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Resumo

A neurogénese ocorre ao longo da vida em areas especificas do cérebro de mamiferos adultos.
Infelizmente, ndo existe uma regeneracgdo eficaz durante o envelhecimento ou ap6s lesdo. Deste modo,
potenciais estratégias responsaveis por um aumento da neurogénese enddgena, poderdo constituir um
importante contributo. Recentemente, diversos estudos tém demonstrado que a bioenergética
mitocondrial e a lipogénese de acidos gordos (FA) determinam o potencial de proliferacdo e
diferenciagdo das células estaminais neurais (NSCs).

Curiosamente, o &cido tauroursodesoxicolico (TUDCA), um &cido biliar neuroprotector
enddgeno, € um regulador do metabolismo energético e um inibidor dos eventos apoptoéticos que
ocorrem no inicio da diferenciacdo das NSCs, estimulando a proliferacdo e a conversdao neuronal
destas células.

Neste trabalho pretendemos esclarecer o impacto do TUDCA no proteoma mitocondrial de
NSCs de ratinho em autorrenovagdo e/ou em diferenciagdo, recorrendo a protedmica de expressdo
diferencial por cromatografia liquida acoplada a espectrometria de massa (LC-MS). A validacdo da
analise do perfil protedmico mitocondrial foi realizada através de Western blot em duas linhas de
NSCs e revelou que o TUDCA diminui significativamente os niveis mitocondriais da proteina acil-
COA desidrogenase de cadeia longa (LCAD), uma enzima crucial na p-oxidacdo de FAs de cadeia
longa, em NSCs em diferenciagdo. Por outro lado, os niveis nucleares da proteina de ligacdo a
elementos reguladores de esterdis (SREBP-1), um fator de transcrigdo crucial para biossintese de
lipidos, encontraram-se aumentados, tal como, os niveis de FAs, como o 4cido palmitico e estearico.

Curiosamente, os niveis mitocondriais da subunidade E1-a da enzima piruvato desidrogenase
(PDHE1-a), a qual pertence ao metabolismo da glucose, também se encontraram significativamente
aumentados pelo TUDCA. Além disso, o TUDCA promoveu a translocacdo da PDHE1-a para o
nicleo das NSCs. Assim, o papel proliferativo deste acido biliar podera dever-se, em parte, ao
aumento das reservas de acetil-CoA mitocondrial e/ou nuclear para garantir a progressédo do ciclo
celular das NSCs. Os perfis de expressao das proteinas LCAD, SREBP-1 e PDHE1-0 nos primeiros
estadios de diferenciacdo neural foram, também, avaliados, revelando escolhas metabdlicas das NSCs
durante o processo de diferenciagéo.

Os nossos resultados esclarecem o mecanismo de acdo do TUDCA no destino das NSCs,
demonstrando que este &cido biliar ndo s6 induz condigdes mitocondriais mais vantajosas, mas é

também um importante regulador da plasticidade metabdlica.

Palavras-chave: Acido tauroursodesoxicélico; Células estaminais neurais; Diferenciacéo;

Metabolismo lipidico; Mitoc6ndria; Proliferacdo.
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Abstract

Neurogenesis occurs throughout life in discrete areas of the adult mammalian brain.
Unfortunately, there is a lack of effective regeneration during aging or after injury. Therefore, life-long
potentiation of endogenous neurogenesis represents a major issue. Curiously, proliferation and
differentiation potential of neural stem cells (NSCs) were recently shown to be highly dependent on
mitochondrial bioenergetics and fatty acid (FA) lipogenesis.

Furthermore, tauroursodeoxycholic acid (TUDCA), an endogenous neuroprotective bile acid,
considered a regulator of energy metabolism and an inhibitor of early differentiation-associated
apoptosis events in NSCs, stimulates proliferation and neuronal conversion of these cells.

We aimed to clarify the impact of TUDCA on the mitochondrial proteome in self-renewing or
differentiating mouse NSCs, using liquid chromatography coupled with mass spectrometry (LC-MS)
based detection of differential proteomics. Validation of mitochondrial proteomic analysis by Western
blot in two different NSC lines revealed that TUDCA significantly decreases the mitochondrial levels
of long-chain acyl-CoA dehydrogenase (LCAD) protein upon differentiation, an enzyme crucial for -
oxidation of long-chain FAs. Further, nuclear levels of sterol regulatory element-binding protein
(SREBP-1), a major transcription factor of lipid biosynthesis, were also found significantly increased,
as the levels of palmitic and stearic FAs raise up. Interestingly, mitochondrial levels of pyruvate
dehydrogenase El-a (PDHE1-a), an enzymatic subunit belonging to glucose metabolism, were also
markedly enhanced by TUDCA. Of note, TUDCA promoted mitochondria-nucleus translocation of
PDHEL1-a. Therefore, the proliferative role of this bile acid may rely, in part, in increasing the pool of
mitochondrial and/or nuclear acetyl-CoA to assure NSC cycle progression. Finally, LCAD, SREBP-1,
and PDHE1-a expression profiles were also assessed during early stages of neural differentiation
bringing novel insights to NSC metabolic choices throughout differentiation.

Altogether, our results unravel the metabolic impact of TUDCA in controlling NSC fate,
demonstrating that this bile acid not only induces mitochondrial advantageous conditions but also

metabolic plasticity.

