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ABSTRACT

Peroxisome proliferator-activated receptor-gamma coactivator-la (PGC-1a)
transcriptional coactivators are key regulators of energy metabolism-related genes and are
expressed in energy-demanding tissues. There are several PGC-1a variants that exert
differential and specific biological functions. In the brain, PGC-1a1 has been implicated in
reactive oxygen species detoxification but our understanding of the role of the other isoforms
is far from complete. Previous results have shown that PGC-1a isoform expression levels
can be modulated in the brain by stress conditions, suggesting a functional role for these
proteins. Moreover, we have observed that increased expression of PGC-1a3 in astrocytes
could be deleterious to neurons. In the adult brain, astrocyte-neuron crosstalk is crucial for
neurite outgrowth, dendritic spine maintenance and synaptic function.

The main objective of this study was to characterize the molecular pathways
controlled by PGC-1a3 in in vitro neuronal and astrocytic experimental models. In parallel,
we analysed the transcriptome of astrocytes transduced with a viral vector encoding PGC-
1a3 by massively parallel sequencing (RNA-seq) in order to identify its downstream targets.

The most striking hits, as well as the expression of other astrocyte-specific genes that
could be involved in the neuronal response to PGC-1a3-overexpressing astrocytes, were
determined by qPCR. We also used the Ingenuity Pathway Analysis suite to determine which
pathways were being modulated as a result of differential expression of the identified hits.
Our results show that PGC-1a3 can trigger Gg-coupled protein-mediate calcium
dysregulation within astrocytes, inducing secretory pathways and neuroinflammation. In
addition, our observations suggest a severe impairment of cell migration.

Since proteins secreted by astrocytes play an important role in different neuronal
physiological functions, we analyzed our RNA-seq data in order to predict the astrocytic
secretome profile. Using a suite of bioinformatic tools we were able to identify candidate
proteins putatively secreted through both canonical and non-canonical pathways. Combining
these results with the analysis of the differentially expressed genes, led to the identification
of Serpinil, Angptl4, galectin 9 and TGFB as putative PGC-1a3 target genes. Interestingly,
an extensive number of transcripts regulated by PGC-1a3 map to pseudogenes, which could
potentially include miR sequences.

Our results identify for the first-time an astrocyte-specific transcriptomic response to
PGC-1a3 expression and highlight PGC-1a isoforms as novel therapeutic targets for the
treatment of neurodegenerative diseases.

Keywords: PGC-1q, astrocytes, crosstalk, transcriptome, neurodegeneration






RESUMO

O co-ativador 1 alfa do recetor gama ativado por proliferadores de peroxissoma
(Peroxisome Proliferator-activated receptor-gamma Coactivator-7a - PGC-1a) € um
regulador transcricional envolvido maioritariamente na expressdo de genes relacionados
com metabolismo energético, que, por sua vez, sao expressos em tecidos com alta
necessidade energética. Existem varias isoformas do PGC-la que exercem funcdes
biolégicas especificas e distintas. No entanto, 0 hosso conhecimento sobre 0 seu papel no
correto funcionamento do encéfalo esta longe de estar completo. Os nossos resultados
anteriores mostram que as diferentes formas do PGC-1a tém efeitos particulares em
neurdnios e astrgcitos. Nomeadamente, observdmos que o PGC-1a3 aumenta o contetdo
de colesterol nos neurénios e que aumento da expressao desta isoforma em astréocitos tem
efeitos deletérios nos neurénios. No cérebro adulto, o crosstalk entre astrécitos e neurdnios
€ essencial para o crescimento de neurites, manutencéo das espinhas dendriticas e para a
correta funcionalidade das sinapses.

Como tal, o principal objetivo deste estudo foi o de caracterizar as vias sinalizacao
controladas pelo PGC-1a3 em modelos experimentais astrociticos e neuronais in vitro. Em
paralelo, analisdimos o transcriptoma de astrécitos infetados com um vetor viral que codifica
para o PGC-1a3 através de sequenciacdo paralela massiva de RNA (RNA-Seq) com o
objetivo de identificar os seus genes alvos diretos.

Resultados obtidos em neurdénios mostram que, apos infecao de culturas primarias
com o vetor adenoviral que codifica para o PGC-1a3, ha uma diminuigdo significativa da
expressao de proteina pds-sinapticas. No entanto, ao avaliarmos a atividade transcricional
dos respetivos genes, observamos que esta nao se correlaciona com o observado ao nivel
da expresséo proteica. Assim, isto levou-nos a concluir que a agdo do PGC-1a3 néo sera
direta, mas sim sobre genes que codificam para proteinas envolvidas em modificacdes pos-
transcricionais. Por exemplo, a ativagdo de calpainas podera justificar estes resultados, ja
que a sua funcao consiste na clivagem proteolitica induzida por aumento da concentragdo
de calcio intracelular.

Através do processamento dos dados obtidos por RNA-Seq, observamos que o
transcriptoma associado a expressao ectopica do PGC-1a3 em astrocitos apresenta uma
diminuicdo transversal da expressao génica. Estes resultados vdo de acordo com o
previamente observado por outros estudos em que se mostra que o PGC-1a3 tem um perfil
regulatorio contrario ao do PGC-1a1 (forma candnica). De entre os mais de 300 genes
diferencialmente expressos identificados por esta andlise, determinamos os niveis de mRNA
dos alguns dos que nos pareceram mais relevantes, na perspetiva da comunicacgdo entre
astrocitos e neurdnios. Avalidmos ainda os niveis expresséo de genes-chave envolvidos na
comunicagdo entre astrocitos e neurénios, como transportadores de glutamato e genes
envolvidos na sinalizacdo do célcio. Também utilizamos a lista dos genes identificados como
diferencialmente expressos através da analise bioinformatica para determinar quais as vias
de sinalizacdo que seriam mais afetadas pela alteracdo na expresséo destes genes. Os
nossos resultados mostram que o PGC-1a3 induz desregulacao de calcio mediado pela acédo
de recetores acoplados a proteina G e, consequentemente, a modelacao das vias celular
secretorias, assim como desempenha um papel na regulagdo da neuroinflamacédo. Para
além disso, também observamos que a migragéo celular podera estar fortemente reduzida.



A analise efetuada aos resultados de RNA-Seq teve como propdsito servir como
ferramenta de descoberta, sendo que as tendéncias de expressao previstas pela mesma
tém de ser validadas posteriormente por RT-qPCR. Surpreendentemente, observamos uma
sobreexpressdo de todos os genes que validdmos. Tem sido sugerido que o PGC-1a3
poderd estar envolvido na regulacédo do splicing alternativo e, consequentemente, podera
induzir a producdo de novos transcritos para diferentes genes. Isto podera explicar as
discrepancias entre 0s nossos resultados obtidos pela analise bioinformatica e os resultados
de RT-gPCR, ja que 0s novos transcritos nhdo constam na nossa base de dados e, portanto,
nao conseguem ser identificados, indicando auséncia de expressao.

Os astrdcitos sdo considerados como as principais células secretérias do sistema
nervoso. Sendo que proteinas secretadas pelos menos desempenham um papel crucial em
diferentes fungdes fisiolégicas neuronais, analisimos novamente a nossa lista de genes
diferencialmente expressos, mas desta vez para determinar o perfil secretério associado a
expressao ectopica do PGC-1a3. Através de uma selecao de ferramentas bioinformaticas
especificas que preveem através da sequéncia de um gene a presenca ou auséncia de
péptido sinal, localizagéo celular, dominios transmembranares e a probabilidade de ser
secretada por vias ndo-convencionais, identificAmos proteinas potencialmente secretadas
através da via canolnica e ndo canodnica. Ao combinarmos estes resultados com as
tendéncias de expresséao previstas pela andlise dos resultados de RNA-Seq, identificamos
a Serpinil, Angptl4, galectina 9 e TGF como potenciais alvos da a¢édo do PGC-1a3.

Apesar do perfil de expressdo génica previsto pela andlise bioinformética seja
maioritariamente repressivo, é de notar que 0s transcritos que se encontram aumentados
sdo, em grande parte, identificados como pseudogenes. Os pseudogenes tém uma
sequéncia nucleotidica muito semelhante a genes funcionais, sé que, aparentemente, nao
desempenham nenhuma funcédo celular. Devido a sua semelhanga com outros genes, o
aumento previsto da sua expressao poderia ser fruto de alinhamentos incorretos durante a
analise bioinformatica. Fomos entéo verificar se estes genes continham marcas epigenéticas
relacionadas com a ativacdo da transcricdo. Na verdade, nos loci onde os pseudogenes
identificados se localizam, foram j& identificamos marcadores de transcricdo ativa,
inclusivamente, marcadores especificos de long noncoding RNAs. Tanto os pseudogenes
como os long noncoding RNAs tém sido descritos como reguladores da expressao génica,
mais concretamente, estes pseudogenes podem estar envolvidos no buffering de miRs.

Novamente, com base na nossa lista de genes diferencialmente expressos,
identificAmos miRs cujos niveis de expressao poderdo estar a ser modulados pela sua
expressao. Curiosamente, prevé-se que todos os miRs identificados estejam aumentados
como consequéncia da sobreexpressdo do PGC-1a3. Diferentes miRs tém sido descritos
como essenciais a manutencdo da homeostase cerebral assim como a sua desregulacao
tem sido associada ao desenvolvimento de neurodegeneracdo e, consequentemente, a
patogénese de doencas neurodegenerativas.

Assim, 0s nossos resultados identificam pela primeira vez o transcriptoma especifico
de astrécitos em resposta a sobreexpressao de PGC-1a3 e evidencia as isoformas do PGC-
1a como novos alvos terapéuticos, abrindo assim novas estratégias terapéuticas em
doencgas neurodegenerativas.

Palavras-chave: PGC-1a, astrdcitos, crosstalk, transcriptoma, neurodegeneracao
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I. INTRODUCTION

1 Central nervous system cell types and functions

The nervous system is responsible for controlling the body’s actions through somatic
and autonomic functions by processing and transmitting signals arriving to and from different
parts of the body. It detects changes in the environment and then, working together with the
endocrine system, produces a response appropriate to the given stimulus ®. The nervous
system is divided into two main parts: the central nervous system (CNS) and the peripheral
nervous system (PNS).

The CNS consists of the two major organs of the nervous system: the brain and spinal
cord. These two structures are enclosed by the meninges and protected by the cranial cavity
and the spinal canal, respectively *. The CNS is divided into white matter, which consists of
myelinated axons (conferring the white colour) and oligodendrocytes, and into grey matter,
which is predominantly made of neuronal cell bodies *.

The brain is the most complex organ of the body and the centre of the nervous system
since it is responsible for processing and integrating information received from the whole
body as well as deciding accordingly *. Brain stem, cerebellum and cerebrum are three
substructures that compose the brain. The brain stem can be seen as an extension of the
spinal cord and is in control of some autonomic functions such as breathing, blood pressure,
balance, hearing and taste. The cerebellum is localized on the posterior surface of the brain
stem, and is responsible for motor control, namely, control of posture and coordination of
movements. It also plays a role in cognitive functions, such as attention and language 2.

The cerebrum is the largest region of the brain and it is divided into cerebral cortex,
amygdala and hippocampus. Both the amygdala and the hippocampus reside in the limbic
system, but they have different functions. The amygdala has a key role in fight-or-flight
response and is also involved in memory processing and emotional responses, such as
anxiety 3. On the other hand, the hippocampus plays an important part in consolidation of
information from short and long memory and in spatial memory, which influences navigation
1, The cerebral cortex is the largest region of the cerebrum and plays a role in several
functions, such as memory, cognition, language, awareness and attention, which are
individually associated with different regions of the cortex 4.

Neurons are a functionally important cell type since they are responsible for all the
communication network of the nervous system 6. Carrying information is a metabolically
intensive task, therefore neurons require a constant metabolite supply and structural
maintenance, requirements fulfilled by glial cells >°. Glial cells include oligodendrocytes,
microglia and astrocytes which provide a framework that supports neurons by maintaining
brain homeostasis ®®. Thus, glial cells have a critical role in the development and function of
the nervous system and in neuropathogenesis.



1.1 Neurons

Neurons are asymmetric, extremely elongated and electrically excitable cells that are
able to respond to external stimuli by generation of an action potential, which is propagated
throughout the neuronal network %¢. The journey of the stimulus starts in sensory neurons,
which have specialized receptors that are able to sense environmental cues, such as sound,
touch and light and convert them into electric pulses ’. These signals are then converted into
chemical signals that are carried out to other interneurons until they reach the motor neurons,
which receive and act on the information .

Structurally, neurons have a distinctive morphology, with the nucleus being found in
the rounded part of cell (soma), and typical proteins which regulate the ion flow present
across the cellular membrane °°. Branching cell processes extend from the soma into
opposite directions, forming the other two neuronal main structures: dendrites and axons 5.

Dendrites branch into complex dendritic spines, which all together constitute dendritic
trees °. These allow single neuron to receive and integrate multiple signals from different cells
56 Whether or not a neuron is excited into transmitting the signal depends on the sum of all
of the excitatory and inhibitory inputs it receives. For the neuron to fire, the total amount of
inputs needs to cause a depolarization of the membrane. If this depolarization is powerful
enough that surpasses the threshold, an action potential is induced. Action potentials operate
under the “all-or-none” law which means that, independently of the signal intensity, once the
threshold is reached, a firing occurs and the action potential is conducted down the neurons’
axon ’.

Axons arise from the soma at a specialized area, called the axon hillock, which is
where the action potential is initiated ®’. Morphologically, axons have long, extended arms
which are essentially information transmission wires >°. Axonal growth needs to be correctly
regulated so that the right connections with the dendrites of adjacent neurons are made. This
process, called axon guidance, is mediated by microtubules that promote the assembly of a
growth cone made mostly of actin. Actin is a central part of the mechanism that controls the
growth direction of the growth cone, while microtubules are involved in the extension and
development of the axon &.

One of the structural components that form the described microtubule network is beta
tubulin [ (BllI-tub). It is specifically expressed in neurons and it is involved not only in axon
guidance, but also in axon maintenance and neurogenesis °. Thus, BllI-tub is commonly used
as a positive marker of neuronal cells and activity in many research studies 1°,

The majority of axon length is electrically insulated by myelin, a lipid-rich laminated
membrane structure produced by oligodendrocytes >, This insulation allows the electrical
transmission to be carried out faster because it forces the electrical pulse to jump between
nodes of Ranvier (axonal myelin-sheath gaps). Towards its end, the axon divides itself into
round-shaped swelled branches, known as axon terminals, that transmit the signal to target
neurons dendrites through synapses >.



1.1.1 Synapses

Electrical pulses are transmitted along the neurons until they reach the axon terminal,
where the electrical signal is converted into a chemical signal in order to be communicated
to target neurons or other effector cells. Synapses are structures located in-between the axon
terminal of the presynaptic neuron (sender of the chemical signal) and the dendrite spine of
the postsynaptic neuron (receiver of the chemical signal) where the neurotransmitter-
mediated chemical signal is transmitted ©.

When the action potential reaches the axon terminal of the presynaptic neuron, its
cellular membrane depolarizes, and opening of voltage-sensitive calcium (Ca?") membrane
channels causes an influx of Ca?*. This triggers the fusion of synaptic vesicles to the cellular
membrane, releasing their content into the synaptic cleft, a tight space between the pre- and
postsynaptic neurons ®’. These vesicles carry neurotransmitters, small molecules that diffuse
through the synapse and bind to postsynaptic cell receptors inducing changes in its
membrane potential 1.

Neurotransmitters can induce two types of signals: excitatory, which results on
postsynaptic membrane depolarization and consequent opening of transmembrane sodium
(Na*) channels, inducing an action potential on the postsynaptic neuron; or inhibitory, which
results on hyperpolarization of the postsynaptic membrane and subsequent opening of
chloride or potassium (K*) channels, blocking the generation of an action potential in the
postsynaptic neuron "1, Glutamate is the main inducer of excitatory synapses, also called
glutamatergic synapses, and its action is mediated through metabotropic as well as ionotropic
glutamate receptors such as N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazole propionate (AMPA) receptors. On the other hand, the most common
inhibitory synapses are the so-called GABAergic synapses which are activated by y-
aminobutyric acid (GABA) and mediated by metabotropic and ionotropic transmembrane
receptors GABAg and GABAa 1112,

After binding to the respective postsynaptic receptor, neurotransmitters are rapidly
removed from synaptic cleft ceasing the transmission and allowing a new round of signals to
be transmitted to the postsynaptic neuron. Neurotransmitters clearance concentration can
happen through different means: neurotransmitters either diffuse away, are broken down
through enzyme degradation or re-absorbed either by the presynaptic neuron or by
surrounding glial cells, such as astrocytes "1,

Neurons form more than 10 synapses that can integrate and transmit millions of
impulses in split second ©. Consequently, all this processing power requires a lot of
maintenance and support, a role carried out by glial cells, namely, by astrocytes.

