B-NMDARs total and

phosphorylated levels in HD synapses. The levels of GIuN2B (A-D) and
P(Tyr1472)GIuN2B (E-H) in colocalization with PSD-95, or out of PSD, were evaluated
by immunocytochemistry, in proximal and distal neurites, using confocal microscope and
Image J software in WT vs. YAC128 striatal neurons. Confocal images were obtained
with a 63x objective in confocal microscope Zeiss LSM 710 (scale bar: 10 um). Data are
presented as the mean + SEM of 4 independent experiments considering 5 to 8 cells per
condition per condition. Statistical analysis: 'p < 0.05, "p < 0.01,and "p < 0.0001 versus
control conditions (nonparametric Mann Whitney test).

To support the hypothesis that HD-mediated SKF reduced levels influence the
presence and function of NMDARSs in the synapse, we evaluated the NMDARs
function in soma, proximal and distal neurites (Figure 5.4). In accordance with
previous published data (Milnerwood et al., 2010), we observed augmented
NMDAR-mediated current density (Figure 5.4A), and activity, as observed by

NMDAR-dependent Ca?* entry (Figure 5.4B) in the soma of YAC128 striatal
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neurons. This augmented NMDAR-mediated Ca®*-entry were reduced after
Y527F SKF transfection to levels similar to WT neurons, which suggests that
augmented NMDARSs occur due to augmented extrasynaptic NMDARs function.
On other hand, in proximal (Figure 5.4C) and distal (Figure 5.4D) neurites, we
observed reduced NMDARSs activity in YAC128 striatal neurons, which was
reestablished after expression of Y527F SKF, augmenting NMDA-induced Ca?*-
entry. Altogether, these data suggest that altered PSD number and reduced SKF
levels and function in HD proximal and distal neurites may result in altered
established synapses and reduced NMDARs activity. Of relevance, altered
NMDARs activity in proximal and distal neurites can be restored by augmenting
active SKF levels. As such, these results suggest that restoration of active SKF
reduces extrasynaptic GluN2B-composed NMDARSs, augmenting GIuN2B-
NMDARs at PSD and thus restoring normal NMDAR-dependent Ca* entry.
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histogram. Data are expressed as the mean + SEM of peak NMDA-induced current
density (pA/pF). "p<0.01 unpaired t-test. (B-D) Intracellular Ca?* levels were measured
using Fluo4 fluorescent dye, in soma (B), proximal neurites (C) and distal neurites (D).
Units of fluorescence were monitored before and after exposure to 100 yM NMDA, in
medium without Mg?* and supplemented with glycine (20 uM) and serine (30 uM) in
primary striatal neurons from WT and YAC128 mice, using fluorescence microscopy.
Data are presented as the mean + SEM of 4 independent experiments considering ~3
wells/condition. Statistical analysis: **p < 0.01 versus WT primary striatal neurons (two-
way ANOVA, followed by Sidak's Multiple Comparison as post hoc test); 'p < 0.05,
compared to WT control or YAC128 control (honparametric Mann Whitney test).

5.3.4. RESTORATION OF ACTIVE SKF ENHANCES CREB ACTIVATION AND
REDUCES APOPTOTIC PATHWAY ACTIVATION

Activated CREB promotes the expression of survival-related genes, including
BDNF, which has neuroprotective properties and can rescue neurons from
NMDAR blockade-induced neuronal death (Hansen et al., 2004). Additionally,
several studies showed that extrasynaptic NMDAR'’s activation is associated with
cell death pathways, whereas synaptic NMDAR function is associated to
augmented CREB phosphorylation and activation, BDNF transcription, and
improved antioxidant defenses (Hardingham et al., 2002). Considering restored
synaptic NMDAR localization and function after expression of active form of SKF,
we next evaluated CREB stimulation and apoptotic pathway activation (Figure
5.5). As expected, and in accordance with previous published data, we observed
reduced CREB protein levels and activation/phosphorylation at Ser133 in
YAC128 striatal neuron nuclei (Figure 5.5A-C). After Y527F SKF expression,
CREB protein levels and activation were restored in the nucleus of YAC128
striatal neurons.