Keywords: Differentiation; Lipid metabolism; Mitochondria; Neural stem cells; Proliferation;

Tauroursodeoxycholic acid.
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Introduction

1. Introduction

1.1 Neural Stem Cells

Since the second half of the XX century, neural stem cells (NSCs) in the adult mammalian
brain have been playing a major role in enriching our understanding about the plastic nature of the
mammalian brain (Ma et al., 2009), opening gates to investigate future therapeutic approaches in the
field of neuroscience. The discovery of these powerful cells fostered whole new perspectives to treat
many neurodegenerative diseases (NDs) due to their identity and pertinent properties. (Filippis &
Binda, 2012)

NSCs are the most primitive cells residing in the central nervous system (CNS). They have a
huge relevance in sustaining the development and homeostasis of nervous tissue by giving the
possibility to create a dynamic equilibrium between self-renewal and differentiation without depleting
stem cell (SC) pool and to replace the most mature neural cells. This potential neuroregeneration is
progressively and temporally restricted and it has been difficult to understand the temporal control of
NSCs output. Under physiological conditions, in vivo, adult NSCs basically rest in a state of
quiescence, which allow them to bear up metabolic stress and to preserve genome integrity during
their lifetime. However, once activated to entering the cell cycle, NSCs must choose between its self-
renewal and a mode of dividing. According to this idea, a NSC can divide symmetrically, yielding two
progenitors or two NSCs, or asymmetrically, generating one NSC and one progenitor cell. Then,
neural progenitor cells (NPCs) can acquire a more committed state to give rise to a specific cell type,
including neurons, or glial cells, such as astrocytes or oligodendrocytes. Nevertheless, in this last
scenario, they lose their capacity to self-renewal or proliferate (Figure 1.1). (Filippis & Binda, 2012;
Bond et al., 2015)

Neuron Oligodendrocyte
Neural Stem Cells ’ \

Quiescent
NSC
2y Astrocyte
: IPC =
¥ Depletion _ 2
et i — % © }/?
& & &
2 e
“or™ AL S %)
:O
o T A T
Symmetric : Asymmetric
division division
Activated
NSC

Figure 1.1 - Potential behavior of adult NSCs over cell life cycle. NSCs remain quiescent
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Introduction

throughout life but once activated they choose between symmetric or asymmetric division. Both
modes of dividing can give rise to progenitor cells, which differentiate into a specific cell type.
Intermediate progenitor cells (IPCs) are a type of neurogenic transient amplifying cells that finally
become neurons. NG-2 oligodendrocyte precursor cells become oligodendrocytes. Neural progenitor
cells can generate astrocytes as well. Adapted from Bond et al., 2015.

Therefore, adult NSCs are self-renewing and multipotent progenitors, also differentiating into
a wide-range of cell types. Meanwhile, the identification of trophic and mitogenic actions of growth
factors, including epidermal growth factor (EGF) (Morrison et al., 1987) and fibroblast growth factor
(FGF) (Nurcombe et al., 1993) family proteins enabled to culture and maintain NSC expansion in both
floating and adherent conditions. (Ma et al., 2009) These two in vitro culture systems have several
controversies, in terms of conservation of the molecular and biological properties of genuine NSCs.
NSCs can form neurospheres in culture (Reynolds & Weiss, 1992), neurospheres mimic physiological
conditions because of their three-dimensional structure, although they are not considered a good model
for efficient neuronal generation due to its highly-associated heterogeneity. In contrast, expanding
NSC cultures in monolayer conditions were shown to assure almost pure NSC populations, with a
negligible differentiated component and a higher neurogenic potential in comparison to neurosphere
models. (Conti & Cattaneo, 2010)

NSCs can be derived in vitro from embryonic stem cells (ESCs), derived from the inner cell
mass of blastocysts; as from induced pluripotent stem cells (iPSCs), acquired by reprogramming from
somatic cell; and also, isolated from fetal tissue and adult brain samples of germinative areas. Current
NSC systems are not perfect. Therefore, determining the best sources for the in vitro derivation of
NSCs and optimizing protocols for stable and clonal proliferation are still central goals of SC research.
(Conti & Cattaneo, 2010) Cell propagation sets close to homogeneity in appropriate models for

studying the neurogenesis process.

1.1.1  Adult neurogenesis

Neurogenesis was only believed to occur during embryonic stages in the CNS of mammalians.
(Ramon y Cajal, 1913) The very first evidence for the existence of adult NSCs in mammalian brain
was provided by pioneering studies with tritiated thymidine (thymidine-H?), a thymidine analogue that
has been used as a label of proliferating cells. (Altman & Das, 1965) Other progresses were made but,
for decades, the concept of adult neurogenesis has been ignored until it was rediscovered in the early
1990s. The introduction of 5-bromo-2-deoxyuridine (BrdU), other thymidine analogue which
incorporates into the nuclear DNA during the S-phase of the cell cycle, demonstrated that in aged
mammals, including humans, many newly generated cells were in fact neurons, and the field of adult
neurogenesis took off. (Eriksson et al., 1998; Ma et al., 2009)

In most regions of the mammalian brain, the production of neurons is largely confined to the
prenatal period as adult neurogenesis shows an age-dependent decline. Although it recapitulates the
complete process of neuronal development, adult neurogenesis takes place in unique local niches that
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support distinct NSCs behaviors, including their maintenance, self-renewal, fate specification and
development. (Kuhn et al., 1996; Ming & Song, 2011; Gage & Temple, 2013) There are four
processes critical to the overall levels of neurogenesis, cell survival, proliferation, neuronal
differentiation, and migration. Moreover, quiescent neural SCs (qNSCs) can be localized in several
regions across the adult brain. There is evidence to suggest the presence of neurogenesis in other
regions of the adult brain. But neurogenesis is known to happen mainly in restricted zones with a
distinct microenvironment. These germinative zones are evolutionarily conserved in mammals and
have been identified in the subventricular zone (SVZ) lining the lateral ventricles and the subgranular
zone (SGZ) within the dentate gyrus of the hippocampus (Figure 1.2 (A)). (Bond et al., 2015; Ernst &
Frisén, 2015) Several cellular components integrate these neurogenic niches underlining, mature
neurons, NSC progeny, astrocytes, endothelial cells, microglia and the blood vascular system itself
(Figure 1.2 (B)). (Ma et al., 2009; Gage & Temple, 2013)