1.2 Astrocytes

Astrocytes are star-shaped glial cells which constitute the most abundant cell type in
the CNS. They exhibit several long branched cellular processes, which originate from their
soma and terminate in the formation of endfeet, and express unique intermediate filaments:
vimentin and glial fibrillary acid protein (GFAP) >3, GFAP is a member of intermediate
filament proteins family and it has become a reliable marker for identification of astrocytes 3.



Although it has mostly structural cellular functions, in vivo studies showed that GFAP
expression is not essential for normal astrocyte function and morphology *1°. In fact, in
healthy CNS tissue, many mature astrocytes do not express detectable levels of GFAP and
its labelling does not correlate with the total volume of an astrocyte 417, Astrocytes can also
be identified by the expression of other constitutive markers, such as S100B, aldehyde
dehydrogenase 1 family member L1 and aquaporin 4, although these are specific for this glial
cell type 18.

According to their morphology and anatomical locations, astrocytes can be classified
into two main types °. Fibrous astrocytes present an elongated morphology, have thin and
long processes and are located in white matter (Figure 1.1B) °. By contrast, protoplasmic
astrocytes are found throughout gray matter and display a radial morphology in which main
processes divide into numerous and irregular finely branching processes (Figure 1.1A) °.
Fibrous astrocytes form endfeet at the surfaces of myelinated axons, namely, nodes of
Ranvier, and oligodendrocytes whereas protoplasmic astrocytes display a strategic framing
as their endfeet are in close contact with intraparenchymal blood vessels and their
perisynaptic processes sheath most of synapses °.

Communication between neighbour astrocytes is organized as a network, provided
by gap-junction channels, which are assembled by two connexons, each as a result of the
assembly of an hexameric connexin structure *2°, These channels are mainly composed by
connexin 30 and 43 and are permeable to small molecules, such as Ca?* and K* ions, energy
substrates, second messengers (cyclic adenosine monophosphate (CAMP), inositol-3-
phosphate (IPs)) or neurotransmitters, such as glutamate °2!, Thus, astrocytic activity is
mostly regulated by extra- and intracellular signals.

Astrocytes are strategically located close to neurons, surrounding mostly dendrites
and synaptic clefts. They strongly influence the extracellular ion concentration, affecting
neurons’ membrane potential, and produce a wide variety of extracellular matrix (ECM)
proteins, some of which are used as guides for migrating neurons.

This characteristic organization coupled to their close interactions with neurons and
other glial cells, allows astrocytes to be not only key sensors of brain homeostasis, but also
essential to maintain a suitable environment for proper neuronal function.
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Figure 1.1 — Representative diagram of the different classes of astrocytes. (A) Protoplasmic astrocytes
display a radial morphology and are present in the grey matter. They present finely branching processes and
their endfeet sheath synapses and directly contact with blood capillaries. (B) Fibrous astrocytes are present
in the white matter and have elongated processes which endfeet contact with surfaces of myelinated axons,
namely, nodes of Ranvier.




1.3 Crosstalk between astrocytes and neurons

Astrocytes are the secretory cells of the CNS. They release a wide variety of
gliotransmitters that contribute to ionostasis maintenance, ECM remodelling, synaptic
plasticity and transmission, metabolism regulation and blood flow 22, Some of these signals
include neurotransmitters, glucose, lactate and other metabolic substrates, trophic factors
such as brain-derived growth factor (BDNF), glutathione (GSH) and other reactive oxygen
species (ROS) scavengers, cytokines and chemokines 12325, Astrocytes can release the
same gliotransmitter through several mechanisms.

Most of proteins are secreted by the classical pathway, which depends on the
presence of an N-terminal signal peptide 26. That signal directs trafficking to the endoplasmic
reticulum (ER) and Golgi complex where proteins are glycosylated and go through post-
translational modifications, respectively 6. Then, proteins are transported by secretory
vesicles to the cellular membrane and exported by exocytosis 2226, Exocytosis can occur via
synaptic-like microvesicles (SLMVs), exosomes, dense-core vesicles (LDCV) or secreting
lysosomes, which transport, respectively, glutamate and other neurotransmitters, microRNAs
(miRs), peptides and adenosine triphosphate (ATP) 2227-2°_ Nonetheless, proteins lacking a
signal sequence can also be secreted through the non-classical pathway, which bypasses
the ER-Golgi route and diffuses metabolites through membrane ion channels, such as
hemichannels and connexins 303,

These different secretory pathways are crucial for the transmission of neurochemical
signals which play a major role not only in regulation of the entire CNS metabolism, but
primarily in neuronal microenvironment, synaptic homeostasis and neural network activity.

1.3.1 Metabolic support and antioxidant defence to neurons

Twenty five percent of all our glucose and oxygen supply are used by the brain, which
only represents 2% of our total body mass. The reason behind this high metabolic demand
has to do with synaptic activity, since carrying and processing information received from the
entire body is a metabolically demanding task 3223, Release of neurotransmitters and intake
of ions during this process causes major shifts into ionic gradients which, in turn, require a
great consumption of those metabolites in order to be re-established 3233, Astrocytes have
been proposed to be key players in the mediation of this process, which is called neuro-
metabolic coupling 2.

The unique cytoarchitectural and phenotypic characteristics of astrocytes, namely,
their processes, are tailored to efficiently sense neuronal activity and quickly fulfil metabolic
deficits by uptaking vital molecules from intracerebral blood vessels, metabolizing and
shuttling them to neurons 2. For instance, it has been shown that glutamate uptake triggers
an increase in both glucose import and its transport through astrocytic gap junction towards
active synapses **. Glutamate released by neurons to the synaptic cleft is imported by
astrocytes together with Na* and hydrogen (H*) ions through excitatory amino acid
transporters (EAATSs) 33, This leads to an intracellular accumulation of Na*, which, in turn,
activates Na*/K* ATPase pump, creating an ATP deficit and, consequently, an increase in
adenosine diphosphate (ADP) and inorganic phosphate (Pi) concentrations *. This induces
glucose uptake through glucose transporter 1 (GLUT1) and triggers glycolysis, leading to the



production of lactate which, in turn, is transported to neurons where is metabolized into
pyruvate that enters tricyclic acid (TCA) cycle (Figure 1.2) 3¢, Also, some of the glucose enters
the astrocytic TCA cycle, which leads to a-ketoglutarate synthesis that is then catalysed by
glutamate dehydrogenase or an amino acid aminotransferase into glutamate *’.

Glycogen also has a role in supplying energy to the brain. Astrocytes have a high
concentration of glycogen granules, which allows them to sustain neuronal function by
transforming astrocytic glycogen into lactate which is then secreted and used for oxidative
production of ATP by neurons %¢. Glycogenolysis is triggered under hypoglycaemia conditions
or when there is intense neuronal activity that cannot be sustain only by glycolysis 3839,

It has been shown that neuro-metabolic coupling has an important role in long-term
memory formation. Amnesia and synaptic plasticity deficits were rescued by lactate but not
by glucose, and inhibition of glycogenolysis prevented long-term memory formation in rat
hippocampus “°. These evidences suggest a key role of astrocyte-neuron transport of lactate
in long-term memory formation.

Due to its high rate of oxidative energy metabolism and consequent increase in the
production of ROS, the brain is highly vulnerable to oxidative stress. Uncontrolled ROS
production is deleterious for neurons and is involved in the neurodegenerative process in
diseases, such as Parkinson’s (PD), Huntington’s and Alzheimer’s disease (AD) #*.

Astrocytes also play an important role in antioxidant defence of the brain by controlling
the production of ROS #2. They express high levels of GSH peroxidase and S-transferase
(GST), catalase, superoxide dismutase and other detoxifying enzymes and release
antioxidant molecules such as GSH and ascorbic acid that were shown to be used by neurons
as ROS scavengers 42,

The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway appears to be the main
pathway responsible for the astrocyte antioxidant capability “3. Under oxidative stress
conditions, this redox-sensitive transcription factor is activated by phosphorylation, leading to
its binding to the antioxidant response element (ARE) (Figure 1.2) 4344, ARE is located in the
promoter or enhancer regions of antioxidant and cytoprotective genes, such as GST
isoforms, y-glutamylcysteine synthetase (GCL) and multidrug resistance protein 1 (MRP1)
4344 Also, shuttling of GSH and its precursors are instrumental in the neuroprotective effect
of astrocytes *°. GSH is secreted in large amounts to the extracellular space through MRP1
transporter and then cleaved by astrocytic ectoenzyme y-glutamyl transpeptidase into
cysteine-glycine peptides “¢#’. Neurons have a poor capability to synthesize their own GSH
precursor amino acids, namely, cysteine, the rate-limiting substrate of this reaction #’.
Therefore, they are highly dependent on the cleavage of astrocyte-produced cysteine-glycine
by their extracellular aminopeptidase N to have free glycine and cysteine available for their
own GSH synthesis through action of GCL #78, It has been shown that, in astrocyte/neuronal
cocultures, neuronal GSH content increases as a result of this shuttling process #°.
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Figure 1.2 — Astrocytes provide metabolic support and antioxidant defence to neurons. Glutamate import
by astrocytes induces glucose uptake which, in turn, triggers glycolysis. This leads to the production of lactate
is transported to neurons where is used for oxidative production of ATP or metabolized into pyruvate that enters
tricyclic acid (TCA) cycle. Under oxidative stress conditions, Nrf2 is activated by phosphorylation, leading to
increased levels of antioxidant and cytoprotective genes, such as GCL and MRP1. GSH is secreted to the
extracellular space where it is cleaved into cysteine-glycine peptides. Neurons then import the available cysteine
and glycine for their own GSH synthesis through action of GCL. In order to maintain GSH levels, GSH reductase
reduces glutathione disulphide (GSSG) into GSH by using NAPDH as an electron donor. The constant NADPH
supply need for maintenance of the neuronal redox state is achieved by glucose metabolism via pentose
phosphate pathway.

GSH recycling is strongly coupled with glucose metabolism. In order to maintain GSH
available for ROS detoxification, GSH reductase reduces glutathione disulphide (oxidized
form of GSH obtained from peroxide reduction) into GSH by using nicotinamide adenine
dinucleotide (NADPH) as an electron donor 0. Consequently, it is necessary to keep a
constant NADPH supply for the maintenance of the neuronal redox state, which is mainly
achieved by glucose metabolism via pentose phosphate pathway (Figure 1.2) ®. It has been
shown that astrocytes have higher levels of NADPH and pentose phosphate pathway activity
rate than neurons ¥4 Furthermore, astrocytes secrete ascorbic acid in response to
glutamatergic activity, which is then imported by neurons inhibiting their glucose consumption
and increasing lactate uptake %2. These features also contribute to the higher antioxidant
capability of astrocytes, which is strongly connected with energy metabolism derived from
glutamatergic activation.



1.3.2 Synapse formation, maturation and elimination

Astrocytes are in close contact with thousands of synapses and are involved in
synaptogenesis by playing a role in the formation, maturation, functionality and elimination of
synapses. Development of excitatory synapses is strongly increased by the presence of
astrocytes in culture or by an astrocyte-conditioned medium 3. Several astrocyte-secreted
factors have been shown to play a role in synapse formation, such as thrombospondins
(TSPs), Hevin, Secreted Protein Acidic and Cysteine Rich (SPARC), Transforming Growth
Factor B (TGF), and cholesterol.

TSPs are ECM glycoproteins involved in cell-to-cell and cell-matrix interactions. They
bind to membrane receptors, growth factors and cytokines, modulating respective cellular
signalling processes °*%. In the brain, these proteins are predominately expressed by
astrocytes and are known to give a crucial contribution to astrocyte-mediated synaptogenesis
%, There are five TSP homologs encoded by different genes which commonly form
homotrimers °°. TSP1 and TSP2 share a high degree of homology, thus they functions also
overlap °°. It was shown that TSP1 and TSP2 are essential components of synaptogenic
processes, since they are able to induce ultra-structurally normal and presynaptically active
synapses. However, these synapses are postsynaptically silent due to the lack of AMPA
receptors %58, In vivo, TSP1 and TSP2 double knockout mice show a significant decrease
in the synapse number, which is in agreement with in vitro studies °¢. Furthermore, it was
shown that reduced levels of astrocytic TSP1 are closely related with number and
morphology of dendritic spines *°.

Synaptogenic effects of TSPs on neurons are mediated by a.0-1 subunit of voltage-
gated Ca?" channels and activate the Ca?*-dependent signalling pathway (Figure 1.3A) .
TSPs binding to this receptor is mediated by the interaction of type 2 epidermal growth factor-
like repeats, located at their highly-conserved carboxyl region, with the a.5-1 subunit . In
vitro studies show that the drug Gabapentin, a known ligand of a.0-1, inhibits synapse
formation by blocking TSP binding to this neuronal receptor . Also, TSP1 was shown to
interact with postsynaptic adhesion protein neuroligin 1 (NL1), resulting in an increase of
speed of synapse formation .

Hevin and SPARC are astrocyte-secreted factors that control synapse formation in an
antagonistic way 2. Hevin potentiates synapse maturation by forming a protein complex with
both presynaptic neurexin-lalpha (NRX-1a) and postsynaptic NL1B ®. NRX-1la forms a
bridge with astrocytes-secreted Hevin which, in turn, connects to NL1B (Figure 1.3B) .
SPARC domains are very similar to Hevin’s, thus, its inhibitory effect is mediated by
competing with Hevin for binding with those pre and postsynaptic elements and determining
the levels of AMPA receptors in the synaptic terminal %% Even though their domain
structures are very similar, Hevin and SPARC have different N-terminal domains, which
suggests that SPARC inhibitory function of Hevin-induced synapse formation can be
mediated by those 3. It has been shown that SPARC-null mice have an increased synaptic
network, while Hevin-null mice have fewer synaptic connections 6263,



TGFB superfamily consists of three different cytokine isoforms (TGFB1, TGFf2 and
TGFB3) that are secreted by glial cells, such as astrocytes, as precursor proteins . When in
the extracellular space, they require proteolytic activity to be activated. Several studies have
identified TSP1 as the main activator of TGFB1 %67, TGFR1, has been strongly implicated in
synapse formation %70, Its secretion by astrocytes leads to increased levels of amino acid
D-serine, a co-agonist of the NMDA receptor, which potentiates an increase in the number of
cortical excitatory synapses (Figure 1.3C) . It has been shown that decrease of D-serine
levels leads to a depletion of the TGFB1-induced synaptogenesis in astrocyte-conditioned
medium . Also, astrocyte-secreted TGFB1 increases the formation of inhibitory synapses
by inducing synaptic adhesion protein NL2 cluster formation and translocation to inhibitory
postsynaptic terminal sites "°. This effect is regulated by not only glutamatergic synaptic

activity, but also by activation of Ca?*/calmodulin (CaM)-dependent protein kinase Il (CaMKII)
pathway °.
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Figure 1.3 — Astrocytes regulate synaptogenesis and synapse elimination. (A) Synaptogenic effects of
TSPs on neurons are mediated by their binding to a23-1 subunit of voltage-gated Ca2+ channels and
consequent activation of Ca?*-dependent signalling pathway. (B) Hevin potentiates synapse maturation by
forming a protein complex with presynaptic NRX-1a which, in turn, forms a bridge that connects it to the
postsynaptic NL1B. SPARC inhibitory effect is mediated by competing with Hevin for binding with these pre
and postsynaptic elements. (C) TGFB1 secretion by astrocytes leads to increased levels of amino acid D-
serine, a co-agonist of the NMDA receptor, which potentiates an increase in the number of cortical excitatory
synapses. (D) TGFp released by astrocytes upregulates the expression of C1q, which is then released to the
extracellular space where it binds directly to neurons or to weaker synapses. C1q binding induces C3 peptide
clavation into C3a and C3b. C3a triggers inflammation while C3b, as C1q, binds to weaker synapses tagging
them for elimination by microglia.