Caspase-3 is a cytosolic effector caspase with a central role in apoptosis,
specifically being involved in the progression of neurodegenerative disorders
(Khan et al., 2015). Accordingly, our data showed augmented cleaved/active
caspase-3 in YAC128 mouse neurons in soma (Figure 5.5D), proximal (Figure
5.5E) and distal (Figure 5.5F) neurites. Importantly, increased cleaved/active
caspase-3 levels were reduced following Y527F SKF plasmid expression, which
validates apoptosis modulation (Figure 5.5D-F).
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These results suggest that reestablished SKF levels and activity influence
NMDARSs presence and function at synaptic membrane, which may activate pro-

survival pathways through augmented CREB activation.
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images were obtained with a 63x objective in confocal microscope Zeiss LSM 710 (scale
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bar: 10 um). Data are presented as the mean £ SEM of 3 to 4 independent experiments
considering ~6 wells/condition. Statistical analysis: **p < 0.01, and ****p < 0.0001 versus
WT or YAC128 (two-way ANOVA, followed by Sidak's Multiple Comparison as post hoc
test).
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5.4. DISCUSSION

NMDARs are important synaptic receptors that contribute to normal
synaptic function, cell survival, learning and memory (Bliss and Collingridge,
1993). Our study shows augmented extrasynaptic GluN2B-composed NMDARs
in HD mouse neurons, while expression of a constitutive active form of SKF
contributed to reestablish NMDARs localization and activity at PSD. Indeed,
reduced Fyn activity in YAC128 PSDs contributes to reduced GIuN2B
phosphorylation at Tyr1472, which decreases synaptic NMDAR retention and
may facilitate movement to extrasynaptic sites. Apart from restoring NMDARs
phosphorylated levels at PSD, enhanced SKF levels and activity promote CREB
activation and reduce apoptosis in YAC128 primary striatal neurons.

Previous studies showed that GluN2B-composed NMDARs function and
trafficking are altered in HD (Chen et al., 1999; Fan et al., 2009, 2007; Milnerwood
et al., 2010). Importantly, synaptic or extrasynaptic NMDARs activation are
related to survival or apoptotis activation, respectively (Léveillé et al., 2008).
Striatal neurons showed faster NMDAR trafficking to the surface membrane
induced by mHTT (Fan et al., 2007), whereas this receptor accumulated at
extrasynaptic sites of YAC128 mice at early age (Milnerwood et al., 2010).
Concordantly, our results evidence a reduction in GIluN2B-composed NMDARs
levels in PSD, whereas these levels were augmented at extrasynaptic sites is
YAC128 mouse striatal neurons. Moreover, in accordance with our data, other
studies showed augmented NMDARSs currents in HD mouse models (Milnerwood
et al., 2010). However, this alteration is only measured in HD neuronal soma. In
contrast, in proximal and distal neurites, altered PSD number, as well as reduced
SKF levels and activity may result in abnormal synaptic function in HD, which
may explain the reduction in NMDARs activity. Importantly, altered NMDARs
function in proximal and distal neurites can be restored by augmenting active SKF
levels.

Additionally, GIuN2B Tyr1472 phosphorylation levels were decreased both
in synaptic and extrasynaptic sites, which is in accordance with previous studies.
Gladding and coworkers showed an increased synaptic STEP activity in YAC128
striatum, correlated with a decreased Tyr1472-GIuN2B phosphorylation in
YAC128 non-PSD and PSD fractions, similar to what we observed in the present
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study, which facilitates NMDAR movement to extrasynaptic sites, reducing
synaptic NMDAR retention (Gladding et al., 2012). Indeed, GIuN2B-composed
NMDAR Tyr1472 phosphorylation by SKF is associated with enrichment of
synaptic NMDARs (Goebel-Goody et al., 2009), indicating that NMDAR lateral
diffusion between synaptic and extrasynaptic sites is modulated by Tyr1472
phosphorylation. We previously showed that SKF members, specifically, c-Src
and Fyn proteins are reduced in several HD models due to augmented
degradation by autophagy (Fao et al., 2022). Concordantly with these data, here
we show that Fyn total and phosphorylated levels are reduced at both PSD and
non-PSD compartments, which may contribute to decrease Tyr1472-GluN2B
phosphorylation at PSD and thus reduced synaptic NMDAR retention.