A Subventricular zone (SVZ) Subgranular zone (SGZ)
CA1
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Space
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Systemic factors

Figure 1.2 - Adult NSC niches. (A) A sagittal plane of the adult rodent brain, highlighting the two
major niches where adult neurogenesis occurs, the lateral ventricle (LV) in the subventricular zone
(SVZ) to the rostral migratory stream (RMS) to the olfactory bulb (OB) and the dentate gyrus (DG) in
the subgranular zone (SGZ) of the hippocampal formation (Hipp). There are also signalized the brain
areas of the corpus callosum (CC) and the striatum (St). (B) A schematic diagram depicting cellular
and molecular components of the SVZ and SGZ niches. CSF, cerebrospinal fluid; ECM, extracellular
matrix; EZ, ependymal zone; GCL, granule cell layer; ML, molecular layer. Adapted from Bond et al.,
2015.

Adult SVZ neurogenesis comprises different developmental stages, starting with the activation

of radial glia-like cells (Type B cells) in the subventricular zone which gives rise to rapidly dividing



Introduction

transient amplifying cells (Type C cells) and leads to the generation of neuronal progenitor cells (Type
A cells or neuroblasts). Then, these neuroblasts tangentially migrate along the rostral migratory stream
(RMS) to the olfactory bulb. During this migration, these cells continue to divide, but the cell cycle is
lengthened and the synaptic integration and maturation of granule cells and periglomerular neurons
only occur when these cells reside in the core of olfactory bulb (OB). (Li et al., 2008; Ming & Song,
2011) It is important to note that the direction of neuroblast migration is the OB in most mammals, but
in adult humans striatal neuroblast migration is most pronounced. Further, neuroblasts are not
restricted to the lateral ventricles, but are also present beyond the neurogenic niche. (Ernst & Frisén,
2015)

In the SGZ of the hippocampus, NSCs migrate into the granule cell layer, a shorter distance
when compared with the extensive migration undertaken by OB neurons. These cells give rise to
mature granule neurons in the dentate gyrus. Analogous to the type B cells in the SVZ, they generate
transient amplifying progenitor cells (Type lla, Ilb, and 11 cells) that then differentiate into immature
neurons. At last, immature neurons become mature granule neurons and the sequential process of
synaptic integration takes place. From the beginning of NSC differentiation to the synaptic integration
of newly generated neurons takes approximately 2-4 weeks. Throughout the neurogenesis process,
both in SVZ and SGZ regions, different cell stages and cell lineages can be detected by stage-specific
markers, as illustrated in Figure 1.3. (Li et al., 2008; Ming & Song, 2011)

Marker expression
GFAP, Nestin, SOX2 DCX, PSA-NCAM, TuJl NeuN, Calbindin
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Figure 1.3 - Schematic diagram illustrating specific stages of adult hippocampal neurogenesis.
The neuronal differentiation cascade, from radial glia-like cells (RGL) to mature neurons, is
represented by the major stage-specific markers: GFAP, glial fibrillary acidic protein; Sox2, sex
determining region Y (SRY)-box 2; DCX, doublecortin; PSA-NCAM, polysialylated form of the
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neural cell adhesion molecule; TuJ1, B-tubulin I1l; NeuN, neuronal nuclear antigen. Adapted from
Lucassen et al., 2010; Kang et al., 2016.

1.1.2  Therapeutic relevance of NSCs

The discovery of NSCs and neurogenesis in the adult mammalian brain has changed our view
about the plasticity and function of the human brain bringing up new expectations for rescuing brain
function after injury or NDs. (Casarosa et al., 2014)

Following brain injury adjacent NSCs have the capacity to proliferate and to migrate to the
local lesion. Indeed, NSCs in the SVZ and DG are stimulated after traumatic brain injury or seizures,
revealing that adult neurogenesis may be relevant in self-recovery mechanisms of the brain. However,
far from obtaining regenerative effects, the amount of produced neuroblasts after brain injury as well
as their survival and differentiation into mature neurons is highly limited. (Casarosa et al., 2014)

Aging is the primary risk factor for prevalent NDs. (Mattson & Magnus, 2006) However,
irrespective of their specific etiology, NDs eventually lead to loss or functional alteration of neurons
and glia in the brain or spinal cord either in acute or chronic cases. In acute cases, like ischemic stroke
or spinal cord injury, different types of neurons and glial cells die within a restricted area over a short
time period. Whereas in chronic cases, usually there is a progressive loss of a specific population of
cells, such as motor neurons in amyotrophic lateral sclerosis (ALS) and dopamine neurons in
Parkinson disease (PD), or an extensive degeneration of many types of neurons in Alzheimer disease
(AD). NDs currently lack effective treatments and SC research could lead to the development of new
powerful therapies. (Lindvall & Kokaia, 2010)

Over the past few years, and based on the pathology of each disease, there has been a
continuous progress in developing approaches to generate the types of human-derived neurons and
glial cells for cell replacement therapy. Indeed, there are three principal mechanisms by which SC-
based therapies could be helpful: cell replacement, where cell transplants are given to directly replace
cells that are damaged or lost; trophic support, where transplanted cells are used to promote
endogenous repair of specific diseased brain areas; and, modulation of inflammation, frequently
involved in the disease process and where transplanted cells are used to release anti-inflammatory
agents. (Lindvall & Kokaia, 2010)