Mature synapses development requires a large quantity of cholesterol. However, at
the adult stage, neurons start specializing on electrical conduction and drastically reduce the
energy-consuming task of cholesterol biosynthesis X. Therefore, they rely on astrocytes for
production and delivery of cholesterol (Figure 1.4) 72. When cholesterol levels are low, the
sterol regulatory element binding protein (SREBP) family, namely SREBP2, activates the
transcription of genes involved in the synthesis and uptake of cholesterol, leading to an
increase in its levels 3. Cholesterol efflux is mediated by apolipoprotein E (ApoE)-containing
lipoproteins that are secreted through ATP-binding cassette (ABC) transporters, namely,
ABCAL1 *75, Then, neurons uptake cholesterol via low-density lipoprotein receptor mediated
endocytosis 6. Specific loss of ABCAL in glial cells was shown to reduced brain cholesterol
and to decreased synapse number while deficient cholesterol internalization of ApoE-
containing lipoproteins by neurons reduces the formation of efficient synapses 77’8, Also,
cholesterol was shown to be essential for synaptogenesis by promoting differentiation of
dendrites’ presynaptic terminals through induction of cholesterol metabolism and dendrite
development related genes 7989,
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Figure 1.4 — Cholesterol shuttle between astrocytes and neurons. In the adult brain, cholesterol is mainly
produced by astrocytes, which secreted it through ABCAL in ApoE-containing lipoproteins. Neurons internalize
these particles by endocytosis through low-density lipoprotein receptor and cholesterol is distributed inside the
cell. Excess cholesterol is converted by the neuronal-specific CYP46A1 into 240HC, which is also a signalling
molecule that induces LXR activation and, consequently, cholesterol efflux. In low cholesterol conditions,
SREBPs activate the transcription of HMGCR enzyme convert more acetyl-CoA into cholesterol.

Development and refinement of neuronal networks depends on a dynamic process
called synaptic remodelling, which consists in the elimination of unstable neuronal
connections 8. Several results suggest that astrocytes-secreted molecules, play a direct role
in this process, either by inducing the integrin-dependent pathway or by directly eliminating
synapses. This last mechanism is mediated not only by protease release, but mostly by the
complement system 8283, In CNS, TGFp released by astrocytes upregulates the expression
of classical complement cascade member C1q in neurons (Figure 1.3D) . This component
is then released to the extracellular space, binding either directly to neurons or to weaker
synapses 828, C1q binding induces its activation, leading to the formation of C3 peptide,
which is then cleaved into C3a and C3b 8384 C3a triggers inflammation while C3b, like C1q,
binds to weaker synapses tagging them for elimination by microglia 884,
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1.3.2.1 Shuttling and recycling neurotransmitters

Besides contribution to metabolic support, antioxidant defence and synapse
modulation, astrocytes play a key role in shuttling neurotransmitters, namely, glutamate,
which is essential for proper neuronal activity . Similarly to cholesterol, glutamate does not
cross the blood—brain barrier and neurons cannot synthetize it de novo since they do not
express pyruvate carboxylase 8. Therefore, neurons depend on astrocytes for glutamate
recycling and shuttling.

For this, astrocytes have an increased expression of two Na*-dependent glutamate
transporters: the EAAT1 and EAAT2 3. These high-affinity transporters uptake glutamate
released to the synaptic cleft by neurons to astrocytes . There, glutamine synthase
transaminates glutamate to glutamine, which is then exported to neurons through synaptic
vesicles, re-establishing neuronal glutamate levels 88, Glutamate clearance from the
synaptic cleft prevents crosstalk between synapses, limits glutamate action on pre- and
postsynaptic receptors but, mostly, it protects neurons against excitotoxicity -, Namely,
EAAT2 knockout mice show an increase in the levels of extracellular glutamate and, also,
early neuronal death .92,

Astrocytic recycling and uptake of glutamate also plays an important role in the
regulation of GABAergic synaptic activity by being the precursor for GABA synthesis as well
as modulating the synaptic GABA content via Na*-coupled GABA transporters (GAT) GAT1
and GAT3 8%, These high-affinity GABA transporters can not only uptake GABA to
astrocytes, but also to export it back to the extracellular space %. Astrocyte processes located
near synaptic sites express GAT1, which is involved in the termination of GABA signalling at
the synaptic cleft, whereas GAT3 is expressed at distal sites and regulates the action of
GABA on the presynaptic GABAergic nerve endings *°.

Thus, astrocytes, by buffering and recycling glutamate and GABA, the two most
important neurotransmitters, maintain brain homeostasis and regulate neuronal activity.

1.3.2.2 Tripartite synapse and synaptic transmission

Astrocytes sense neuronal activity via neurotransmitter-triggered changes in
intracellular Ca?* 67, There are several neurotransmitter receptors being expressed at the
astrocytic surface and most of them are associated with G-protein coupled receptors
(GPCRs) that, when stimulated, induce phospholipase C (PLC) activity and formation of 1P
% This results in increased Ca?* levels, due to its release from the endoplasmic reticulum
and other intracellular IPs-sensitive Ca?* stores. Elevated Ca?* concentration triggers the
transmission of intracellular Ca?* waves which are involved in the release of gliotransmitters,
such as glutamate, to the synaptic cleft through excitatory amino acids carrier °°7. This
bidirectional communication between astrocytes and two neurons is called a tripartite
synapse (Figure 1.5) %,

Specific synaptic terminals from different brain regions induce characteristic Ca?*-
mediated responses. In hippocampal alveus, Ca?* increases due to acetylcholine stimuli and
not glutamate 1%, However, it was shown that these astrocytes can respond to glutamate,
but only if released by Schaffer collateral synaptic terminals 1. Also, in vivo studies show
that astrocytes from separate cortical layers have different responses to glutamate inputs 12,
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These specific responses of astrocytes to different synaptic terminals activity indicate that
astrocytes can also modulate the transmission of synaptic information %,
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Figure .5 — Tripartite synapse and crosstalk between neurons and astrocytes. In the presynaptic neuron,
glutamine is converted to glutamate by glutaminase and packaged into synaptic vesicles. SNARE complex
proteins mediate the fusion of vesicles with the presynaptic membrane. Following release into the extracellular
space, glutamate binds to NDMAR inducing a Ca?* influx, which promotes the assembly CaM complex that
activates CaMKIll, CaMKIV and calcineurin (CaN). CaMKII stimulates the small GTPase Ras activation and,
consequently, induces both ERK/MAPK and PI3K/Akt pathway, resulting in CREB recruitment to the promoter
of synaptic plasticity-related genes, such as BDNF and Wnt2. CaMKIV directly phosphorylates and activates
CREB while Ca?*-sensitive adenylyl cyclase leads to PKA-mediated activation of CREB. Besides CREB
activation, PI3K/Akt pathway also induces mTOR pathway and FOXO translocation to cytoplasm, resulting in
transcription of cell growth and proliferation genes. Glutamate released by the presynaptic neuron is cleared
from the synaptic cleft through EAATSs on neighbouring astrocytes. Glutamate is then converted to glutamine
by glutamine synthetase within the astrocyte before being transported to presynaptic neurons, thereby
completing the glutamate-glutamine cycle. Most of neurotransmitters receptors are associated with G proteins
that, when stimulated, induce formation of IP3, which, in turn, increased Ca?* levels. Elevated Ca?*
concentration triggers the release of gliotransmitters, such as glutamate, to the synaptic cleft where is then
imported back to neurons by excitatory amino acids carrier. Besides shuttling glutamine, astrocytes also shuttle
lactate and glucose to neurons as part of their role as supportive metabolic role.
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Gliotransmitters are neuroactive molecules that can act on different neuronal
receptors, both at the pre- and postsynaptic levels, in order to tone neuronal activity and
synaptic plasticity 1. Excitatory and inhibitory amino acids, such as glutamate, GABA and D-
serine, ATP, neuropeptides, trophic factors, such as BDNF and prostaglandins, cytokines,
chemokines and growth factors constitute the main bulk of this large group of astrocyte-
secreted molecules 1.

Ca?*-dependent and independent mechanisms of gliotransmitters release have been
extensively studied in the recent years. Several Ca?*-independent mechanisms have been
described, including secretion by hemichannels, volume sensitive and ATP-gated ion
channels and glutamate-mediated secretion, such as cystine—glutamate antiporter 30:31:103.104,
These mechanisms are mostly involved in pathological conditions, while Ca?*-dependent
processes occur under physiological conditions and induce exocytic release through a
sharply regulated manner 272,

Exocytic vesicles and lysosomes secrete their content to the extracellular space by
fusing with the cellular membrane through the assembly of a soluble N-ethylmaleimide-
sensitive fusion attachment receptor (SNARE) complex (Figure 1.5) 1%. In astrocytes, the
SNARE complex is formed by v-SNARESs, such as synaptobrevin Il and other vesicular
associated membrane proteins, and by t-SNARES, such as syntaxins and SNAP23, which
are associated, respectively, with the vesicular membrane and with the cellular membrane
21106 When Ca?" concentration increases, it induces SNARE-associated protein
synaptotagmin 4 to bind negatively charged phospholipids, which, in turn, increase its affinity
to syntaxin %7, This leads to the formation of the ternary SNARE complex which is assembled
by the interaction of v-SNARE and t-SNARE proteins, facilitating the fusion of both vesicular
and cellular membranes 1%. Inactivation of synaptobrevin Il by tetanus neurotoxin, a specific
exocytosis inhibitor, stops glutamate release in astrocytes and transgenic mice with
decreased SNARE activity showed changes in behaviour, synaptic transmission and
maturation of neurons 108109,

SLMVs, LDCVs and lysosomes are the three major types of Ca?*-dependent secretory
organelles released by astrocytes 2/-2°. SLMVs are morphologically very similar to synaptic
vesicles and transport mostly neuro and gliotransmitters, like glutamate and D-serine,
through specific transport proteins, such as vesicular glutamate transporters . LDCVs
expression is regulated by neuron-restrictive silencer factor, a transcriptional factor involved
in nerve cells differentiation. These vesicles are known to transport neuropeptides in a non-
SNARE-mediated pathway 21!l These two findings suggest that LDCVs content might be
involved in neuronal network development processes and that astrocytes might have two
differentially regulated secretory pathways involved in synaptic transmission. Secretory
lysosomes are known to be the main storage compartment for cytokines and play a key role
in myelination since they are responsible for myelin secretion 12113, Also, it was shown that,
in astrocytes, Ca?* elevations lead to ATP release through secretory lysosomes and that
blocking ATP release prevents Ca?*-induced astrocyte-astrocyte communication 4,

Gliotransmitters have been described to have a role in different neuronal processes,
such as synaptic plasticity, increasing neuronal excitability and network. However, astrocytic
glutamate plays one of the most important roles in regulating synaptic transmission.
Glutamate released by astrocytes interacts with Glutamate lonotropic Receptor Type Subunit
2B (GRIN2B)-containing NMDA receptors, activating them which, in turn, induces slow
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inward currents that depolarize and trigger neurons to fire 11°, Interestingly, NMDA receptors
open only after membrane depolarization, so glutamate cannot, in theory, activate them.
Thus, either these receptors targeted by astrocytic glutamate are more sensitive to
depolarization or they are co-release with other depolarizing agents, such as D-serine, which
facilitates the opening of the transmembrane channel 16117, Also, glutamate was shown to
modulate excitatory synaptic flows through metabotropic glutamate receptors, which are
divided into three groups. Activation of group | enhances the frequency of spontaneous and
evoked excitatory synaptic currents while activation of groups Il and Ill reduces inhibitory
synaptic transmission 811° Thus, a single gliotransmitter can exert multiple effects
depending on the sites of action and the activated receptor subtypes.

2 Peroxisome proliferator-activated receptor-y coactivator-1a

CNS homeostasis is regulated by changes in protein levels that are primarily induced
by transcription modifications. Gene transcription is a highly regulated process that is divided
into multiple steps and involves several different protein complexes. Upon activation,
transcription factors bind to specific DNA sequences in the promoter or enhancer regions of
their target genes, most commonly, at the 5 region to the transcription start site 2,
Coactivators are proteins recruited to gene promoters through direct interaction with
transcription factors docked to specific DNA sequences !?°. Consequently, coactivators
facilitate the formation of multiprotein complexes that facilitate opening of the chromatin
structure and initiation of transcription itself. These multiprotein complexes include protein
with methylation, phosphorylation or acetyltransferase activity that modify histones, and
unwind and remodel chromatin in an ATP-dependent manner 12,

Proteins of the peroxisome proliferator-activated receptor y (PPARYy) coactivator 1
(PGC-1) family of transcriptional coactivators are key regulators of energy metabolism-
related genes and are expressed in high metabolic demanding tissues, such as brown
adipose tissue (BAT), liver and brain 121-123, PGC-1a, PGC-1B and PGC-1-related coactivator
(PRC) are the three founding members of PGC-1 family 121124125,

The PGC-1 family has a high similarity in amino acid sequence and, consequently,
core functions, especially the ability to regulate gene expression networks connected to
mitochondrial biogenesis and oxidative metabolism %26, For instance, both PGC-1a and PGC-
1B increase consequently, mitochondrial respiration, although PGC-1f3 has a less prominent
effect than PGC-1a 1%, Also, PRC and PGC-1a share the coactivation of specific transcription
factors involved in expression of mitochondrial genes 2.

Although the three coactivators have partly overlapping functions, they also display
functional differences depending mostly on the physiological context in which each of them
act PGC-1a and PGC-1[3 expression seems to be more restricted to high oxidative capacity
tissues when compared with PRC, which is expressed more ubiquitously !?°. PGC-la
regulates adaptive thermogenesis in BAT by coactivating several nuclear hormone receptors
that are involved in the transcriptional regulation of the uncoupling protein (UCP) 1 gene,
while in implicated in the skeletal muscle is involved in fiber-type switching and modulates
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genes involved in glucose uptake 21127128 |n liver, PGC-1a directly regulates
gluconeogenesis by inducing glucose-6-phosphatase and phosphoenolpyruvate
carboxykinase pathways as well as increasing TCA cycle turnover, as a response to glucagon
123129 Unlike PGC-1a, PGC-1B does not regulate gluconeogenesis in liver, but it has a major
effect in lipogenesis and lipoprotein transport 13231, Since PGC-1a is the most well studied
member of this family and also the most relevant for our study, it will be discussed in more
detail throughout this section.

2.1 Structure and mechanism of action

PGC-1 coactivators exert their modulatory function by binding to specific nuclear
receptors. Indeed, one of the currently accepted model for PGC-1 mechanism of action states
that they act as docking platforms that promote the interaction between DNA-bound
transcription factors and enzymatically-active cofactors, which, in turn, activate gene
transcription 132

As previously mentioned, proteins from PGC-1 family have a high structural
homology. They share several well-conversed domains and have very similar N- and C-
terminal amino acid sequences. The amino-terminus contains highly conserved
transcriptional activation and repression domains which include several major nuclear
hormone receptor-interacting motifs 2. Unlike other coactivators, PGC-1 proteins do not
have any intrinsic histone acetyltransferase activity **3. Therefore, the amino-terminal end
also functions as surface for recruitment of histone acetyltransferase proteins, such as cAMP
response element binding (CREB) protein binding protein (CBP)/p300 **. It was shown that
the increase in the transcriptional activity of PPARy and nuclear respiratory factor 1 (NRF1)
nuclear receptors is due to the recruitment of histone acetyltransferases CBP/p300 and
steroid receptor coactivator 1 (SRC1) to the assembly complex by PGC-1a 1%,

The same study has also shown that PGC-1a exists into three different conformational
stages. When not bound to any transcription factor, PGC-1a has reduced capability to interact
with any histone acetyltransferases. Upon docking to a transcription factor, PGC-1a changes
conformation to a more permissive state, forming a complex with CBP/p300 and SRC-1, that
in turn induces gene expression 133, Although the amino and carboxylic-terminals of PGC-1
contain well-conserved domains, the remaining unstructured region has no apparent
function. Therefore, it is suggested that PGC-1 conformational changes might occur within
these domains.

The C-terminus presents the highest similarity between all the three members of the
PGC-1 family, containing several well conserved motifs within this region 124134, One of them
has been identified as a binding site for the coactivator host cell factor 1, which is involved in
the regulation of cell cycle!?*. The carboxy terminus also contains serine/arginine-rich domain
(RS) and a RNA recognition motif (RRM) 124, This domain is typically involved in RNA binding
and splicing, suggesting that PGC-1 family may play a role in RNA processing 34, In fact, in
vitro studies have already shown that PGC-1a regulates gene expression by participating in
mRNA processing 4.

After initiation of transcription, it is suggested that PGC-la also interacts with
elongation factors and RNA polymerase Il, affecting RNA elongation rate 3413, Furthermore,
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PGC-1a targets RNA processing of the transcribed genes, namely, by modulating mRNA
capping, alternative mMRNA splicing and mRNA stability 134136, Thus, PGC-1a is considered
to be a versatile and dynamic coactivator, which plays a crucial role in regulating several
aspects of gene expression.

2.2 Regulatory properties

As seen before, PGC-1a carries out different metabolic functions according to the
tissue where it is being expressed. Thus, PGC-1a expression needs to be finely tuned to
effectively respond to increased energy demands and fulfil cellular energy needs. Its activity
is controlled through diverse transcriptional and posttranslational mechanisms.