Fyn influence and fundamental role in PSD has long been recognized.
Several studies have previously shown c-Src and Fyn roles in synapse
development, plasticity, learning and memory (Grant and Silva, 1994; Maness,
1992). Takasu and colleagues showed that Ca?* influx mediated by NMDARs
activation upon its Tyr1472 phosphorylation by SKF resulted in gene transcription
required for the remodeling of synaptic connections in excitatory synapses of
primary cortical neurons (Takasu et al., 2002). In the present study we show, for
the first time, that expression of a constitutive active form of SKF reestablishes
NMDARs localization and function at PSD in YAC128 mouse striatal neurons,
restoring neuronal function.

Decreased synaptic NMDARs and augmented extrasynaptic currents are
associated with reduced nuclear CREB activation, reduced neuronal expression
of the survival factor BDNF, and caused dysfunctional mitochondria, low energy
levels and cell death in HD mouse striatum, before and after phenotype onset
(Milnerwood et al., 2010). Extrasynaptic NMDARs activity is linked to cell death
signaling cascades due to reduced phosphorylation/activation of CREB
(Hardingham et al., 2002). Concordantly with previous studies showing
decreased CREB activation in striatum of 1 and 4 months of age YAC128 mice
(Milnerwood et al., 2010), our results show reduced nuclear CREB activation in
YAC128 primary striatal neurons. Interestingly, decreased CREB activity and
augmented active caspase-3 found in YAC128 striatal neurons were reversed
following expression of the constitutive active form of SKF, Y527F SKF (Fig. 5),
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previously shown by our group to be neuroprotective against mHTT-induced
mitochondrial dysfunction and enhanced ROS levels (F&o et al., 2022).

Our study evidence, for the first time, that Fyn protein has an important
role in synaptic GluN2B-composed NMDARSs phosphorylation and activity,
restoring CREB activation and decreasing caspase-3 levels, indicative of a
decrease in cell death by apoptosis in HD. Decreased Fyn PSD co-localization
correlates with HD-related reduced Tyr1472 GIluN2B phosphorylation and
augmented extrasynaptic NMDARs currents, as well as decreased CREB
activation and cell death. Interestingly, reestablished active SKF levels restored
NMDARs currents, NMDAR-dependent Ca®" levels, CREB activation and
reduced caspase-3 cleavage. Hence, we describe a potential mechanism,
involving Fyn restored levels and activity that may constitute a potential HD
therapeutic target to promote striatal glutamatergic synaptic function and survival.
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CHAPTER VI

CONCLUSIONS AND PERSPECTIVES






HD is a multifaceted genetic neurodegenerative pathology with different
dysfunctional mechanisms, namely ROS augmented production and defective
elimination, dysfunctional protein degradation, mitochondrial dysfunction,
deregulated autophagy, synaptic changes and malfunction and altered NMDAR
activity and localization. SKF proteins can be located in several cellular
compartments, such as the cytosol, mitochondria, endoplasmic reticulum, plasma
membrane, nucleus, endosomes and lysosomes (Sandilands and Frame, 2008).
c-Src/Fyn kinases, in particular, are highly brain expressed, specifically in the
striatum, the most affected brain area in HD (Pascoli et al., 2011), are regulated
by ROS, can influence NMDAR activity and localization, and are important
proteins for normal mitochondrial function. Indeed, despite the different common
pathways, the c-Src/Fyn involvement in HD was largely unexplored. Thus, we
approached in this work, and for the first time, the fundamental role of SKF in HD
ethiopathological mechanisms.