Different sources of SCs have been proposed to be used for the recovery of CNS injuries.
(Lodi et al., 2011) Recently, the discovery iPSCs, by Yamanaka in 2006, opened new possibilities for
autologous transplantation. (Takahashi & Yamanaka, 2006) Human iPSC-derived neural precursor
cells can be transplanted into a rat model of PD and ameliorate the motor-sensory behavior by
increasing the number of midbrain dopamine neurons. (Wernig et al., 2008) Although, the major
drawback of these genetically manipulated cells is the high risk of cancer formation, mainly due to
possible uncontrolled integration of viral vectors and non-specific recombination events. In fact, due to

their high proliferative potential, iPSCs were shown to induce tumor formation and impair neural
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outgrowth and their use in the clinical therapy must be very cautious. (Lodi et al., 2011) ESCs have
also indefinite self-renewal capabilities as well as the ability to differentiate into all cell types derived
from the three embryonic germ layers. However, there are major challenges for the safety of using
them in any kind of transplantation therapy, also involving the risk for unregulated cell growth.
Therefore, the most suitable candidates for SC therapies in the context of neurological disorders are
adult SCs, particularly NSCs. NSCs can potentially be an autologous SC source for transplantation
with minimal risk of tumor formation. (Yu et al., 2008)

The therapeutic use of NSCs is being actively investigated, once they show considerable
promise for regenerative repair of CNS and there are present in a considerable number of ongoing
clinical trials. (Trounson & McDonald, 2015) Plus, for a realistic exploitation of NSCs in cell
therapies, they must have a reproducible safe behavior as well as long-term survival and ability to
differentiate. The underlying problem in NSC use is the short time window following neural induction
during which the cells can be directed toward specific neuronal lineages. Ultimately, increasing the
number of cells capable of differentiating might prove useful for in vitro or in vivo expansion of NSCs.
(Yu etal., 2008)

Collectively, a more comprehensive understanding of the regulatory mechanisms involved in
self-renewal, proliferation and differentiation of NSCs will certainly help to ensure well-established
methods to manipulate these cells in vitro and in vivo and improve the successful use of NSCs in

clinics.
1.2 Mitochondrial control of NSC activity

The relevance of mitochondrial function and energy metabolism in determinating NSC fate is
being currently widely discussed. In fact, the whole integration of different mitochondrial events is yet
to be revealed as the metabolic force driving NSC identity. In this regard, it might be worth increasing
the knowledge on the influence of cell metabolism on NSC behavior during CNS diseases. (Wanet et
al., 2015; Xavier et al., 2015; Ottoboni et al., 2017)

Mitochondria are classically known to be the powerhouse of eukaryotic cells. Despite their
major function as cell energy producer, mitochondria regulate intracellular calcium and redox
homeostasis, playing important roles in biosynthetic processes, including lipid, cholesterol, nucleotide,
heme, and steroid synthesis, as in amino acid metabolism and ion homeostasis. This dynamic organelle
has even gained more attention over the years by being implicated in signaling pathways of cell death
and survival. (Hock & Kralli, 2009; Murphy, 2009)

The CNS has an extraordinary high metabolic rate. It consumes about 20% of oxygen inspired
at rest, whereas accounting for only 2% of the body weight. CNS depends upon glucose as its main
source of energy and most of neuronal adenosine triphosphate (ATP) is generated through oxidative
phosphorylation (OXPHOS) in mitochondria. Neurons, in turn, are highly differentiated cells,

consuming much of this energy to sustain cell membrane ionic gradients and neurotransmission.
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Notably, they display a complex morphology and are highly compartmentalized in a complex network,
where mitochondrial trafficking matches the energy demand throughout the long neuronal segments.
(Kann & Kovacs, 2007)

Cellular specialization relies on specific mitochondrial specialization and maturation. Indeed,
several neural development processes rely on mitochondrial regulation: self-renewal and
differentiation of NSCs, as neurogenesis it-self within axonal and dendritic growth, synaptic
formation, and reorganization. Moreover, mitochondrial dynamics and bioenergetics are closely
related to NSC fate and behavior also, intriguingly, providing signal to the nucleus to modulate
differentiation and development. (Kann & Kovécs, 2007; Wanet et al., 2015; Xavier et al., 2015) In
this regard, mitochondrial dysfunction can be an underlying problem, namely in the eventual depletion
of the SC pool and impaired neurogenesis, as observed during aging and degenerative or metabolic
diseases. (Wallace, 2005; Khacho et al., 2017) In addition, mitochondria are responsible for long-term
survival, differentiation and synaptic integration of newborn neural cells. (Xavier et al., 2015)
Therefore, it is likely that mitochondria and its regulatory network will have major implications

toward a more efficient use of neural replacement therapies.

1.2.1 General aspects of mitochondrial structure, function, and biogenesis

Mitochondria have two membranes, an intermembrane space, where there are important
enzymes, and an internal matrix. The outer mitochondrial membrane (OMM) is permeable to ions and
small molecules. The inner mitochondrial membrane (IMM), in turn, is almost impermeable and forms
a tight barrier between the mitochondrial matrix and the cytoplasm, being composed by different ion
channels and transporters, such as the Ca?* uniporter, K*arp channels, and Na*/Ca?* exchanger, and
mitochondrial enzyme systems, such as the molecular machinery for energy production, the electron
transport chain (ETC). The ETC consists of five protein complexes. Three of the complexes (I, 111, and
IV) pump protons (H*) across the inner membrane to establish a H* gradient with a potential
difference of 150-180 mV (negative with respect to cytosol). This potential difference sets the driving
force for protons (along with ApH) that actuate F1FO-ATP synthase (complex V) to generate ATP and
for cytosolic Ca?* ions to accumulate in the matrix via the mitochondrial Ca?* uniporter. Nicotinamide
adenine dinucleotides (NADH) and flavin adenine dinucleotides (FADH>) serve in energy transfer to
the ETC, via the complexes | (NADH-ubiquinone oxidoreductase), Il (succinate dehydrogenase), 111
(ubiquinol cytochrome c oxidoreductase) and IV (cytochrome ¢ oxidase), electrons are transferred
from NADH and FADH, to O.. During electron transport, the free radical superoxide (O2") is also
generated. (Kann & Kovécs, 2007; Mattson et al., 2008)