PGC-1a responds differently to several signalling pathways according to the tissue
where it is being induced. AMP-activated protein kinase (AMPK) is a key sensor of cellular
energetic demands and is activated by high ratio of AMP/ATP, triggering a wide range of
metabolic pathways in order to increase ATP concentration within the cell. One way to boost
production of ATP is through increasing mitochondrial function and biogenesis. In muscle,
PGC-1a is very sensible to AMPK activation **’. Expectedly, activation of AMPK signalling
increases PGC-1a transcription levels, which, in turn, induces mitochondrial biogenesis
activation 137:138,

In the liver, PGC-1a is induced by fasting through p38 mitogen-activated protein
kinase (MAPK) pathway %. p38 is activated by cAMP signalling and activation of protein
kinase A (PKA), as response to the pancreatic hormone glucagon (Figure 1.7) . PKA
activation promotes CREB binding to PGC-1a promoter, which, in turn, increases its
expression and consequently gluconeogenesis **°. p38 also increases PGC-1a transcription
in BAT as a response to cold stimuli sensed by B3-adrenergic receptors through activating
transcription factor 2 (ATF2) 121140,

Calcium signalling is also involved in the regulation of PGC-1a expression through
the activation of CaMKIV and calcineurin (CaN) #!. CaMKIV activates CREB by
phosphorylation, inducing its binding to PGC-1a promoter, while CaN interacts with myocyte
enhancer factor 2 (MEF2) which results in increased PGC-1a transcription (Figure 1.6) 141142,
In vivo imaging shows increased CREB/MEF2-dependent PGC-1a transcript expression
upon nerve stimulation in muscle *3. Remarkably, MEF2 is a known target of PGC-1a action,
which creates feed forward loop where PGC-1a increases its own expression 142,

Posttranslational mechanisms, such as phosphorylation and acetylation, are crucial
players in regulating PGC-1a protein levels and activity. AMPK and p38 MAPK, not only
influence PGC-1a expression, but also are the most well-known protein kinases that control
PGC-1a phosphorylation. Besides inducing PGC-1a transcription, AMPK enhances its co-
transcriptional activity through phosphorylation of its threonine-177 and serine-538 residues
(Figure 1.6) ¥¥7. p38 MAPK activates PGC-1a through phosphorylation of specific threonine
and serine residues upon cytokine stimulation 4. This phosphorylation increases PGC-1a
short half-time life by improving its stability and also disrupts PGC-1a interaction with co-
repressors, resulting in an overall enhancement of its transcriptional activity 14414°,
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Figure 1.6 — Regulation of PGC-la expression by transcription mechanisms and posttranslational
modifications. PGC-1a transcription is induced by several transcription factors, which are modulated by
different signalling pathways. Ca?* signalling induces CaMKIV and CaN action which, respectively, promote
CREB and MEF2-mediated PGC-1a transcription. PKA is activated both through glucagon and cold stimuli,
leading to CREB and ATF2 binding, respectively, to PGC-1a promoter, although ATF2 activation is mediated
through p38 MAPK. p38 MAPK and AMPK can also directly activate PGC-1a through phosphorylation. In low
energy situations, AMPK increase NAD* amounts, enhancing Sirtl activity and deacetylation of PGC-1a. Upon
activation, PGC-1a interacts with several transcription factors, such as PPARy and NRF1, which induce the
transcription of genes related with energy metabolism, such as uncoupling protein 1, and genes related with
oxidative phosphorylation (OXPHOS) and mitochondrial transcription factors, such as Tfam. Furthermore,
PGC-1a directly interacts with Tfam within the mitochondria, resulting into augmented mitochondrial biogenesis.
When energy is abundant in the cell, GCN5 acetylates and inhibits PGC-1a.

PGC-1a is highly susceptible to transient regulation by deacetylation since the whole
protein sequence contains several acetylated residues %6, Silence information regulator 2-
like 1 (Sirtl) activity depends on NAD*/NADH ratio and uses NAD" as a substrate. This
connects this histone deacetylase to the regulation of cell energy metabolism 4. AMPK
increases NAD* concentration by activating fatty acid oxidation, thereby enhancing Sirtl
activity 48, Thus, AMPK not only induces PGC-1a expression and enhances its stability
through phosphorylation, but also promotes its deacetylation by increasing Sirtl activity 148,
Sirtl-mediated deacetylation activates PGC-1a and increases the coactivation of its target
genes such as Tfam 4, Interesting, prior AMPK phosphorylation of PGC-1a is necessary for
subsequent Sirtl deacetylation, suggesting a highly specific mechanism of posttranslational
regulation 148,

Histone deacetylase GCNS5 functions in an antagonistic way to Sirtl since it acetylates
PGC-1a and PGC-1B in vitro and in vivo, decreasing their activity 10151, Calorie excess
triggers GCN5 expression and reduces Sirtl levels which enhances GCN5-mediated
acetylation of PGC-1a, reducing its activity 2. On the other hand, GCN5 is down-regulated
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and Sirtl is increased under calorie restriction conditions, promoting PGC-1a deacetylation
and hence its activity (Figure 1.6) 152, Moreover, it is thought that GCN5 dependent acetylation
of PGC-1a can also be regulated by levels of acetyl-CoA within the nucleus %3,

As seen, PGC-1a activation and biological activity is extensively regulated by several
transcription mechanisms as well as posttranslational modifications. To make the matters
even more complicated, PGC-1a gene codes for different isoforms regulated by multiple
promoters and alternative splicing 4.

2.3 Isoform structure and function

PGC-1a protein structure and function have been intensively studied in different
physiological conditions, ranging from energy metabolism to muscle physiology and
neurodegenerative diseases. However, after PGC-1a gene was first identified, other
transcripts have been reported to be induced under specific stimuli, such as cold exposure
in BAT and resistance training in skeletal muscle %4,

Two distinct promoters drive PGC-1a gene transcription %1%, The proximal promoter
is located at 5’ of exon 1, while the alternative promoter is located at 14kb upstream. PGC-
1a promoters are differentially activated depending on tissue expression and specific stimuli
157 Transcripts encoded by the alternative promoter give rise to a novel exon 1 sequence
(exon 1b), which has a short and a long variant of 12 and 3 amino acids, respectively 155158,

PGC-1a alternative promoter activation in mice, coupled with alternative splicing,
gives rise to three core variants with unique structural characteristics, named PGC-102,
PGC-1a3 and PGC-1a4 '**. To be consistent with the isoform nomenclature, the canonical
PGC-1lawas renamed to PGC-1al. All isoforms share exon 2 with PGC-1al, however, PGC-
1a2 and 4 contain the long splicing variant of exon 1b while PGC-1a3 contains the short one
(exon 1b’) 14,

PGC-1a2 and 3 have very similar structural features and length, 379 and 370 amino
acids respectively **. As mentioned before, both isoforms have distinct first exons, but their
remaining intron/exon structure is identical (Figure 1.7) . Nonetheless, their conformation
notably differs from the other isoforms. Due to several splicing events, PGC-1a2 and 3 exons
4—6 and 9-13 are eliminated and a new stop codon originated from splicing of exon 8 to the
3" UTR is inserted 4. Thus, all the previously described PGC-1al C-terminal motifs are
missing in these two proteins, together with parts of both activation and repression domains.

PGC-104, on the other hand, contains the full activation domain present in PGC-1al
but both the repression domain and the C-terminal end are missing (Figure 1.7) %% These
structural changes are mediated by downstream alternative splicing events, which lead to the
introduction of a premature stop codon at amino acid 266 and to the insertion of a new exon
6, making PGC-1a4 the smallest isoform encoded by the alternative promoter 4. Apparently,
PGC-104 sequence modifications alter its half-time life and, consequently, its degradation
rate, increasing its stability when compared to PGC-1a1 *.
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Figure 1.7 — PGC-1a proximal and alternative promoter and isoform structure. Schematic representation
of PGC-1a different promoters, respective encoded isoforms, and domain conservation between the different
PGC-1a variants. PGC-1al is expressed under the control of the proximal promoter (in purple) while the
remaining PGC-1a isoforms are expressed from the alternative promoter (in blue). Activation and repression
motifs located at N termini mediate PGC-1a interaction with transcription factors and other coactivator
complexes. The distinct N termini of the different isoforms are represented in brown. The RS and RRM domains
are involved in RNA splicing.

Regarding the biological function of PGC-1a isoforms, PGC-1a4 was shown to induce
muscle hypertrophy by promoting IGF-1 expression and reducing levels of muscle growth
repressor, myostatin >4, Furthermore, PGC-1a4 splicing patterns and gene regulation cluster
very well with PGC-1al targets as opposed to PGC-1a2 and 3 '*. This shows that, unlike
what was initially thought, the preservation of the N-terminal activation domain plays a greater
role in setting gene programs and splicing events than the RNA recognition motif present at
the C-terminal of PGC-1a1 %,

Furthermore, PGC-1a2 and 3 lack part of activation domain sequence that interacts
with PPAR 6%, This might explain the differences found in regulation of gene networks when
compared to PGC-1a1 and also the observed contra-regulation most of PGC-1al target
genes °, PGC-1a2 and 3 do not modulate mitochondrial biogenesis, however they do
increase pyruvate mitochondrial respiration °°. Thus, apart from affecting metabolism
through transcription, PGC-1a2 and 3 might also modulate cellular homeostasis by inducing
splicing events such as in pyruvate metabolism related genes *°. Also, it was shown that in
the muscle both PGC-1a2 and 3 reduce the expression of proliferation-related genes and
that PGC-1a2 exclusively regulates cholesterol synthesis metabolism while PGC-1a3 plays
a role in cell cycle control, proliferation and ECM remodelling °.

Besides the alternative promoter other transcription starting sites for PGC-1a human
gene were identified. It was observed that a promoter encoding for brain-specific isoforms
lies 587kb upstream of exon 2 11, Interestingly, this promoter is located in the genomic region
associated to onset of Huntington’s disease, a neurodegenerative disease where normal
PGC-1a function seems to be impaired. Transcripts produced from this promoter contain
specific exons encoded by the brain promoter (B1-5) followed by the canonical exons 2—-13.
Studies in a neuroblastoma cell line show that these transcripts have higher expression levels
than PGC-1a1 16,
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2.4 PGC-larolein brain development

During CNS development, emerging neurons grow axons and dendrites in order to
form synapses, and consequently functional neuronal circuits. Mitochondria are not only the
major energetic supplier for this process, but also play a role in structuring the architecture of
neuronal cytoskeleton. PGC-1a, as a major regulator of cellular adaptions to changes in
energy requirements and other key metabolic pathways, such as oxidative phosphorylation
(OXPHOQOS), is thought to play a putative role in CNS correct functioning.

In fact, expression of several neurofilaments and Na?* pumps a2 subunit is reduced
in PGC-1a null brain 122, Furthermore, complete deletion of PGC-1a gene in the brain induces
hyperactivity and axon degeneration in the striatum 22, Likewise, it was shown that neuronal
dendritic spines formation and maintenance are regulated by PGC-1a by BDNF-cAMP axis
162 PGC-1a also modulates the magnitude of neurotransmitter release through regulation of
synaptotagmin 2 and complexin 1 expression levels 163,

As mentioned before astrocytes are the metabolic supporters of neurons, therefore
any interference with the astrocytes-neuron shuttles may deprive neurons of necessary
metabolites, leading to neurodegeneration. PGC-1a has been shown to play an important
role in this crosstalk. Indeed, important regulators of cholesterol and lipid metabolism, such
as SREBP and the Liver X receptor (LXR) were shown to be regulated by PGC-1a coactivator
activity 14155, Moreover, PGC-1a2 has a specific role in regulating cholesterol metabolism in
myotubes, which might translate to the same behaviour in brain *°°.

Recently, a novel mechanism was discovered in which PGC-1a1 activation in skeletal
muscle has a protective role against stress-induced depression %, Under normal
circumstances, kynurenine enters the brain from circulation and is metabolized along
kynurenine pathway into several compounds with neurotoxic effects, such as 3-hydroxy
kynurenine, or quinolinic acid . It is known that brain accumulation of kynurenine results in
neuroinflammation and depression as well as impair glutamate transmission 66167 After
exercise, PGC-1a1 induces expression of kynurenine amino transferases in skeletal muscle,
which transform kynurenine into kynurenic acid that can no longer cross the blood brain
barrier.

Several neurodegenerative diseases, especially AD and PD, have been connected to
impaired mitochondrial OXPHOS and reduced expression of mitochondria related genes .
The forebrain of high fat diet fed mice shows that a decrease in PGC-1a levels is coupled
with an increase of B-secretase whereas the opposite was observed in fasting mice 6°,
Interestingly, it was shown PGC-1al protein stabilization can be neuroprotective against the
complex | of electron transport chain blocker 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced mitochondrial damage *°.

As we have seen, PGC-1a isoforms extensively regulate cellular metabolism and are
essential for the excitability and survival of neurons. Therefore, targeting them with a
functional therapeutically approach can have body-wide applications, including obesity and
diabetes, muscle dystrophy and neurological diseases.
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3 Hypothesis and aims

PGC-1a gene encodes four coactivator variants but scarcely anything is known about
the role of these different PGC-1a proteins in the brain >*. Unpublished results from the Ruas’
lab have shown that these different isoforms are differentially expressed throughout the brain,
and their expression levels can be modulated by stress conditions (Agudelo and Ruas,
unpublished), suggesting a functional role of these proteins. Therefore, the main goal of this
work is to characterize the molecular pathways controlled by PGC-1a isoforms, focusing on
PGC-1a3. We seek to understand how PGC-1a3 specifically affects neuronal and astrocytic
function. Understanding these mechanisms is important for discovery of new strategies of
treatment for neurodegenerative diseases, namely the characterization of novel therapeutic
targets. To achieve our goal, we will characterize the molecular pathways modulated by PGC-
1a3 in in vitro neuronal and astrocytic experimental models.

The specific objectives are:

e Evaluate changes in neuronal morphology and synaptic activity markers by
performing gain-of-function studies in primary cultures of mouse neurons.

¢ Identify downstream targets of PGC-1a3 in astrocytes by RNA-sequencing and
characterization of the transcriptome using bioinformatic tools.

o Characterize modifications in the astrocytic secretome induced by PGC-1a3
that may affect neuronal function, through transcriptome processing using
bioinformatic tools.
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. MATERIALS AND METHODS

1 Materials

1.1 Supplements and chemicals

Poly-D-Lysine hydrobromide, Bovine Serum Albumin, Fetal Bovine Serum (FBS),
Dithiothreitol (DTT), Phenylmethanesulfonyl fluoride (PMSF), 4',6-Diamidino-2-phenylindole
dihydrochloride (DAPI), Triton X-100, phosphate buffered saline (PBS) were purchased from
Sigma-Aldrich (St Louis, MO, USA); Neurobasal, Dulbecco’s Modified Eagle Medium
(DMEM), normal goat serum, horse serum, Penicillin/Streptomycin (PenStrep), GlutaMAX,
B-27 Supplement and TrypLE Express were obtained from GIBCO® (Life Technologies, Inc.,
Grand Islands, USA).

IzoIRNA lysis reagent was secured from 5 Prime (Hamburg, Germany); DNase |
Amplification Grade kit was purchased from Invitrogen (Grand Island, NY, USA); High-
Capacity RNA-to-cDNA™ and SYBR™ Green PCR Master Mix kits were obtained from
Applied Biosystems (Foster, CA, USA). Primers for qRT-PCR were purchased from
Integrated DNA Technologies (lllinois, USA).

Quick Start™ Bradford 1x Dye Reagent was purchased from Bio-Rad Laboratories
(Hercules, CA, USA); Polyvinyl difluoride (PVDF) membrane was obtained from Millipore
(Bedford, MA, USA); WesternBright™ ECL HRP substrate was secured from Advansta (CA,
USA); SuperSignal® West Femto Maximum Sensitivity was acquired from Thermo Scientific
(Rockford, USA).

1.2 Antibodies

The antibodies used in Western Blot and immunocytochemistry assays are listed in
Tables 1.1 and 11.2.

Table 1.1 — List of the primary antibodies used in Western Blot and immunocytochemistry assays.

Primary antibody Host Dilution \ Supplier
B-actin Mouse 1:10000 (WB) Sigma
Bll-tubulin Mouse 1:2000 (IC) Biolegend
GFAP Mouse 1:1000 (IC) Sigma
MAP2 Rabbit 1:2000 (WB) Merck
PSD-95 Mouse 1:500 (WB) Merck
Shank3 Rabbit 1:500 (WB) Santa Cruz
Biotechnology
SYP Mouse 1:500 (WB) Millipore
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Table 1.2 — List of the secondary antibodies used in immunocytochemistry assays.