Nrf2 is the main transcription factor involved in expression of cell defense
enzymes and its involvement in HD has been suggested in different works, as
explored in section 1.2.2.2. Previously studies in our laboratory showed that
STHAh""" striatal cells presented increased ROS levels (e.g. Ribeiro et al.,
2014; Oliveira et al., 2015), decreased Nrf2 levels and, despite augmented Nrf2
phosphorylation at Ser40 (Oliveira et al., 2015a), Nrf2 nuclear activity was
reduced in HD cells, causing reduced antioxidant mRNA levels (Jin et al., 2013;
Oliveira et al.,, 2015a). Since Nrf2 activation at cytosol is important for its
consistent levels and activity in the nucleus, in this work we explored SKF
involvement in Nrf2 modulation after an acute H,O, (a ROS) exposure. Among
other kinases, cytosolic Nrf2 activation occurs through PKCS phosphorylation,
which enables Nrf2 nuclear migration and activation (Huang et al., 2002). PKC5s
phosphorylation is controlled by SKF (Konishi et al., 2001), which in turn are
regulated by H,O, (Akhand et al., 1999). Here we showed that acute HyO;
exposure resulted in augmented SKF members activation in HT22 cells, which in
turn upregulated PKCS6 phosphorylation at Tyr311, increasing Nrf2
phosphorylation at Ser40 residue (Fao et al., 2019b). In this way, in the presence
of H2O,, Nrf2 increasingly accumulated in the nucleus, promoting Nrf2/ARE
transcriptional activity, such as augmented HO-1 mRNA levels, in SKF-
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dependent manner (F&o et al., 2019b). The SKF involvement in Nrf2 regulation
had been demonstrated in other studies, as Fyn was implicated in nuclear Nrf2
export and degradation (Culbreth et al., 2017; Li et al., 2017); however, our work
provided the first evidence that SKF can serve as Nrf2 co-activators via PKCo
after acute oxidant stimulus. Thus, we confirmed that SKF members are
important proteins in Nrf2 nuclear activity regulation, after acute ROS production,
which is a common feature in several neurodegenerative disorders, as HD.
Considering that, we highlight the c-Src/PKC3&/Nrf2 pathway as a possible novel
target for treating or ameliorating oxidative stress-associated diseases, like HD
(Figure 6.1A,D).