Importantly, voltage-dependent anion channel (VDAC) is a key protein complex involved in
ATP rationing, Ca*" homeostasis, protection against oxidative stress and regulation of apoptosis.
VDAC is located at OMM and helps to form the mitochondrial permeability transition pore (mPTP)

where mitochondrial metabolites and ions enter and exit. During apoptosis, the opening of mPTP
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results in release of cytochrome c into the cytoplasm. (Shoshan-Barmatz et al., 2010)

Recently, it has become clear that Bcl-2 family members are implicated in mitochondria-
mediated death during neurogenesis and neuronal differentiation processes. Direct interactions
between mitochondria and the endoplasmic reticulum (ER) have also a role to play. For example,
during apoptosis, cytochrome ¢ released from mitochondria can trigger the release of Ca?* from the
ER. (Mattson et al., 2008)

Undouthbly, mitochondrial function is connected to a wide range of cell signaling pathways
through changes in redox and phosphate pairs (NAD/NADH; ATP/adenosine diphosphate (ADP) vs.
adenosine monophosphate (AMP)), reactive oxygen species (ROS) production and critical metabolite
concentrations, such as acetyl-CoA. (Cagin & Enriguez, 2015)

Interestingly, mitochondrial biogenesis is regulated to respond to energetic and metabolic
demands of the cell and is influenced by environmental stress, such as exercise and caloric restriction,
cell division, renewal, and differentiation. In fact, throughout these processes, mitochondria variations
in number and size and mass occur. Thus, mitochondrial dynamic is a complex process that requires
the synthesis, import, and incorporation of new proteins and lipids to the existing mitochondrial
reticulum. Intriguingly, mitochondria have their own genome and can autoreplicate, which is related to
their bacterial origin. The mitochondrial proteome comprises ~1100 to 1500 proteins and the vast
majority of them are encoded by nuclear genes. However, the mitochondrial genome encodes 13
essential proteins that are components of OXPHOS. Indeed, mitochondrial biogenesis is regulated by a
transcriptional network in between the coordination of the two genomes. (Hock & Kralli, 2009;

Jornayvaz & Shulman, 2010)

1.2.2  Mitochondria nucleus cross-talk

Mitochondrial function and activity are under strong nuclear control and several signaling
pathways coordinate the communication between mitochondria and the nucleus. The so called
‘anterograde regulation’ is based mainly on the expression of several nuclear-encoded mitochondrial
proteins, transcription factors, and co-regulators. (Quir6s et al., 2016) The expression of nuclear-
encoded mitochondrial proteins is principally mediated by nuclear transcription factors, such as
nuclear respiratory factor 1 (NRF-1), which controls the expression of the vast majority of nuclear-
encoded subunits that are involved in OXPHOS. In fact, Dhar et al. demonstrated that NRF-1
regulates all ten nuclear-encoded subunits of cytochrome ¢ oxidase in neurons. (Dhar et al., 2008)
Moreover, nuclear receptor factors, which include peroxisome proliferator-activated receptors
(PPARS), are nuclear receptors that sense lipids and control lipid homeostasis. PPARo and PPARS are
primary regulators of lipid oxidation, whereas PPARy promotes lipid synthesis and storage. The
estrogen-related receptors (ERRs) - ERRa, ERRp, and ERRy, in turn, are associated with the
expression of nuclear-encoded mitochondrial proteins that are involved in the tricarboxylic acid (TCA)
cycle, also in OXPHOS and fatty acid oxidation (FAO). Importantly, proliferator-activated receptor
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gamma coactivators 1 a and B (PGC-1a/p) are master regulators of mitochondrial biogenesis known to
activate the NRF, ERR and PPAR factors, which may lead to induced mitochondrial biogenesis by
increasing the expression of mitochondrial proteins encoded by nuclear DNA, such as the
mitochondrial transcription factor A (TFAM). Upregulation of TFAM drives an increase in replication
and expression of mtDNA. (Picca & Lezza, 2015; Quiros et al., 2016)

Conversely, mitochondria can create a ‘retrograde response’ signaling the nucleus to alter the
expression of nuclear genes in order to modify cell function or/and metabolism. Retrograde signals are
generally classified as energetic stress responses. This retrograde response has been classically linked
to mammalian target of rapamycin (MTOR) and AMP-activated protein kinase (AMPK). A decrease in
mitochondrial ATP synthesis stimulates AMPK which, in turn, promotes the activation of PGC-1o.
Additionally, AMPK triggers the mitochondrial quality control system, interfering with mitochondrial
dynamics to induce mitophagy, leading to either an elimination of mitochondrial content or damaged
mitochondria. (Ashrafi & Schwarz, 2013; Quiroés et al., 2016) Similarly, stress reduced mTOR activity
facilitates mitochondrial retrograde signaling, while its activation inhibits retrograde response. (Quirds
et al., 2016) Furthermore, this organelle has also been implicated in the regulation of cell cycle
progression in NSCs through this kind of mechanism. (Owusu-Ansah et al., 2008; Xavier et al., 2014)

Apart from complex signaling pathways responsible for mediating the communication
between nucleus and mitochondria a more direct way of interorganellar coordination has emerged, the
redistribution of nuclear or mitochondrial proteins between these two compartments. (Lionaki et al.,
2016) Of the dual-localized proteins, a good number of predominantly nuclear proteins are now known
to be localized to and function at the mitochondria. Prominent among these are those whose activities
are related to cell death and survival, as well as senescence and aging. For example, the tumor
suppressor p53, ERR o and g, Sirtuin 1 (Sirtl) and PGC-1la, among others with or without
mitochondrial defined activities. (Tang, 2015; Lionaki et al., 2016)