Secondary antibody Target Dilution Supplier
Alexa Fluor® 488 ‘ Mouse 1:1000 Invitrogen
Alexa Fluor® 594 Rabbit 1:1000 Invitrogen
Texas Red® ‘ Mouse 1:500 Invitrogen

2 Methods

2.1 Primary neuronal cell culture and transduction conditions

Primary cultures of mouse cortical/hippocampal neurons were prepared from 16 to
17-day-old embryonic C57BL/6 mice as previously described ', Pregnant mice were
sacrificed in a CO, chamber, the fetuses were collected in Hank’s balanced salt solution
(HBSS) with Ca?* and Mg?* (Gibco™, TermoFisher) and quickly decapitated. Brain cortices
were collected in HBSS without Ca?* and Mg?*, after removal of olfactory bulbs, white matter
and meninges. Cortices were then mechanically fragmented, transferred into a trypsin-
DNasel solution (0.25% trypsin, 1mg/mL DNAsel in HBSS w/o Ca?*/Mg?*) and incubated for
15 min at 37 °C. Following trypsinization, cells were washed three times in HBSS w/o
Ca?*/Mg?* and resuspended in plating medium (Neurobasal, supplemented with 10% horse
serum and 50U/mL of PenStrep (penicillin and streptomycin)).

Isolated neurons were plated on culture plates pre-coated with poly-D-lysine with and
maintained at 37°C in a humidified atmosphere of 5% CO,. After 3 hours, the media was
changed to Neurobasal with B-27 Supplement, 2mM of GlutaMAX and 50U/mL of PenStrep.
A third of the media was changed every three days.

For RNA extraction and Western Blot, cells were plated in 6-well cell culture plates at
a concentration of 1 x10° cells/well. For immunocytochemistry, cells were plated in 24-well
cell culture plates at a concentration of 2,5x10° cells/well.

Cells were transduced with an adenovirus expressing Green Fluorescence Protein
(GFP) and FLAG-tagged PGC-1a3 isoform (AdPGC-1a3) at 15 days in vitro. Control cells
were transduced with an adenoviral vector expressing GFP (AdControl). Adenovirus
encoding GFP or both GFP and FLAG-tagged PGC-1a3 were previously generated by using
the pAdTrack/pAdEasy system %9,

Neurons were transduced overnight, the medium was then discarded, cells were
washed with PBS, and new media was added. 48 hours after transduction cells were washed
with PBS and lysed either with 1zoIRNA reagent or lysis buffer (50 mM Tris-HCI pH 7.4, 180
mM NaCl, 1 mM EDTA, 1%, Triton X-100, 15% glycerol, 1mM DTT and 0.5 mM PMSF).
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2.2 Primary astrocyte cell culture and transduction conditions

Primary cultures of mouse astrocytes were prepared from 5 to 7-day-old postnatal
C57BL/6 mice. Pups were quickly decapitated and their brain cortices were maintained in
DMEM after removal of olfactory bulbs, white matter and meninges. Cortices were then
mechanically fragmented and filtered firstly in a 100um followed by a 75um cut-off strainer.
Following filtration, cells were resuspended in DMEM/GlutaMAX-I media, supplemented with
10% FBS and 1% PenStrep, and kept at 37°C in a humidified atmosphere of 5% CO..

For RNA extraction and Western Blot, cells were plated in 6-well cell culture plates
and for immunocytochemistry cells were plated in 24-well cell culture plates.

Astrocytes were transduced as described in section 2.1. A workflow diagram of the
main steps performed in this section are represented in Figure II.1.

PGC-1a3 adenovirus . . .
g RNA isolation

astrocyte culture

5 to 7-day-old postnatal High throughput
C57BL/6 mice sequencing

Figure Il.1 — Ectopic expression of PGC-1a3 in primary cultures of mouse astrocytes. Astrocytes were
isolated from 2-day-old mice, and at 15 days in vitro were transduced with an adenovirus encoding for GFP
(AdControl) or GFP and PGC-1a3 (AdPGC-1a3) for 48h. RNA samples were isolated and subjected to Next
Generation Sequencing.

2.3 Total RNA isolation and qRT-PCR analysis

Total RNA was extracted from mice cortex/hippocampal samples in accordance with
manufacturer’s instructions (1zol-RNA lysis reagent) 1’2, RNA integrity was tested using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) in accordance with
manufacturer’s instructions (Agilent RNA 6000 Nano Kit) 3. RNA Integrity Number (RIN) of
samples varied between 9 to 9.6.

RNA concentration and quality were measured by spectrometry at UV light and
260/280 ratio, respectively, using the Nanodrop 1000 (Thermo Scientific, Rockford, USA).
We typically obtained 100-300 ng of RNA from each 6-well neuronal culture plate and 400—
800 ng from astrocytes cultures.

RNA samples were treated with DNasel recombinant RNase-free for 15 minutes at
room temperature followed by EDTA mediated enzyme inactivation for 10 minutes at 65°C.
Reverse transcription of 500 pg of treated RNA was performed with High-Capacity RNA-to-
cDNA kit for 1 hour at 65°C.
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Quantitative real-time PCR (RT-qPCR) reactions were performed using SYBR Green
PCR Master Mix kit in an ABI QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems, Foster, CA, USA), using the following cycle conditions: 50°C for 2 minutes; 95°C
for 10 minutes; followed by 40 cycles at a temperature of 95°C for 15 seconds and at 60°C
for 1 minute. A final step of 95°C for 15 seconds, 60°C for 1 minute and 95°C for 15 seconds
was added to determine the melting curves in order to check for non-specific amplicons and
primer dimers. Primers used are listed in Table I1.3. Data analysis is based on the AACt
method with normalization of the raw data to housekeeping genes. Four candidate genes (j3-
actin, GAPDH, eukaryotic elongation factor (EEF) and HPRT) were analysed with the Norm
Finder algorithm and EEF was found to be the most stable gene to be used as an endogenous
control for gPCR, in the experimental conditions used ’*. mMRNA expression levels of the
genes of interest were normalized to eukaryotic elongation factor (EEF) expression levels.
All PCR reactions were performed in technical duplicates from at least three independent
experiments.

Table 11.3 — Sequences of mouse primers used for gRT-PCR analysis.

Gene Forward (6-3) Reverse (5-3)
Angptl4 GTTGCCGTGGGATAGAGTGG TTAACCCTATAGGTGGCTGGT
Apbblip = ACCCAGAGTTTAGGAGTGGAC CTTCCAGTGCATTTAAGGACTCA
Arhgap4 GCCAGTTGGAGAGCCTCATT CCTCCTGGTCATCCTCCTGA

Atp2a3 TGGATGGTGTTCTCGGGACAT GTCCTGGAAGTAGTCGGCA
CaM ACGGGGATGGGACAATAACAA TGCTGCACTAATATAGCCATTGC
Camkid | TGACTTTGGCTTGTCGAAAATGG TGTACGGTTTCTGGGCGAGA
Camklla  ACCTGCACCCGATTCACAG TGGCAGCATACTCCTGACCA
Camklip GCACGTCATTGGCGAGGAT ACGGGTCTCTTCGGACTGG
Can CTGGCTGCGCTAATGAACCA GGTCTGACCATAGGATGTCACAC
Ccl5 GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC
Ccrb TTTTCAAGGGTCATGTCCGAC GGAAGACCATCATGTTACCCAC
Ctss CGACGCCAGCCATTCCTCCTT AGAGTCCCATAGCCAACCACAAGA
Eaatl ACCAAAAGCAACGGAGAAGAG GGCATTCCGAAACAGGTAACTC
Eaat2 ACAATATGCCCAAGCAGGTAGA CTTTGGCTCATCGGAGCTGA
Eef ACACGTAGATTCCGGCAAGT AGGAGCCCTTTCCCATCTC
Fcyrlig ATGGGAATCCTGCCGTTCCTA CCGTGAGAACACATGGACAGT

Fcyrlll CAGAATGCACACTCTGGAAGC GGGTCCCTTCGCACATCAG

Grial TCCCCAACAATATCCAGATAGGG AAGCCGCATGTTCCTGTGATT

Gria2 AATGGACGTGTTATGACTCCAGA CTGACATTCATTCCCATGCCA

Grin2A ACGTGACAGAACGCGAACTT TCAGTGCGGTTCATCAATAACG
Grin2B GCCATGAACGAGACTGACCC GCTTCCTGGTCCGTGTCATC
Gm14403 A GAGTCTTCACAATGAAACATACCA TGCATTCATGGGGTTTCTCTT
Hevin GTGTTTGCCAAGATCCAGAGAC TGGCGTAGGTTTGGTTGTCA
Itgal AGCCTATCCTGAGACCTT TCTTATCTTCACCACAGTTCT
ltgp2 CAGGAATGCACCAAGTACAAAGT CCTGGTCCAGTGAAGTTCAGC
Kcnkl TGCTCTCCACCACAGGCTATG AGATGATGCAGAAGGCTTTGC
Laptm5  AGCACCTGGAGGCTGGGAAGTC TTGCCATCAGAGCAGTGGCTCAT

Lgals9 CTTTCTACACCCCCATTCCA CTCGTAGCATCTGGCAAG

Map2 GCCAGCCTCAGAACAAACAG AAGGTCTTGGGAGGGAAGAAC

Marco ACAGAGCCGATTTTGACCAAG CAGCAGTGCAGTACCTGCC

Msri TGAACAAGAGGATGCTGACTG TGTCATTGAACGTGCGTCAAA

Nfatcl CAGTGTGACCGAAGATACCTGG TCGAGACTTGATAGGGACCCC
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Nfatc2 CACACCGAGCTATGAGAAGA GTCAGCGTTTCGGAGCTTCA
Nfatc3 GCTCGACTTCAAACTCGTCTT GATGTGGTAAGCCAAGGGATG
Nfatc4 GAGCTGGAATTTAAGCTGGTG CATGGAGGGGTATCCTCTGAG
Nfat5 GAGGGGTGTGGATTGGAATCT CTGGTGCTCATGTTACTGAAGTT
(232;11 g) TGATGTGAATGACTTGGATACAGACA | GCTCATTGTTGTACTGGTTGGATATG
Plau GCGCCTTGGTGGTGAAAAAC TTGTAGGACACGCATACACCT
Plcp2 TGGATGTCACGAGTATCCGAG GTTTCTGGCTCTTGGGTATCTTT
Psd-95 CTGGACCTGACCGAAACCC GCTGGTTGTTGAGTGGGAAGA
Serpinil = AGGTGTGAAGGAGACTTGAAAC CTGACCACTCAGTTATGGTT
Shank3 GGAACTTGCTTCCATTCGGAG CCTCGAGTCAGCATCTGCAA
Slc16a3 AGCCCAGTGTTCCTTTGTG ACAGCAGTTGAGCAGTAGG
Sparc CCACACGTTTCTTTGAGACC GATGTCCTGCTCCTTGATGC
Sytill ATACGCCCCAGCTTTGATGT CTTGTATGGCGGGGTCTTGT
Tgfp CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC
Thbs1 CACGCTACAGGACAGCAT GGCCGCCTCAGCTCATT
TIr7 ATGTGGACACGGAAGAGACAA ACCATCGAAACCCAAAGACTC
TIr9 ATGGTTCTCCGTCGAAGGACT GAGGCTTCAGCTCACAGGG
Bll-tub CGCACGACATCTAGGACTGA TGAGGCCTCCTCTCACAAGT

2.4 RNA-sequencing analysis

RNA samples were analysed by massively parallel sequencing using the InView
Transcriptome Explore package from GATC Biotech (Germany). Sequencing was performed
on an lllumina HiSeq 4000 with a non-stranded cDNA library and single-end 50-bp reads at
25-45 million reads per sample. Raw sequencing data were demultiplexed and converted
into FASTQ files and quality control of raw reads was determined using FastQC tool kit
(Babraham Bioinformatics, http://bicinformatics.babraham.ac.uk/projects/fastqc).

Raw reads were aligned to NCBI’'s Mus musculus (GRCm38.p5) reference genome
with Hisat2 tool using default parameters!’. Hisat2 combines an indexing scheme based on
the Burrows-Wheeler transform and the Ferragina-Manzini (FM) index in order to create a
global whole-genome FM index for the exonic alignment. A high ratio of uniquely mapped
reads (>75%) was confirmed, with an overall alignment rate higher than 90%.

Aligned reads were counted using HTSeq framework 1’®, namely htseq-count script,
in which only reads mapping unambiguously to a single gene are counted, whereas reads
aligned or overlapping to multiple positions are discarded. @ Samtools
(http://samtools.sourceforge.net) was used to convert Hisat2 output SAM files into BAM files
sorted by alignment position that were used as HTSeq input.

Differential gene expression between individual experimental groups was performed
with DESeq2 package by applying regularized log transformation ’”. HTSeq counts were
normalized for library size (total number of sequenced reads), based on the premise that
most genes are not differentially expressed amongst all samples. Due to the high variability
between different primary cultures, multi-factor design was used in order to perform a paired
analysis between the two individual experimental groups. As rationale for pairing, we set the
DESeq2 contrasts for generalized linear model (glm) to use not only the comparison of
AdPGC-1a3 transduced sample with the corresponding control, but also the identity of brains
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that the astrocytes come from. All differentially expressed genes (DEGs) showing p-value
(adjusted by Benjamini-Hochberg method for multiple comparisons adjustment) smaller than
0.05 were further examined for functional processes and differential expression and plotted
as following.

For MA plots, fold change values of DEGs were logz-transformed and matched to the
respective logarithm of expression values (baseMean) and Volcano plots compare negative
logarithm p-values with log: fold change.

Heatmaps show the one thousand most expressed genes using their respective
baseMean values standardized to mean of 0 and a standard deviation of 1. Pearson's
correlation coefficient is used as clustering criterion between the different genes (rows) and
Euclidean distance is used to hierarchically cluster the different samples (columns).
Standardized base mean values were coloured with a blue to red gradient, respectively for
down and upregulated genes, for visualization purposes.

Samtools was used to convert Hisat2 BAM files into BedGraph files that were used
as Integrate Genome Viewer (IGV) input 178, Epigenetic modifications were visualized using
IVG and ChIP-Atlas (http://chip-atlas.org).

TargetP 1.1, SignalP 4.1, TMHMM 1.0 and SecretomeP 2.0 (DTU Bioinformatics,
Copenhagen, Denmark) were used for secretory analysis via classical and alternative
pathways. DEGs list obtained from DESeq2 analysis was submitted to the previously
mentioned tools separately and the outputs combined in data frame, which was subsequently
filtered. Putative classically secreted proteins were uncovered by filtering the data frame for
non-mitochondrial located proteins with a reliability class equal or smaller than 2 (analysed
by TargetP), containing a signal peptide (obtained by SignalP) and without transmembrane
helix domains (as predicted by TMHMM). Putative unconventionally secreted proteins were
obtained by applying the same filter as previously described, but without predicted signal
peptide and with network score higher than 0.6 (as calculated by SecretomeP).

Ingenuity Pathway Analysis (Qiagen, CA, USA) software was used for a
comprehensive pathway and network analysis for gene expression. IPA input was filtered to
include only DEGs with p-value smaller than 0.05 and output includes only functions and
pathways experimentally validated in nervous system. Only significant pathways (p>0.05)
were considered for subsequent RT-gPCR validation of target genes.

Kallisto was used to convert feature counts from HTSeq analysis into transcripts per
million values that were used as Gene set enrichment analysis (GSEA) input. GSEA software
was used for miR enrichment analysis by running the previous data matrix against the
Molecular Signature Database for miR (http://software.broadinstitute.org/gsea/msigdb,
version 6.2) 179, Statistical significance is evaluated using a phenotype-based permutation
applied to our gene-expression data matrix. Differentially expressed miRs were identified by
setting the cut-off for false discovery rate (FDR) lower than 25% and plotted according with
their normalized enrichment score (NES).

A workflow diagram of the main steps performed in this protocol as well as the used
software are represented in Figure 11.2.
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Figure 1.2 — Workflow diagram of RNA-Seq analysis of DEGs. RNA-seq raw reads are first mapped to the
mouse genome using HISAT2 and its output is converted by Samtools into BAM files for further analysis. BAM
files are converted to BedGraph format, which are used as IGV input in order to assess epigenetic modifications.
Also, BAM files reads are counted by HTSeq framework and its output is converted by Kallisto into transcripts
per million values for miR enrichment analysis through GSEA. HTSeq counts of genomic features are also used
for performing differential gene expression between individual experimental groups with DESeq2 package.
Differential expressed genes (DEGs) obtained from DESeq2 are presented under plots and tables and are used
as input for IPA analysis. Furthermore, DEGs are submitted through a bioinformatic pipeline consisting of
TargetP, SignalP, TMHMM and SecretomeP softwares. The results from each bioinformatic tool are then
combined to obtain a dataset which is subsequently filtered in order to obtain putative secreted proteins.