We pursued the search for target organelles involved in HD pathogenesis and
that are also related with ROS production and accumulation, which might be
modulated by SKF. Mitochondria are one of the major relevant organelles early
affected in HD, and SKF members, namely c-Src and Fyn, have important roles
in normal mitochondrial function. Indeed, c-Src/Fyn kinases were identified in the
intermembrane space of highly purified rat brain mitochondria (Salvi et al., 2002).
Moreover, c-Src/Fyn modulated brain mitochondrial respiration through
phosphorylation of complexes I, lll and IV (Ogura et al., 2012). Concordantly,
several studies described altered mitochondrial function in HD models, including
decreased activity of mitochondrial complexes II-IV in HD patient’s postmortem
striata, human peripheral cells and animal brains (Pandey et al., 2008). In this
way, we proposed to better understand SKF involvement in HD mitochondrial
malfunction, in order to evaluate if SKF could be used as therapeutic targets for
HD pathogenesis. We showed that c-Src and Fyn kinases total and activated
levels were reduced in several HD models, including postmortem human brain
caudate, YAC128 mouse brain striatum and cortex at early stages, YAC128
striatal neurons and STHdh®' """ (or Q111) triatal cells lines, due to augmented
degradation by autophagy. Under normal conditions regulation of SKF protein
levels occurs mainly through the proteasome (Harris et al., 1999), however we
discovered a higher degradation of c¢-Src and Fyn proteins through
(macro)autophagy pathway in cells expressing full-length mouse mHtt and
human mHTT, namely Q111 cells and YAC128 mouse striatal neurons,
respectively (Fao et al., 2022). Moreover, we found reduced Fyn levels and
activity in YAC128 mouse striatal isolated mitochondria, as well as in
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mitochondria from striatal neurons or Q111 striatal cells. Considering that
impaired OXPHOS, abnormal Aym, augmented ROS levels, accompanied by
modifications in mitochondrial morphology (e.g. Almeida et al., 2008; Ferreira et
al., 2010; Naia et al., 2021) are well characterized HD features, we decided to
explore the specific role of SKF in ameliorating HD mitochondrial function and
ROS production. Our findings evidence a restoration of mitochondrial morphology
(specifically mitochondrial perimeter, roundness and aspect ratio) and function
after the re-establishment of active SKF levels in both Q111 cells and YAC128
mouse striatal neurons. Indeed, mitochondrial SKF activation was previously
shown to be essential for cell survival (Arachiche et al., 2008; Ogura et al., 2012)
and Fyn phosphorylation are important for the regulation of energy generation in
mammalian mitochondria (Koc et al., 2017). Concordantly, in this work we proved
that expression of active SKF improved mitochondrial function through
augmented Aym, basal respiration and ATP production (Figure 6.1B).
Conversely, SKF inhibition was enough to induce HD-like mitochondrial
phenotype, suggesting SKF-dependent maintenance of mitochondrial function
under normal conditions. Also, expression of active SKF reduced mitochondrial
ROS levels and augmented cell viability in HD cells, namely by decreasing
caspase3-cleaved/active levels (Figure 6.1E). Therefore, c-Src and Fyn appear
to constitute essential proteins which deficits contribute for HD etiopathogenesis,
such as mitochondrial dysfunction and ROS production, and thus should be
considered as potential HD therapeutic targets.

The expression of mHTT in HD has been associated with protein
conformational changes, aggregation and abnormal protein-protein interactions
(Morreale, 2015), which has been associated with changes in gene transcription,
synaptic dysfunction, NMDARs overactivation and increased oxidative events,
leading to neuronal death (Finkbeiner, 2011, for review). Additionally, HD-
affected MSNs show altered NMDAR currents as well as augmented ratio of
surface to internal GluN2B-containing NMDARs, with augmented accumulation
at extrasynaptic sites (Milnerwood et al., 2010). NMDARs are important
postsynaptic receptors that contribute to normal synaptic function and cell
survival (Finkbeiner, 2011) and the synaptic NMDARs activation is associated
with augmented CREB-dependent gene expression, an important transcription

factor for neuronal survival, synaptic plasticity, neurogenesis, learning and
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memory (Hardingham et al., 2002). Moreover, Fyn can be found in the PSD and
further phosphorylate NMDARSs to regulate synaptic transmission and plasticity
(e.g. Brugge et al., 1985). Fyn phosphorylates NMDAR GIuN2B subunit at
Tyr1472, increasing receptor retention at the synapse, thus controlling synaptic
plasticity (Ai et al., 2013; Mota et al., 2014b). Because we showed (in the present
study) that Fyn levels are reduced in several HD models, and considering its
important role at the PSD, we decided to explore the impact of HD-mediated
altered Fyn levels on synaptic versus non-synaptic NMDARs function and
location, as well as intracellular neuroprotective pathways. We showed that
extrasynaptic GIluN2B-composed NMDARs protein levels are augmented in HD
mouse neurons, while GIuN2B Tyr1472 phosphorylation levels were decreased
both in synaptic and extrasynaptic sites (Figure 6.1C). As such, reduced Fyn
activity in YAC128 mouse PSDs contributed for reduced GIuN2B phosphorylation
at Tyr1472, which decreased synaptic NMDAR retention and might have
facilitated their movement to extrasynaptic sites. Interestingly, expression of the
constitutive active form of SKF reestablished NMDARs localization and function
at PSD in YAC128 mouse striatal neurons, restoring neuronal function.
Extrasynaptic NMDARs activity was previously linked to cell death signaling
cascades due to reduced phosphorylation/activation of CREB (Hardingham et al.,
2002). Concordantly with previous studies showing decreased CREB activation
in the striatum of 1 and 4 months of age YAC128 mice (Milnerwood et al., 2010),
we showed reduced nuclear CREB activation in YAC128 mouse striatal neurons
(Figure 6.1C). Of relevance, restoration of SKF levels not only improved
NMDARs phosphorylated levels at PSD, but also promoted CREB accumulation
and nuclear activation, which reduced apoptosis in YAC128 mouse striatal