On the other hand, several recent findings have indicated that a small number of classically
mitochondrial-localized proteins could be also found in the nucleus, performing non-transcriptional
activities. (Tang, 2015; Lionaki et al., 2016) Surprisingly, one of the largest multiprotein complexes
known, the pyruvate dehydrogenase complex (PDC), is one of them. (Sutendra et al., 2014) In
mitochondria matrix, the PDC catalyzes multiple enzymatic steps to generate acetyl-CoA from
glycolysis-derived pyruvate that, then, fuels the TCA cycle. The mammalian PDC is about 8-10 MDa
in size and has 3 enzyme activities (E1, E2, and E3), each comprising of multiple polypeptide
subunits, which makes PDC even larger than the largest complex in the mitochondrial ETC. (Tang,
2015) Interestingly, nuclear PDC is functional in generating acetyl-CoA from pyruvate (Figure 1.4).
(Sutendra et al., 2014) Another interesting example of bi-organellar protein distribution is fumarase, a
TCA cycle enzyme, now known to be also important for DNA repair in the nucleus. There are other
examples of proteins whose nuclear function and mechanism driving nuclear localization remains
elusive. (Tang, 2015; Lionaki et al., 2016)
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Figure 1.4 — Dynamic translocation of mitochondrial PDC to the nucleus. The PDC plays a central
role in cellular metabolism by catalyzing the irreversible conversion of pyruvate into acetyl-CoA in
mitochondria. The activity of PDC is tightly controlled via reversible inactivating phosphorylation due
to the activity of specific pyruvate dehydrogenase kinases (PDKSs). Mitochondrial PDC translocates to
the nucleus of mammalian cells, where is functional, providing a novel pathway for nuclear acetyl-
CoA synthesis required for histone acetylation and epigenetic regulation. Adapted from Sutendra et
al., 2014.

Ultimately, to a great extent, the integration of anterograde (from nucleus to mitochondria)
and retrograde (from mitochondria to nucleus) signals and this dual localization of proteins is a level
of interorganellar communication and coordination that allows for direct and finely tuned responses of
both organelles, leading to an enhanced and precise defense of cell homeostasis. (Lionaki et al., 2016;
Quiros et al., 2016)

1.2.3 Mitochondrial dynamics

The ultrastructure, morphology and intracellular distribution of mitochondria undergo
significant changes during cellular life. Somatic cells exhibit mature elongated mitochondria, with
numerous cristae and an electron-dense matrix. (Varum et al., 2011) However, the first observations of
mitochondria in mouse and human ESCs (mESCs and hESCs) using transmission electron microscopy
surprisingly showed characteristics that are not related to the well-known ultrastructure of
mitochondria. Indeed, in these cases, mitochondria morphology appeared globular displaying a
perinuclear localization and containing poorly developed cristae, along with an electron-lucid matrix.
(Baharvand & Matthaei, 2003; Prowse et al., 2012; Wanet et al., 2015)

Mitochondria are constantly undergoing cycles of fission and fusion, therefore the balance of
10
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these two opposing processes dictates the connectivity and the overall length of mitochondria.
Mitochondrial elongation requires the coordinated process of outer and inner membrane fusion.
Mitochondrial fusion is mainly mediated by three dynamin-related large GTPases. Mitofusin 1 (Mfn1l)
and 2 (Mfn2) mediate the fusion of the OMM, and the optic atrophy 1 (Opal) protein and Mfnl
mediate the fusion of the IMM. The fission process, on the other hand, involves the division of
mitochondria and is regulated by the cytosolic dynamin-related protein 1 (Drpl). (Khacho & Slack,
2015)

Notably, changes in mitochondrial dynamics regulate NSC fate decisions by interfering in
physiological levels of ROS, which in turn, suppressed self-renewal and promoted differentiation
through transcriptional programming. Recently, the view about the classical mitochondrial dynamics
regulation has been modified. Mitochondrial fragmentation has been demonstrated to be required for
the transient passage of NSCs to committed progenitors. (Figure 1.5) (Khacho et al., 2016) Although,
it is generally perceived as a sign of mitochondrial dysfunction toward a chronical imbalance that is

observed during aging and many NDs. (Khacho & Slack, 2015)
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Figure 1.5 - Schematic diagram of mitochondrial dynamic changes occurring as NSCs
differentiate. In NSCs, elongated mitochondria maintain low ROS levels and promote self-renewal,
while a more fragmented state of mitochondria is normally associated with increase of ROS levels,
inhibition of self-renewal and induction of cell differentiation. Adapted from Khacho et al., 2016.

Fission and fusion events do not only dictate the structural morphology of mitochondria but

also regulate cell metabolism, playing a major role in NSC differentiation and survival.

1.3 Metabolic regulation of NSC fate

Increasing evidence suggests that metabolic plasticity is essential in the transition between
stemness maintenance and lineage specification. Indeed, adult NSCs may rely on different metabolic
pathways (Figure 1.6) to keep up with cell-specific bioenergetic demands. Energy generation is always

fundamental to cell homeostasis, although SCs must fine-tune the balance between catabolism to
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generate ATP, and anabolism to create biomass. (Folmes et al., 2013; Knobloch & Jessberger, 2017)
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Figure 1.6 - Major cellular metabolic pathways. Glucose is taken up and metabolized through
glycolysis. The final product, pyruvate, can be either fermented into lactate, which is secreted by the
cell or can be shuttled into the mitochondria and converted into acetyl-CoA by PDC. This acetyl-CoA
is subsequently used in the TCA cycle to generate NADH and reduced FADH, which are necessary for
the OXPHOS process. Overall, this results in ATP generation. As a side product, ROS can also be
produced. NADH and FADH are also generated in large amounts by FAO. Resulting acetyl-CoA
levels enter into the TCA cycle for further energy production, and as a carbon source, or even be
exported from mitochondria via citrate for other use, like lipid biosynthesis. Fatty acid synthase
(FASN) is involved in this process, yielding palmitate, which can be used to generate more complex
fatty acids. The reduced nicotinamide adenine dinucleotide phosphate (NADPH) required for lipid
synthesis can be generated during the pentose phosphate pathway (PPP), a metabolic pathway parallel
to glycolysis. Adapted from Knobloch & Jessberger, 2017.