2.5 Immunocytochemistry

Primary cultures of mice neurons and astrocytes were prepared as previously
described. Cells were washed with PBS three times, 30 seconds each, and fixed with 4%
(w/v) paraformaldehyde. Subsequently, the cells were washed with PBS three times for 10
minutes and permeabilized with 0.1% Triton X-100 in PBS for 5 minutes at room temperature.
Blocking was performed with 5% goat serum in PBS, for 20 minutes at room temperature.
Cells were then incubated with anti-GFAP (1:1000 in blocking solution) or anti-BllI-tubulin
primary antibody (1:2000 in blocking solution), overnight at 4°C, in a humidified chamber.
Cells were washed with PBS three times for 5 minutes and then incubated for 1 hour at room
temperature with the appropriate secondary antibodies (diluted in blocking solution). After
washing, nuclei were stained with 300nM of DAPI for 10 minutes. Cells were kept in PBS.

Fluorescence images of, at least, five random microscope fields were acquired per
sample, under 40x magnification, using a fluorescence microscope (model AxioScope.Al)
with integrated camera AxioCam HR (Carl Zeiss, Inc — North America).
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2.6 Western-Blot

Lysates from mice neurons and astrocytes were homogenized in lysis buffer and
sonicated, on ice, four times for 5 seconds. The sonication cycle was repeated four times.
Subsequently, samples were centrifuged at 13000 rpm for 15 minutes at 4°C and the
supernatant was stored at -80°C.

Total protein concentration was determined through the Bradford method using Quick
Start™ Bradford 1x Dye Reagent (Bio-Rad Laboratories). Cell extracts with 50 pg of total
protein were added to denaturing buffer (1:1) (0.25 M Tris-HCI, 4% sodium dodecyl sulphate
(SDS), 4% glycerol, 0.004% bromophenol blue, 1% B-mercaptoethanol, pH 6.8), boiled for
10 min. Denatured proteins were resolved on a 10% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), in running buffer (25 mM Tris Base, 190 mM glycine, 0.1% SDS, pH 8.8) with
fixed amperage of 40 mA per gel, for 3 hours. Samples were electrotransferred to an
activated PVDF membrane (1 min in ethanol, 2 min H>O, 5 min in transfer buffer), in transfer
buffer (25 mM Tris, 190 mM glycine, 20% methanol), with a fixed amperage of 500 mA for 2
hours.

Membranes were blocked with 5% (w/v) non-fat dry milk in TBS-T (25 mM Tris Base,
137mM NaCl, 2.7mM KCI, 0.05% Tween 20, pH 7.5), minimum 1h at room temperature (RT)
and incubated overnight at 4°C with specific primary antibodies (listed in Table 11.1). After
being washed with TBS-T 3 times for 15 minutes each, membranes were incubated with
horseradish peroxidase-conjugated anti-mouse or anti-rabbit (1:5000, 3% non-fat dry milk in
TBS-T) secondary antibodies for 1h at RT. Membranes were again washed with TBS-T and
incubated with WesternBright™ ECL HRP substrate (Advansta) or SuperSignal West Femto
Maximum Sensitivity Substrate (ThermoScientific) for detection of chemiluminescent
immunocomplexes. Densitometric analyses were performed using ImageLab Software 5.1
Beta after scanning with ChemiDoc™, both from Bio-Rad Laboratories (Hercules, CA, USA).
To reuse, membranes were stripped (1.5% glycine, 40% glacial acetic acid, 1% SDS, 10%
Tween 20) for 10 minutes and washed with TBS-T. All membranes were then incubated with
B-actin as endogenous control.

2.7 Statistical analysis

Principal component analysis (PCA) was used to identify the major sources of
variation within the dataset without introducing inherent bias . Variances of individual genes
(calculated from regularized log transformed HTseq counts values) were used as input for R
built-in function prcomp(), which uses spectral decomposition approach to evaluate the
covariances/correlations between variables. Two principal components (PC1 and PC2) were
determined by this analysis, which account respectively for 65% and 26% of the observed
variance in RNA-sequencing data.

Significance of differences between conditions was assessed by paired t-test
comparisons and one-way analysis of variance (ANOVA) followed by Tukey post hoc test
analysis. Graphs were plotted using GraphPad Prism software version 7 (GraphPad
Software, Inc., San Diego, CA, USA) and results are presented as mean * standard error of
the mean (SEM). Significance levels are represented as *, ** and *** when p-value is inferior
to 0.05, 0.01 and 0.001, respectively.
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[ll. RESULTS

1 Evaluation of the effects of ectopic PGC-1a3 expression in primary
neuronal cultures

1.1 PGC-la3 overexpression modulates the expression levels of postsynaptic
proteins in primary cultures of neurons

PGC-1a1 is one of the master regulators of energy metabolism. As previous
mentioned, one single PGC-1a gene encodes four coactivator variants (named PGC-1a1
through a4), but scarcely anything is known about the role of these different PGC-1a proteins
in the brain **. Unpublished results from the Ruas’ lab have shown that these different
isoforms are differentially expressed throughout the brain, and their expression levels can be
modulated by stress conditions (Agudelo and Ruas, unpublished). Importantly, complete
deletion of the PGC-1a gene in the brain, generates a complex phenotype that includes
hyperactivity and lesions in the striatal region, clearly indicating an essential neuronal role for
these coactivators 22, Therefore, we have started to characterize the molecular pathways
controlled by PGC-1a isoforms in the brain. For that, primary cultures of mouse neurons
15DIV were transduced with a control adenoviral vector encoding GPF (AdControl) or GFP
and each of the PGC-1a isoforms (AdPGC-1al-4) for 48h, and the levels of pre- and
postsynaptic proteins were determined by Western-Blotting using specific antibodies (Figure
11.2).
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Figure lll.1 - PGC-1a3 overexpression decreases expression levels of postsynaptic proteins in primary
mouse neurons. Primary cultures of mouse neurons 15DIV were transduced as described in the methods
section. Total protein extracts were analysed by Western-Blot to evaluate the levels of SYP, BllI-tubulin, PSD-
95, SHANKS3 and MAP2. B-actin was used as loading control. Representative images of the bands are shown
(unpublished results Nunes et al.).
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Ectopic expression of PGC-1al1, PGC-1a2 and PGC-1a04 did not significantly affect
the expression levels of the evaluated pre- and postsynaptic proteins. The levels of SYP and
Blll-tubulin also did not exhibit any differences between control and PGC-1a3 samples, while
the levels of postsynaptic proteins, microtubule associated protein 2 (MAP2), postsynaptic
density protein 95 (PSD-95) and SH3 and multiple ankyrin repeat domains 3 (SHANK3) were
drastically decreased (Figure 111.1), in cells with increased expression of PGC-1a3. These
preliminary results suggest that PGC-1a3 targets specifically genes associated with
postsynaptic proteins leading to a reduction of their expression levels.

Primary cultures of mouse neurons 15DIV were transduced as described before. As
expected, transcript levels of total PGC-1a (pan PGC-la) are significantly increased
approximately 430-fold over control (p<0.0001), confirming PGC-1a3 overexpression (Figure
[11.2A). Surprisingly, SYP, SHANK3 PSD-95, MAP2 and Blll-tubulin genes showed no
variation in their expression patterns in response to PGC-1a3 overexpression, which
highlights the role of post-transcriptional mechanisms in the downregulation of these post-
synaptic proteins.

GRIA1 mRNA levels are significantly decreased by approximately 20% (p<0.01),
while no statistically differences were detected for GRIA2, GRIN2A, and GRIN2B mRNA
levels (Figure I11.2B).

The fact that there was no correlation between mRNA and protein levels for SHANK3
PSD-95, MAP2, and the fact that all these proteins are calpain subtracts, led us to analyse
the expression levels of Ca?* signalling-related genes CaMKId, CaMKlla, CaMKIIB and
CaM2. CaMKId and CaMKIIB transcript expression is significantly decreased to 0.8 and 0.7-
fold change over control (p<0.05), respectively, whereas CaMKlla and CaM2 expression
levels remain unchanged.
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Figure 111.2 — PGC-1a3 overexpression modulates transcript levels of postsynaptic proteins, neuronal
markers and Ca?* signalling genes in primary mouse neurons. Primary mouse neurons 15DIV transduced
as described in the methods section. After mMRNA isolation, transcript levels of (A) total PGC-1a (pan PGC-1a),
synaptic proteins, BllI-tubulin, (B) glutamate receptors and Ca?* signalling genes were analysed by RT-qPCR.
Values were normalized to the housekeeping gene EEF and are expressed as fold change relative to GFP-
transduced cells. Data represents means + SEM from five individual experiments (n=5). *p<0.05, **p<0.01,
p<0.0001.
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1.2 PGC-1a3-dependent modulation of neuronal protein levels is mediated by
astrocytes

So far, we observed that PGC-1a3 overexpression was modulating synaptic protein
levels and, to a less extent, their corresponding gene expression. Therefore, we decided to
evaluate neuronal morphology by performing immunofluorescence for neuronal BllI-tubulin
in cells transduced with PGC-1a3 virus as compare it with GFP signal since this virus express
GFP from a separate promoter. Surprisingly, we observed that there was hardly any
colocalization between Blll-tubulin staining and GFP, indicating that cells being transduced
are not neurons (Figure I111.3). Indeed, our primary cultures of neurons have residual
contaminations of glial cells ranging from 5-10% (data not shown). We have tried to increase
and titrate the amount of virus to no avail (data not shown). Unfortunately, mice mature
neurons have decreased expression of coxsackievirus and adenovirus receptor (CAR), which
is correlated with attenuated adenoviral susceptibility '8'. These results suggest that the
observed effects in neurons are in fact modulated by a third party, most likely astrocytes.
Therefore, to determine if the GFP-positive cells are astrocytes, we performed
immunocytochemistry for GFP and GFAP, a specific astrocytic marker. We indeed observed
a high degree of colocalization between the two markers, meaning that GFP-expressing
adenovirus is preferentially transducing resident astrocytes. This suggests that PGC-1a3 is
mediating the effect seen in neuronal-specific postsynaptic proteins through modulation of
astrocyte-neuron crosstalk.

Figure Ill.3 — AdPGC-1a3 specifically transduces astrocytes in primary cultures of mice neurons.
Primary mouse neurons 15DIV transduced as described in the methods section. Primary mouse neurons
were transduced with (A, C) AdControl and (B, D) AdPGC-1a3 and stained for (A, B) BllI-tubulin, or (C, D)
GFAP (red). Positive transduction can be observed by GFP fluorescence (green). DAPI was used as a nuclear
marker (blue). The panels shown are representative of three independent experiments (n=3). Scale bar=50
pm.
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2 Evaluation of ectopic PGC-1a3 expression in primary cultures of
astrocytes

2.1 PGC-1a3 overexpression regulates glutamate transport and Ca®*
signalling genes in primary cultures of astrocytes

The results presented so far suggest that PGC-1a3 overexpression in astrocytes
induce a decrease in postsynaptic proteins levels. Astrocytes are considered to be the
secretory cells of CNS and have a pivotal role in the tripartite synapse by recycling glutamate
and releasing several other factors through modulation of Ca?* intracellular levels. Therefore,
we decided to determine expression levels of genes involved in secretory pathways, namely
Hevin, Sparc and Thbsl, as well as glutamate transporters EAAT1 and EAAT2 and Ca*
signalling related genes CaN, CaMKId, CaMKlla, CaMKIIf and CaM2. In addition, we
measured expression levels of Nuclear Factor of Activated T cells (NFAT) isoforms,
transcription factors that are regulated by calcium signalling, and verified PGC-1a3
overexpression as performed previously.

Expression levels of total PGC-1a (pan PGC-1a) are significantly increased to about
3000-fold over control (p<0.001), confirming PGC-1a3 overexpression (Figure Ill.4A). EAAT1
and EAAT2 levels are significantly decreased by 25 and 35% (p<0.05 and p<0.01,
respectively), while there are no variations in the gene expression of Hevin, Thbsl, and
Sparc.

CaMKId transcript levels are significantly increased by 1.4-fold (p<0.05) (Figure
111.4B), while CaMK23, CaM2, CaN and CaMK2a expression levels show no variation when
compared to control. Interestingly, NFATc1 and NFATc3 mRNA levels values are significantly
increased to 1.3 and 1.7-fold over control (p<0.05 and p<0.001), respectively, while NFATc4
is significantly downregulated by 60% (p<0.001).
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Figure Ill.4 — PGC-1a3 overexpression modulates transcript levels of glutamate transporters and Ca?*
signalling-related genes in primary mouse astrocytes. Primary mouse astrocytes 15DIV were transduced
as described in the methods section. After mRNA isolation, transcript levels of (A) total PGC-1a (exon2),
glutamate transporters, secretory proteins and (B) Ca?* signalling-related genes were analysed by RT-qPCR.
Values were normalized to the housekeeping gene EEF and are expressed as fold change relative to GFP-
transduced cells. Data represents means + SEM from five individual experiments (n=5). *p<0.05, **p<0.01,
***p<0.001.
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2.2 PGC-1a3 overexpression reduces overall gene expression and signalling
pathways in primary cultures of astrocytes

Our initial approach revealed that astrocytic function is also affected by PGC-1a3
overexpression, especially with regard to glutamate transport and Ca?* signalling. In order to
identify PGC-1a3 downstream targets, we performed an unbiased next generation
sequencing of RNA (RNA-seq) and identified the genes that are differentially expressed in
PGC-1a3 transduced astrocytes. We isolated and sequenced RNA from total of six samples,
three biological replicates of astrocytes cultures with ectopic expression of PGC-1a3 and the
three respective control conditions, in order to provide a reference for determining differential
gene expression. Raw reads were aligned using the Hisat2-HTSeq-DeSeqg2 inhouse pipeline
as described in Methods.

Clustering of different samples revealed that there is a reasonable reproducibility and
gene expression similarity between biological replicates (Figure III.5A). This result is
supported by principal component analysis that indicates a good clustering within the two
conditions with the exception of one PGC-1a3 sample that has gene expression profile more
similar to GFP controls (Figure I11.5B). Sequenced samples come from different pools of
mouse brains, which were processed separately. Each pool was then used to be plated and
transduced adenovirus expressing either GFP or GFP and PGC-1a3. To decrease inter-
sample variability, we decided to use a pairwise comparison approach in order to minimize
the error induced by the variability between the different brain pools. This provided us a better
dataset to determine gene expression changes in astrocytes overexpressing PGC-1a3.
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Figure IIl.5 — Transcript enrichment analysis in astrocytes transduced with AdControl and AdPGC-1a3.
(A) Clustered heatmap of expressions of the 1000 most abundant transcripts expressed by AdControl
transduced (red bar) and AdPGC-1a3 transduced astrocytes (blue bar). Transcript expression is plotted using
standardized baseMean values (see Materials and Methods). Pearson's correlation coefficient is used to cluster
genes (rows) and Euclidean distance to cluster samples (columns). Standardized base mean values were
coloured with a blue to red gradient, respectively for down and upregulated genes. (B) Principal component
analysis (PCA) plot represents the two principal components (PC1 and PC2) responsible for, respectively, 65%
and 26% of the observed variance within AdControl transduced (blue dots) and AdPGC-1a3 transduced
astrocytes (red dots).
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We detected significant changes in gene expression profile of astrocytes transduced
with PGC-1a3 (adjusted p-value<0.05). In total, we obtained 389 differential expressed genes
of which 343 genes are downregulated and, besides PGC-1a gene, other 43 genes are
shown to be upregulated (Figure IIl.6). These results are consistent with the previously
published RNA-sequencing data of PGC-1a3 overexpression in myotubes where the
downregulation of gene expression is more prominent and is also according with the current
working model that suspects that PGC-1a3 acts as a transcriptional repressor 1%,

To better understand which biological functions are controlled by PGC-1a3 isoform,
we performed a comprehensive pathway and network analysis of our DEGs dataset using
IPA platform. This analysis revealed that the effect of PGC-1a3 on astrocytes is manifold. As
expected, it significantly upregulates PPARa signalling pathway, but it also downregulates
several pathways involved in mitochondrial biology (CREB signalling in neurons, nitrogen
oxide species (NOS) and ROS production), as well as transmembrane transport (GPCR
pathway, PLC and Ca?* signalling), integrin signalling, synaptic plasticity (synaptic long-term
depression and axonal guidance) and neuroinflammation (NFAT in regulation of immune
response, complement system, chemokine signalling) (Figure IIl.7A). Also, it is shown that
PGC-1a3 overexpression strongly regulates cell cycle control and cell movement, results
consistent with what was observed in myotubes (Figure 111.7B).
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Figure 11l.6 — PGC-1a3 overexpression downregulates overall gene expression in primary mouse
astrocytes. Graphical representations of differentially expressed genes (DEGS) in astrocytes transduced with
AdControl and AdPGC-1a3. Blue dots represent significant DEGs with a high fold change (fold change higher
or lower than log2(0.6) and adjusted p-value<0.05), while grey dots represent the remaining genome. (A) MA
plot represents logarithm of expression values (baseMean) against the logz fold change values of genes
compared AdContol. (B) Volcano plot shows negative logz fold change of genes against negative of logio p-
values.
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Figure 1.7 = Principal IPA canonical pathways and functions modulated by PGC-1a3 ectopic expression
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pathways, respectively, with significantly changed z-score and grey ones represent significantly modulated
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directionality.