neurons (Figure 6.1F).
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Figure 6.1 | Effects of SKF modulation in HD pathogenesis. In this work we showed that
SKF levels are reduced in HD, in part due to augmented degradation by autophagy, and
its modulation are neuroprotective in HD models expressing mHtt/mHTT: (A) Nrf2 is a
transcription factor indirectly controlled by SKF, which was shown to be decreased in
HD. We hypothesize that reduced SKF levels and activation contribute for reduced Nrf2
nuclear levels and activity and consequently decreasing the expression of antioxidant
defense proteins in HD; (B) Reduced mitochondrial SKF levels induced mitochondrial
dysfunction with reduced Aym, mitochondrial respiratory through diminished basal
respiration and ATP production, which resulted in augmented ROS production and
induction of apoptosis. Also, in (C) SKF levels are reduced in PSD, contributing for
reduced NMDARs synaptic function, augmented extrasynaptic NMDARs activity and
diminished CREB activation, resulting in cell death. (D-F) After restoration of active SKF
levels by expressing the constitutive active form of SKF (Y527F), we hypothesize that
Nrf2 might be more active resulting in augmented antioxidant proteins expression (D);
furthermore, current thesis work showed that SKF levels improves mitochondrial function
and decreases ROS production (E), as well as increases CREB activation through
augmented synaptic NMDARSs activity, reducing cell death (F).
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In conclusion, the present work shows that the expression of mHTT alters
the protein degradation pathways, resulting in decreased SKF levels and
activation, not only in the cytosol, but also in specific sites, such as the nucleus,
mitochondria and neuronal synapses. Reduced mitochondrial SKF levels favor
ROS production and mitochondrial dysfunction through altered morphology,
Aym, mitochondrial basal respiration and ATP production, which by adding the
decrease in Nrf2 nuclear activity, favor increased ROS levels and accumulation
due to reduced antioxidant defenses. Furthermore, decreased SKF levels and
function at PSD participates in altered NMDAR phosphorylation and synaptic
localization, augmenting extrasynaptic NMDARs function, which reduces CREB
activation and induces cell death. Notably, restoration of SKF levels improved
mitochondrial function, ROS levels, NMDARs phosphorylation and activation,
CREB nuclear activation and cell survival. Taking into account all these SKF
therapeutic roles, we strongly conceive that this PhD thesis brings out SKF as
potential HD therapeutic targets to be considered in future studies and clinical
trials.

In order to clarify whether increased expression c-Src/Fyn alleviates HD-
related psychiatric and/or motor deficits, and contributes to alleviate disease
progression, the next step of the present work would be to promote the
expression of c-Src/Fyn (using adeno-associated virus) in HD and WT mouse
striata (both hemispheres) and evaluate behavioral (e.g. depressive-like behavior
and motor activity) and histological features at different time points. Once
confirmed the positive influence of SKF modulation on HD progression in more
than one HD animal model, new clinical trials might be designed considering
different ways to increase SKF levels, namely by augmenting SKF expression
and/or reducing SKF target(s) and selective autophagy degradation. Additionally,
news strategies might be envisaged in order to increase SKF targeting to
mitochondria, by augmenting Dok-4 (Itoh et al., 2005) or AKAP121 (A Livigni et
al., 2006), the two described proteins shown to import SKF members to

mitochondria.
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