NSCs reside in hypoxic niches where low oxygen tensions contribute to the maintenance of an
undifferentiated state, influencing cell fate and proliferation. (Ito & Suda, 2014) Numerous studies
show that mouse and human ESCs and iPSCs rely principally on glycolysis under aerobic conditions.
(Folmes et al., 2011; Varum et al., 2011; Panopoulos et al., 2012) Glycolysis generates reducing
equivalents through the pentose phosphate cycle and, by attenuating mitochondrial activity, directly

diminishes the generation of ROS, thus, favoring NSC self-renewal and long-term maintenance.
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(Wanet et al., 2015)

Metabolic changes between SCs and progeny suggest that mitochondrial mass and activity, as
well as, OXPHOS increase with lineage progression whereas elevated anaerobic glycolytic activity is
rather considered a metabolic hallmark of cell stemness. (Wanet et al., 2015) Although, it has been
demonstrated, in NSCs, that inhibition of glycolytic pathways, even when oxidizable substrate was
provided, greatly impaired their survival. (Candelario et al., 2013) An interesting study in Drosophila
during metamorphosis suggests a direct regulation of NSC differentiation via OXPHOS. (Homem et
al., 2014) Also, differentiation of hNSCs into motor neurons stimulated mitochondrial biogenesis and
decreased glycolytic flux. (O’Brien et al., 2015) Being now well-stabilized that the metabolic
transition profile of NSCs to neurons relies on a switch from glycolysis to mitochondrial OXPHOS to
meet the robust energy demands associated with differentiation. (Hu et al., 2016)

The identity of stage-specific metabolic programs and their impact on adult neurogenesis are
largely unknown, we are now starting to understand mitochondria and its stage-specific molecular
program adaptation of metabolic circuits under this scenario. The adult hippocampal neurogenic
lineage is critically dependent on the mitochondrial ETC and OXPHOS machinery at the stage of the
fast proliferating neural stem/progenitor cell (NSPC). (Beckervordersandforth et al, 2016)

As mentioned above, ROS are naturally produced by OXPHOS in mitochondria under
physiological conditions. (Murphy, 2009) In a mouse model of adult hippocampal neurogenesis, a
peak in mitochondria number and ROS levels occurred immediately after inducing differentiation, in a
highly proliferative, intermediate progenitor state, but not in undifferentiated NSCs or postmitotic
neurons. (Walton et al., 2012) Notably, ROS-mediated process triggers a dual program to suppress
self-renewal and promote differentiation via retrograde signaling in NSCs. ROS force SCs out of
hypoxia-dependent quiescence into a more proliferative state, promoting cellular commitment and
differentiation. (Ito & Suda, 2014; Khacho et al., 2016)

Under the road of cellular metabolic pathways, lipid metabolism has also been largely
neglected for the role it may play in neurogenesis process. Lipids emerge in NSC life as building
blocks of membranes, an alternative energy source and as signaling entities. (Knobloch, 2016) The

current knowledge of lipid metabolism in NSC regulation and neurogenesis will be discussed ahead.

1.3.1 The emerging role of lipid metabolism in NSC behavior
Lipid metabolism plays a crucial role in tissue physiology and cell signaling, being important
for the CNS, as lipids make up roughly 50% of brain dry weight. In fact, brain is the organ with the
second highest lipid content next to adipose tissue. (Mitchell & Hatch, 2011) On the other hand,
altered lipid metabolism is believed to contribute to CNS injury and is linked to many NDs. Lipids are
classified into eight categories (fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol
lipids, prenol lipids, saccharolipids, and polyketides) comprising a large number of chemically distinct

molecules that arise from combinations of fatty acids (FAs) with different backbone structures. These
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FAs can be used as raw materials to build cell membranes, be metabolized into bioactive agents or be
degraded. (Adibhatla & Hatcher, 2008) FAs are present in the bloodstream of adult mammals,
commonly bound to serum albumin. For a long period of time, it was thought that FAs do not
penetrate the blood brain barrier (BBB); however, there is a slow speed passage of FAs across the
BBB. Although FA import mechanism into the BBB is still uncertain (Hamilton & Brunaldi 2007,
Mitchell & Hatch, 2011), during brain development, FAs are necessarily taken up because they are
critically involved in neurodevelopment, neurotransmission and repair processes. (Schonfeld & Reiser,
2013)

FA import into cells has also been a source of constant debate. FAs can enter a cell through
protein-mediated mechanisms involving “FAs transporters” or, much like other hydrophobic
molecules, can cross lipid bilayers by passive diffusion using a ‘flip-flop’ mechanism independent of
proteins. (Mitchell & Hatch, 2011) After entry into the cell, FAs are activated to acyl-CoA esters by
acyl-CoA synthetases and can be targeted to esterification to be stored as triglycerides or be an
alternative source of energy when submitted to a mitochondrial degradation process called -
oxidation. Mitochondrial B-oxidation, in turn, can be conceptually divided into two major phases: the
process of getting acyl groups into the mitochondria for oxidation and the intramitochondrial chain
shortening. Indeed, medium- and short-chain FAs can cross the mitochondrial membrane directly and
be oxidized as their CoA (coenzyme A) esters. In contrast, long-chain FAs are imported into the
mitochondria in a carnitine palmitoyl transferase (CPT)-1 dependent manner, through a “carnitine
shuttle”. Once inside mitochondria, FAs are then oxidized to acetyl-CoA units. Chain length is
reduced by two carbons in every cycle of B-oxidation and the acetyl-CoA produced from FAO enters
the TCA cycle. At the same time, there is production of reducing equivalents (FADH. and NADH),
which are utilized in the ETC contributing toward the production of ATP. Subsequent rounds of f3-
oxidation generate successively shorter fatty acids. The first step is catalysed by acyl-CoA
dehydrogenase enzymes, like long-chain acyl-CoA dehydrogenase (LCAD) that have preference for
acyl-CoA substrates of long-chain length. (Bartlett & Eaton, 2004; Kompare & Rizzo, 2008)