After obtaining the most differentially expressed pathways in response to PGC-1a3
overexpression, we analysed which DEGs were associated with each pathway and to what
extent did they contribute for the observed effects (Table I1l.1). Furthermore, we also verified
if there was any other DEGs that, when combined, could be affecting other biological
functions. Indeed, we observed that PGC-1a3 upregulates many transcripts that map to
pseudogenes and zinc finger proteins and regulates the expression of different transport
channels and secreted proteins such as Serpinil, TGFB1, Angptl4 and galectin 9. This
analysis indicates that PGC-1a3 might play a role in the secretory abilities of astrocytes.

37



Table 1ll.L1 — Main up- and down-regulated DEGs involved in each differentially regulated canonical
pathways. Canonical pathways were obtained through IPA and DEGs analysis. Fold change (FC) values were
coloured with a blue to red gradient, respectively for down and upregulated DEGs.

Pparycla
Tnfrsf1
Gnas
TofBl
PlcB2
Ptk2
Adcy7
Ptgs2
Ptpn6
Ptprc
Ptpn7
Plcg2
Pik3cy
TIr9
Angptl4

PPAR Signalling

2.208
0.452
0.454
0.267
0.297
0.441
0.374
2.412
0.291
0.253
0.262
0.314
0.202
0.290

Gm4631
Gm7478
Gm13341
Gm14295
Gm14296
Gm14305
Gm14403
Gm14410
Zip966

Transcription Regulation

Neuroinflammation

Cx3crl
TofBl
TIr9
Trem2
Csflr
TIr8
Syk
Irf7
Tyrobp
Cdse
Tir7
Ccls
Pik3cy
NIrp3
Ptgs2
Msrl
Fas
Cybb
Plau
Fcyrl
Marco

0.170
0.267
0.290
0.126
0.101
0.394
0.309
0.207
0.166
0.352
0.216
0.463
0.202
0.240
2.412
0.308
2.729
0.225
0.335
0.154
0.401

NOS and ROS Production

Apod 0.423
Tnfrsf1B 0.452
Ncfl 0.124
Pik3r5 0.400
TIr9 0.290
Spil 0.116
Ncf2 0.301
Pik3cy 0.202
Plcg2 0.314
Irf8 0.174
Pik3cd 0.355
Ptpn6 0.291
Cybb 0.225
Cyba 0.366

Complement System

Itgam
Clqc
C3
ItgB2
Clgb
Clga
C4b

0.155
0.092
0.451
0.147
0.098
0.085
0.401

Chemokine Signalling

Ccr5
Ccl5
Plcp2
Ptk2pB
Pik3cy
Plcg2
Ccl12
Cxcl1l6

0.282
0.463
0.297
0.441
0.202
0.314
0.394
0.427
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Transport Channels

Sicl6a3
Atpla3
Atp2a3
Kcnkl
Kcnk6

0.331
0.420
0.421
2.112
0.317

Ca?*/PLC Signalling

Plcp2
Pld4
Plcy2
Atp2a3
Trpc3
Lcp2
Syk
Fcyr2p
Gnas
Nirp3
Adcy7
Btk
Fcerly
Pld4
Blnk
Gnal5
TIr9
Cd86
Ccer5
Ccl5

0.297
0.089
0.314
0.421
0.277
0.216
0.309
0.302
0.454
0.240
0.374
0.251
0.263
0.089
0.356
0,234
0.290
0.352
0.282
0.463

Lysossomal Regulation

Sicllal
Laptm5
Ctse
Sytll
Hexb
Ctss

0.136
0.126
0.149
2.370
0.489
0.145

Integrin Signalling
Iltgam 0.155
Itgal 0.152
Pik3r5 0.400
TIr9 0.290
ItgB2 0.147
Rac2 0.118
Pik3cy 0.202
Plcg2 0.314
Was 0.233
Pik3cd 0.355
Arhgap4 0.356
Arhgap9 0.282
Lgals9 0.306

Axonal Guidance
PlcB2 0.297
Adam8 0.346
Semadc 0.426
Pik3r5 0.400
TIr9 0.290
Rac2 0.118
Arpclb 0.408
Pik3cy 0.202
Plcy2 0.314
Was 0.233
Pik3cd 0.355
Gnas 0.454
Serpinil i
Apbblip 0.330

Max value I

Min value



Among the genes involved in the pathways targeted by PGC-1a3, we confirmed the
expression of key targets involved in one or more of the identified signalling pathways.
Transcript expression levels were evaluated through RT-gPCR using specific primers. We
started to validate the increase in expression levels of total PGC-1a (p<0.01), which
increased 2800 times over control. Amongst the differentially regulated canonical pathways
we selected different genes that represent the PGC-1a3-targeted pathways. Surprisingly,
validation by RT-gPCR revealed that most of the genes that presented significantly changes
in gene expression after PGC-1a3 expression were up-regulated. Indeed, mRNA levels of
ItgB2, PIcB2, Laptm5, Slcl6a3, Ccr5, FcyRIlb are significantly increased (p<0.05) as well as
Apbblip, Msrl, Ctss, Ccl5, FcyRIIl (p<0.01), Plau, Atp2a3 (p<0.001) and TIr7 (p<0.0001)
genes. The remaining genes show no variation in their expression patterns.
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Figure 111.8 — RT-qPCR validation of gene expression associated with the molecular pathways identified by
IPA. Primary mouse astrocytes 15DIV transduced as described in methods section. Expression of (A) total PGC-1a
and genes associated with (B) integrin signalling, (C) axonal guidance, (D) neuroinflammation, (E) membrane
transport and (F) Ca?* Signalling were analysed by RT-gPCR. Values were normalized to the housekeeping gene
EEF and are expressed as fold change relative to GFP-transduced cells. Data represents means + SEM from at
least five individual experiments (n=5). *p<0.05, **p<0.01, ***p<0.001.
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2.3 PGC-1a3 regulates astrocytic secretory function in primary cultures of
astrocytes

As can be seen from the previously presented data (Table Ill), PGC-1a3 seems to
have a strong regulatory role in genes involved in astrocyte-neuronal crosstalk. Thus, we
decided to determine the secretome of astrocytes overexpressing PGC-1a3. We used a
previously published bioinformatics pipeline that is able to integrate information from both
canonical and non-canonical secretory pathways. We submitted protein sequences of our
differentially expressed genes to TargetP, SignalP and TMHMM bioinformatic tools which
determine the subcellular localization, presence of signal peptides and existence of
transmembrane helix domains, respectively. By overlaying their outputs, we were able to infer
the identity of proteins most likely secreted by canonical pathway. On the other hand, it
doesn’t have clear sequence-based rules to determine whether proteins are secreted, so
SecretomeP uses trained neural networks and finds similarities between known secreted
proteins secreted via non-classical pathways. This analysis yielded dataset totalling 210
secreted proteins, of which 70 are secreted through the classical pathway and 140 through
the non-classical one.

Table 11l.2 — Ten most up- or downregulated genes encoding secreted proteins through the classical and
non-classical secretory pathway. Secreted proteins were determined by submitting DEGs list to previously
published pipeline containing TargetP, SignalP and TMHMM for determining classical secretion and SecretomeP
for non-classical secretion. Fold change results are imported from the DEGs dataframe analysis.

Classical Pathway Fold Change Non-classical Pathway Fold Change
Anaotld 3.370 Novel KRAB box and zinc 3.927
9P ' finger (Predicted genes) '
Serpinil 3,308 Complement component C3 0,451
Prostaglandin H2 2412 | Actin-related protein 2/3 0,408

complex
CCL5 0,463 Lymphocyte-specific protein 0,404
Apolipoprotein D 0,423 CYP4F15 enzyme 0,397
Cathepsin E 0.149 Ilnterferon-lndumble GTPase 0.363
Integrin B 0,147 Galectin 9 0,306
Cathepsin S 0,145 Myelin basic protein 0,298
TGFB 0.130 Tyrosine-protein 0,291

phosphatase non-receptor
Complement component C1q 0,092 Stabilin-1 0,110
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41 Figure 1.9 — PGC-1a3 overexpression

% modulates transcript levels of genes
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As expected, the majority of identified proteins have reduced gene expression in our
dataset. To proceed with further studies, we selected ten genes with the highest differences
in fold change for both classical and non-classical pathways. Subsequently, we decided to
validate the gene expression of the most relevant secreted proteins of that list. Transcript
expression levels of TGF@, Lgals9, Serpinil and Angplt4 genes were evaluated through RT-
gPCR using specific primers. TGFB and Lgals9 transcript levels are significantly increased
to 1.6 and 2.2-fold, respectively, over control (p<0.05), while Angptl4 shows no variation in
its expression pattern. Serpinil seems to have a slight increase in its mRNA levels, although
not statistically significant, this time validating the tendency predicted by the bioinformatic
analysis.

2.4 Pseudogene expression is strongly regulated by PGC-1a3 overexpression
in primary cultures of astrocytes

As presented in Table Ill, PGC-1a3 transduction in astrocytes upregulates mostly
pseudogenes. They are considered to be biologically dysfunctional, however they are well
preserved within the genome, suggesting that they may indeed have a certain role in the cell
182 - Specifically, it was shown that pseudogenes could play a role in the regulation of miR
expression 182,

Nonetheless, they highly resemble real genes, therefore it is possible that they might
be just a result of misaligning reads at the beginning of RNASeq data analysis. Unfortunately,
discerning those differences is difficult in batch computation pipelines, thus, we decided to
verify if the differentially expressed pseudogenes correspond to genomic regions that present
specific epigenetic modifications, namely, histone H3 lysine 4 mono- and trimethylation and
histone H3 lysine 27 acetylation, binding of RNA polymerase Il and DNAse hypersensitive
sites, markers of active transcription. We displayed raw reads in the IGV genome browser
alongside the tracks from ChIP-Atlas epigenetic modifications database and the reference
genome used to align the reads. We observed that most of the identified pseudogenes have
markers for transcriptional activity like histone H3 lysine 4 mono- and trimethylation ratios
that are frequently found in long non-coding RNAs (Figure 111.10A-C). In fact, we validated by
RT-gPCR the upregulation of mMRNA levels of Gm14403, which is significantly increased to
about 1.42-fold over control (p<0.001) (Figure 11110.D). This pseudogene is one of the
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identified by the bioinformatic analysis as being increased and that displayed epigenetic
markers (Table 111.1 and Figure 111.10C).

Suspecting that these pseudogenes are not the results of mis-mapped reads, we can
evaluate at what extent in our dataset we detect the up- or downregulation of miRs. To that
end, we used GSEA software platform to determine which miRs might be modulated by PGC-
1a3 overexpression. This analysis is based on association of different gene sets to both
single miRs and miRs clusters. Therefore, for each gene set, we might have one or several
miRs as identified hits. There were identified 20 significantly differentially expressed miRs
and three miRs clusters, all of them being upregulated. This adds up to 29 putative
differentially expressed miRs in response to PGC-1a3 overexpression (Figure 111.11A). From
this 29 identified miRs, we decided to verify which are highly expressed in human brain and,
therefore, the ones that can have the biggest relevance for our future studies. For that, we
checked a miRs database for expression values and verified that miR-92, miR-26, miR-25,
miR-186, miR520f and miR-363 are the most expressed in human brain (Figure 111.11B) 183,
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Figure 1I1.10 — Pseudogenes regulated by PGC-1a3 are transcriptionally active in primary cultures of
astrocytes. (A-C) IGV graphs top view shows aligned raw reads of (A) Gm14410, (B) Gm14403 and (C)
Gm14305 pseudogenes in which the top three rows correspond to AdControl transduced astrocytes and the
following three to AdPGC-1a3 transduction. Middle track shows NCBI’s Mus musculus reference genome used
to align the raw reads. Bottom view presents ChlP-seq epigenetic marks from neuronal cell line in this order
(top to bottom): RNA polymerase Il docking sites, H3K27 acetylation, H3K4 monomethylation, H3K4
trimethylation and DNAse sensibility site markers. Raw reads are shown as blue. (D) Primary mouse astrocytes
15DIV transduced as described in the methods section. mRNA levels of Gm14403 were analysed by RT-qPCR.
Values were normalized to the housekeeping gene EEF and are expressed as fold change relative to GFP-
transduced cells. Data represents means + SEM from six individual experiments (n=6). ***p<0.001.
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Figure 111.11 — PGC-1a3 overexpression upregulates the expression of different miRs. (A) GSEA analysis
enriched miRs in AdPGC-1a3 transduced astrocytes when compared with AdControl transduction. Analysis
performed according with nhormalized enrichment score (NES) calculated by GSEA, with a cut-off of FDR<0.25.
(B) Bar graph representing the five most expressed miRs identified by our analysis in human brain (hsa miR).
The left axis represents the reads per million (RPM) values corresponding to each miR 183,
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V. DISCUSSION

In this thesis, we set out to characterize the molecular pathways controlled by PGC-
1a3 in the brain and understand how PGC-1a3 affects astrocytic function. PGC-1a family of
proteins mainly regulates energy metabolism and oxidative phosphorylation in metabolically
demanding tissues to which brain certainly belongs. Aberrant mitochondrial function also
links them to the progression of neurodegenerative diseases such as AD or PD. The
characterization of pathways regulated by PGC-1a proteins will allow to understand if they
take part of the crosstalk between astrocytes and neurons, if they may influence composition
and identity of astrocyte secreted metabolites, given astrocytes previously described as the
main secretory cells of CNS. And finally, we wanted to confirm our long-standing notion, that
by negatively modulating mitochondrial function they might be responsible for induction of
neurodegeneration.

1 PGC-1a3 modulates postsynaptic protein levels by regulating
posttranslational modifications

We have chosen the viral transduction of isolated neurons and astrocytes as a core
methodology to be able to successfully dissect the role of PGC-1a3 on individual CNS cell
types. Initially we have tested all PGC-1a isoforms described by Ruas and collaborators for
their possible influence on neuronal and astrocytic function 4. Our preliminary results show
the PGC-1a3 ectopic expression in primary cultures of mice cortical neurons leads to
decreased levels of postsynaptic proteins. PGC-1a proteins act as co-activators of gene
expression and therefore it seemed plausible that the decrease in levels of postsynaptic
proteins would reflect changes in gene transcription. Surprisingly, our results showed that the
observed decrease at the protein level of SHANK3, PSD-95 and MAP2 did not correlate with
a decrease in the respective transcript levels, suggesting that PGC-1a3 does not directly
affect postsynaptic gene transcription, but there is another regulation level at play. PGC-1a
doesn’t possess any enzymatic activity by itself, but it might be able to bind other proteins to
stabilize them. Also, PGC-1al can induce the expression of particular enzymes that mark the
postsynaptic proteins for degradation, such as components of ubiquitin proteasome system
such as E3 ligases 84, Thus, the most feasible explanation is that PGC-1a3 regulates
expression of either components or enzymes capable of proteolytic cleavage. Calpains are
a family of ubiquitously expressed calcium-activated cysteine proteases, known to control
Ca?" influx by cleaving most glutamate receptors and leading to a reduction of their function
185 In fact, both MAP2 and PSD-95 were shown to be targets of calpains action, which
supports this hypothesis 8187 Since PSD-95 might be degraded, its postsynaptic complex
disassembles, therefore, its components, such as SHANKS3 might be targeted for proteolysis,
which could explain the observed decrease in its protein levels. To confirm this hypothesis,
we should measure calpain transcript and protein levels and, more importantly their activity
rate under the same conditions.

The fact that PGC-1a3 ectopic expression induced the downregulation of synaptic
protein levels, led us to evaluate neuronal morphology by performing immunofluorescence
for neuronal BllI-tubulin in cells transduced with PGC-1a3 virus. Surprisingly, and in contrary
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to previous results obtained in rat cortical neurons, we observed that there was hardly any
colocalization between Blll-tubulin staining and GFP, indicating that cells being transduced
are not neurons %,

Therefore, we performed an unbiased RNASeq on astrocytic cultures instead, in order
to identify PGC-1a3 downstream targets that might be responsible for the observed decrease
in post-synaptic proteins in neurons. Interestingly, with respect to DEGSs in response to PGC-
1a3 isoform overexpression, the majority of them are downregulated. This in turn translates
into a strong downregulation of most of the cellular pathways identified by IPA analysis.
Amongst the identified pathways and genes, we observe a strong reduction of genes related
with complement system, namely C1qg (the most downregulated gene of our analysis) and
C3; neuroinflammation, with TGFB1, Marco and Msr1; cell adhesion, such as ltgB2 and
Itgam; and axonal guidance, namely PLCB2, TLR9 and Apbb1ip. Also, as a result of IPA
analysis, we observe that cell migration may be significantly decreased. This is an interesting
observation, since there has been a notion that PGC-1a3 acts as a co-repressor and might
be able to antagonize the functions of PGC-1a1.

2 PGC-la3 reduces overall gene expression by regulating AMPK
activation and ROS production

After CNS injury, brain cells are known to release damage-associated molecular
patterns (DAMPSs), which in turn are cleared by the scavenger receptor Msrl in mice 8,
Combined deficiency of both Msrl and Marco scavengers causes more severe inflammation
and aggravated neuronal injury in a murine model of ischemic stroke #, TLRs are the major
DAMP receptors, with TLR9 being the only one that can be stimulated by mitochondrial DNA.
Recently, an alternative TLR9 signalling pathway was characterized in neurons . TLR9
stimulation impairs Ca?* uptake into the ER which leads to a decrease in mitochondrial
calcium concentrations, increasing the AMP/ATP ratio and activating AMPK 18,

AMPK is a key inducer of PGC-1a activity and it is described as the major metabolic
switch of the cell. Indeed, it was shown that AMPK-mediated PGC-1a activation regulates
GCL modulatory subunit expression exclusively on astrocytes . It was also observed that
PGC-1a knockdown blocked its expression and, therefore, lead to increased ROS levels 1.
Thus, GCL expression is promoted in a PGC-1a-dependent way in order to regulate GSH
activity and, consequently, the antioxidant activity of astrocytes.

Many upstream signals have been described to regulate AMPK activity. TLR9-
dependent AMPK activation was shown to promote actin polymerization and Rho pathway in
vascular smooth muscular cells *°*, Moreover, a recent study in ovarian cancer cells show
that CaMKKIIB/PLCB-activated AMPK induces cytoskeleton rearrangements by promoting
upregulation of actin-remodelling proteins through the Rho pathway *2. TLR9 and PLCB
appear in our list of DEGs, therefore it would be interesting to determine AMPK
phosphorylation levels in PGC-1a3-transduced astrocytes.

PGC-1a3 was shown to contra-regulate PGC-1a1 target genes, therefore one can
suggest that PGC-1a3 could eventually potentiates ROS production by downregulating GCL
subunit expression **°. The levels of GSH would be reduced and, consequently, there will be
a decrease is ROS detoxification. This hypothesis can have repercussions in neurons, since
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shuttling of GSH and its precursors are instrumental in the astrocytic neuroprotective effect
because neurons highly depend on GSH to detoxify ROS. To verify this hypothesis, we could
measure ROS levels, and perform cell viability assays.

Moreover, since ROS is known to damage mitochondrial DNA, we could assume an
increase in the activation of TLR9 and consequently an increase in AMPK activation.
However, our results present decreased TLR9 levels. PGC-1a was shown to repress NF-kB
transcriptional activity in skeletal muscle °3. Therefore, we can hypothesize that PGC-1a3
might promote the same effect in astrocytes, which explains why there is no inflammatory
response to ROS increase, and also there is a decreased expression of TLR9. Measuring
NF-kB and assessing ATP levels will give us more conclusive regarding the putative inhibition
of this pathway.

Without AMPK activation, either by TLR9 or by PLCPB, which is also downregulated in
our analysis, astrocytes cannot migrate, for example, to lesion sites. This is also supported
by the observed upregulation of PTEN signalling in our analysis, one of the few pathways
being increased besides PPAR signalling. PTEN inhibits PI3K/Akt signalling, which is
downregulated in our analysis and it is involved in promoting cell cycle and movement. Also,
these results go accordingly with the observed role of PGC-1a3 in regulating cell movement
in myotubes.

3 PGC-1a3 might induce different splicing events and promote the
formation of unknown transcript splicing variations

RNA-Seq analysis is an unbiased methodology and therefore serves well as a
discovery tool. To confirm our hypotheses, results must be further validated by gPCR. To this
end, we have evaluated the expression of several representative genes, but we were not
able verify the predicted global downregulation, instead we observe a general increase of the
transcript levels. Although not expected, this outcome has several possible explanations.

To identify the downstream targets of PGC-1a3 in astrocytes by RNA-sequencing we
used DESeq2 package with multi-factor design for paired analysis. As rationale for pairing,
we set the DESeq2 contrasts for gim to use two different parameters: (i) comparing AAPGC-
1a3 transduced samples with the corresponding controls and (ii) group the samples
according with the brain that the astrocytes come from. The pairing for the brain was based
on the fact that neuronal and astrocytic cultures coming from different brain preparations are
cultivated in conditions that are difficult to reproduce. Over time, the characteristics of
neurons and astrocytes in culture change together with gene expression levels. Pairing them
helps to partially remove these inconsistencies. Unfortunately, DESeq2 R package is not
entirely optimized for this kind of analysis. We observed some variations between the
tendencies of expression of DEGs between each sample pair. For example, pair 1 shows a
slight upregulation of a certain DEG, while pair 2 shows a strong downregulation and in pair
3 we observe no change in the raw read count (data not shown). In the end, the final result
takes into consideration the magnitude of change, which is also dependent on basal
expression level in a particular culture. This can manifest itself when the gene is upregulated
in pair 1 and not differentially expressed in pair 3, it will come out of the analysis as
downregulated because pair 2 strong trend will overcome all the others.
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Previously published analysis of gene programs regulated by PGC-1a proteins shows
their significant separation. PGC-1a3 and PGC-1a2 seem to contra-regulate the target genes
PGC-1a1. Moreover, PGC-1a3 has shown to have a splicing pattern complementary to that
of PGC-1a1 as demonstrated on Ndrg4, Ddx27 and Osbplla genes. This has several
implications for the results obtained from our RNASeq analysis. If one of the roles of PGC-
1a3 is to regulate splicing events, we might observe discrepancies between RNASeq data
and subsequent qPCR validation. While RNASeq takes into consideration all the reads that
fall within the exons of a particular gene, standard gPCR only looks at a very short stretch,
usually around 100bp. Thus, it is easy to imagine that if PGC-1a3 promotes splicing of a
particular isoform and increases its expression, the gPCR validation might miss such an
event and it might manifest itself either as no change or even a decrease in expression.
Several alternatives exist to tackle this problem. It is possible to perform differential exon
expression analysis on RNASeq data with R packages such as Ballgown or DEXSeq.
Unfortunately, this analysis is based on statistics and relies heavily on the depth of
sequencing and length of sequenced reads in order to successfully identify exon-exon
boundaries in transcripts. Array-based methodologies exist to differentiate in-between gene
isoforms such as the one employed in comparing induction of splicing between different PGC-
1aisoforms. Unfortunately, far more exons are present in the genome than can be reasonably
placed on microarray. Therefore, only several probes are used per particular gene,
introducing bias into this methodology. The third approach is to manually inspect RNASeq
data for changes in read numbers in particular exons and then design specific probes for
gPCR to differentiate between them. Although this approach is probably least prone to
mistakes, it is also the most tedious one and unsuitable for high-throughput analysis.

Secondly, if PGC-1a3 induces different splicing events, it might promote the formation
of unknown transcripts. Our pipeline uses HTSeq framework to count reads and relies on
published annotation of gene features such as exons for particular reference genome. If
PGC-1a3 overexpression leads to overall production of unknown transcripts, these will not
be accounted for. To overcome this shortcoming, we can produce de novo transcript
assembly instead of using a reference genome. Software packages such as Cufflink or Trinity
offer this functionality.

gPCR is generally more sensitive than RNA-Seq analysis on an individual gene basis.
Moreover, due to the sheer amount statistical tests of significance, genes with higher
variability of expression or modest changes might not be reported as differentially expressed.
For example, we had to design a specific primer for Angptl4 gene that amplified a specific
sequenced site because other primers were not amplifying our transcript. This suggests that
Angptl4 can be one of many DEGs where PGC-1a3 promotes new splicing events and
consequently new transcripts with unknown functions.
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4 PGC-la3 overexpression in astrocytes reduces glutamate uptake and
promotes excitotoxicity

Our gPCR results show an upregulation of Ca?* mobilization genes through PLC
pathway, namely, Atp2a3 (which encodes for Serca3 transporter), PLCB2, CCL5, CCRS5 and
FcyRIIl as well as increase of transcript levels of CamKId, NFATc1, NFATc3 and decrease
of NFATc4. There are also neuroinflammation markers being upregulated, such as Msrl,
TLR7 and FcyRIlb, and integrin signalling, namely, Itgbh2, Plau and Apbb1ip (which encode,
respectively, for uPA and RIAM proteins). Furthermore, we can also verify increased
expression of Slcl6a3 lactate transporter gene, increased lysosomal activity, with
upregulation of Ctss and Laptm5, as well as decrease in the levels of glutamate transporters
EAAT1 and 2.

Ying-yang 1 (YY1) transcription factor is known to downregulate EAAT1 and 2
transporters expression in a NF-kB dependent manner 1%, Since PGC-1a3 specific role in
the NF-kB pathway has not been studied yet, we can say that NF-kB regulation might be
context-dependent. Thus, PGC-1a3 overexpression might induce NF-kB activity, leading to
increased YY1 promoter activity that, in turn, diminishes EAAT1 and 2 expression levels
(Figure 1V.1). Consequently, there will be a decrease in the uptake of glutamate from the
synaptic cleft, inducing excitotoxicity. This can explain the effects observed in primary
neuronal cultures, since excess extracellular glutamate causes a massive neuronal influx of
Ca?" through NMDAR, which activates calpains and, consequently, proteolytic cleavage of
AMPAR and postsynaptic proteins. Moreover, this increase in extracellular glutamate will
keep astrocytic Gq-protein-coupled receptors activated, such as metabotropic glutamate
transporters, that, when stimulated, induce PLC activity and formation of IPs. This results in
Ca?" release from intracellular IPs-sensitive Ca?* stores, such as ER, and increase in
intracellular Ca?* concentration. Our results support the activation of this pathway since we
observe increased levels of PLCB2, Atp2a3, which promotes Ca?* transport back to the ER,
CCL5 and FcyRIlI which are also involved in regulating Ca?* mobilization. Also, CamKI3 and
NFAT isoforms, well-established targets of Ca?* signalling, are also differentially regulated.

Astrocytic secretory properties are known to be modulated by variations in Ca?
intracellular levels. Accordingly, levels of lysosomal formation-related genes, such as Ctss
and Laptm5, are upregulated, meaning membrane transport might be increased due to
elevated Ca?* concentration. Furthermore, Ctss encodes for cathepsin S which is secreted
to the extracellular space where it degrades ECM proteins, such as laminin and fibronectin.
Concomitantly, our results show that Apbblip gene is upregulated together with other integrin
signalling genes, such as Plau and ItgB2. All these genes are related with ECM remodelling.

Secretory lysosomes are an efficient way for the cell to export several molecules to
the extracellular space, such as cytokines, peptides and miRs. Galectin 9 is a secreted
protein encoded by Lgals9 gene, which is upregulated in our results. Consistent with the
putative ECM remodelling induced by PGC-1a3, increased secretion of this protein was also
shown to reduce cell adhesion to ECM proteins of MCF7 breast cancer cell line %.
Furthermore, it was shown that astrocytic galectin 9 potentiates microglial tumour necrosis
factor secretion, inducing neuroinflammation 1,
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Figure IV.1 — Putative role of PGC-1a3 overexpression in excitotoxicity and secretion of ECM
remodelling proteins. PGC-1a3 induces NF-kB activity, leading to increased activity of YY1 promoter which,
in turn, diminishes EAATs expression levels. Consequently, there is an accumulation of glutamate in the
synaptic cleft, inducing excitotoxicity. Excess extracellular glutamate causes a massive neuronal influx of Ca?*
through NMDAR, which activates calpains and, consequently, proteolytic cleavage of AMPAR and postsynaptic
proteins. Furthermore, extracellular glutamate will keep activating astrocytic Gg-protein-coupled receptors,
inducing PLC activity and IP3 formation, which results in Ca?* release from ER. This leads to an increase in
intracellular Ca?* concentration which activates astrocytic secretory pathways, inducing the release of ECM
remodelling proteins, such as urokinase, galectin 9 and TGF@.

TGF is secreted as an inactive complex containing latent TGF[ binding protein and
latency associated peptide 7. Until activation, TGFB remains latent in the extracellular
space, bind to fibronectin 7. Upon activation by proteases, such as plasmin, TGFB binds to
TGFB1-induced antiapoptotic factor (TIAF) that activates the SMAD pathway. Plau gene
encodes for urokinase, an enzyme that catalyses the conversion of plasminogen into plasmin
198 Therefore, upregulation of Plau leads to increased levels of plasmin that can activate
TGFB, explaining the observed transcriptional upregulation of the respective gene.
Furthermore, it was suggested that TGFB might play a role in promoting amyloid 8 plaque
formation by inducing TIAF aggregation, which, in turn, leads to dephosphorylation of amyloid
precursor protein, followed by its degradation and formation of amyloid 8 1.

5 PGC-1a3 overexpression induces the expression of transcripts that
map to pseudogenes, which might regulate miR expression

The characterized transcriptome presents few upregulated genes. However, most of
them consist in non-characterized pseudogenes. Pseudogenes highly resemble real genes,
therefore their predicted expression in the bioinformatics results could be the consequence
of mis-mapped reads. Therefore, we checked if our differentially expressed pseudogenes
had markers for transcriptional activity. We verified that they all markers consistent with
transcription, namely, most of them have high H3K4 tri/monomethylation ratio, which is
consistent with what is observed for long nhoncoding RNAs. Both long noncoding RNAs and
pseudogenes have been described to have regulatory functions. In fact, pseudogenes were
recently associated with miR buffering, meaning that, due to their high resemblance to real
genes, they compete for miR binding, cancelling their effect 182,
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From all the identified miR, miR-186 and miR-26 seem to have the most striking
effects in brain. miR-186 suppresses glycolysis induced by hypoxia factor 1, which is, in turn,
a target of PGC-1a regulation 2°, Furthermore, miR-186 also suppresses B-site amyloid
precursor protein-cleaving enzyme 1 2!, On the other hand, miR-26 modulates BDNF
expression and represses PTEN signalling, promoting neurite outgrowth, regulates neuronal
differentiation and its dysregulation increases Ptgs2 expression in macrophages, a tendency
also observed is our astrocytic transcriptome 2°2-204, Since the lysosomal pathway seems to
be increased, itis plausible that these miRs could be exported and have an effect on neurons.

To better understand the putative effects of astrocytic secreted proteins and miRs in
neurons, we could use astrocytic media (which contains secreted factors) in neuronal cultures
and by performing PGC-1a3-transduced astrocytic/neuronal cocultures. We would verify miR
expression those cultures by performing specific TagMan assays. It would be interesting to
evaluate astrocytic secreted factors effects in neurons by performing immunostaining
followed by Sholl analysis in order to determine the effect of these proteins in dendritic
arborization.

Neurodegenerative diseases are a truly global challenge and one of the leading
medical and societal challenges faced by EU society. To date, there are no effective
treatments that can slow or halt these diseases, and currently approved drugs only temporary
ameliorate symptoms. Therefore, is imperative that drug discovery attempts to identify new
potential therapeutic targets to open new therapeutic avenues. Thus, in the aftermath of our
work, we will pursue to better characterize PGC-1a3 induced phenotype in astrocytes and
the interplay between astrocytes and neurons and its role in pathogenesis of neurogenerative
disorders such as AD and PD. Namely, it will be important to observe if the lack/ increased
expression of astrocytic PGC-1a3 in mice effects in the age of onset and disease progression.
This will help to explore possible novel therapeutic targets and pathways that can be
beneficial human health in an area where no significant advances have been made.
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