The relation between FAO and SC identity was initially suggested by the observation that, in
mice, disruption of promyelocytic leukemia gene (PML) (which regulates FAO), or direct inhibition of
FAO, decreases the hematopoietic SC pool. (Ito et al., 2012) Consistently, congenital defects in
mitochondrial FAO in NSCs promote symmetric differentiation division at the expense of NSC self-
renewal in development of neocortical mouse brain. (Xie et al., 2016) It seems that this pathway is
specifically up-regulated in gNSCs. Notice that, upon its activation, NSCs increase translational
capacity, followed by cell-cycle entry with G1 to S transition. Furthermore, new data from single-cell
transcriptomes of adult hippocampal gNSCs and their immediate progeny revealed that oxidative
metabolism through FAO in gNSC may represent an alternative energy fuel to glucose. During the
transition from quiescent to active NSCs, glycolysis and FAO tend to gradually decrease while there is
an increased dependence on glucose to supply OXPHOS for energy generation. (Shin et al., 2015;
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Fidaleo et al., 2017)

FAs can also be produced by the cell itself. In fact, FAs have been shown to be produced
endogenously in adult NSCs; a novel mechanism governing adult neurogenesis has been identified,
where lipogenesis determines the proliferative activity of NSPCs. Lipogenesis is dependent upon the
rate-limiting enzyme for FA synthesis, fatty acid synthase (FASN), as well as on the availability of
acetyl-CoA and NADPH and, consequently, on acetyl-CoA carboxylase (ACC) for the synthesis of
malonyl-CoA (Figure 1.6). (Folmes et al., 2013) Importantly, sterol regulatory element binding
protein-1c (SREBP-1c) exerts a positive transcriptional regulation on FASN and ACC expression, the
sterol regulatory elements binding protein (SREBP), a family of transcriptional activators plays a
crucial role in both FA and cholesterol homeostasis in the brain. (Kim et al., 2007) Curiously, it has
been noticed FASN is preferably distributed in major areas of neurogenesis (SVZ and DG) within the
adult murine brain. Expression is high in proliferating NSPCs and reduced in differentiated progeny.
Accordingly, inhibition or deletion of FASN reduces proliferation of NSCs. (Knobloch et al., 2012)
FASN expression in support of anabolic lipogenesis enables the production of lipid membranes
required to sustain high SC proliferation. (Folmes et al., 2013) This mechanism is very similar to that
of cancer cells, which produce the majority of their lipids de novo. (Menendez & Lupu, 2007)

Indeed, lipids are synthesized by de novo lipogenesis with the exceptions of two essential FAs,
a-linolenic acid (ALA, an omega-3 FA) and linoleic acid (LA, an omega-6 FA), which are
polyunsaturated fatty acids (PUFAS) and must be obtained via nutrition. Long-term culture of neurons
in vitro, in turn, requires serum-free neurobasal medium with B-27 supplement, which includes lipids
such as ALA and LA. In addition, many studies have demonstrated a beneficial role of FA precursors
for neurogenesis both during development and in the adult. These are examples of bioactive lipid
signaling playing a key role in neurogenesis. Bioactive lipid signaling, for instance, has recently
emerged, as a lipid second messenger to regulate the energy and redox balance of differentiating
NSCs. (Bieberich, 2012; Knobloch, 2016) Furthermore, recently, the receptor 1 for lysophosphatidic
acid (LPA), a phospholipid, has been suggested as a novel NSC marker. LPA plays signaling
functions, is important for brain development and neurogenesis, and shows an interesting expression
pattern in the adult DG. (Walker et al., 2016) This example illustrates an emerging and complex topic
bringing also the question if lipids can be novel NSC markers. (Knobloch, 2016)

Not less important, mechanistic studies have recently demonstrated that lipid accumulation
perturbs the neurogenic niche microenvironment and restrains neurogenesis in diseased brains. For
example, a FA-mediated mechanism suppressed NSC activity, showing potential relevance in cases of
AD risk and cognitive decline in obesity and type 2 diabetes. (Hamilton et al., 2015; Fidaleo et al.,
2017)

Cell metabolism has undoubtedly a central role in determining NSC physiology and behavior
on multiple levels either by changing energy state, fuel source, biomass production, or epigenetics.
(Knobloch & Jessberger, 2017) Figure 1.7 attempts to summarize the current knowledge on the
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metabolic switches ruling NSC transformation into immature neurons.
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Figure 1.7 - Schematic representation of the major changes in metabolic pathways from gNSPCs
to their neuronal progeny. Fateful metabolic shifts, occurring in quiescent and proliferating NSPCs
as well as in immature neurons, control NSC identity through glycolysis versus OXPHOS, FAO
versus lipogenesis, and ROS defense versus generation. Adapted from Knobloch & Jessberger, 2017.

Specific modulation of metabolic pathways might be awaiting future discovery, with the

potential to improve adult neurogenesis and revolutionize regenerative medicine.

1.4 The potential of tauroursodeoxycholic acid and its unexpected effects

1.4.1 Bile acids and cell function

Bile acids (BAs), the major constituents of bile, are mainly produced in the liver. Bile acid
synthesis is the primary pathway for cholesterol catabolism. Thus, BAs are end products of
cholesterol, water-soluble as result of their amphipathic structure, helping to balance cholesterol levels
in the body. They are usually conjugated with glycine or taurine groups and, then, secreted into the
small intestine, where they assume an important role in the solubilization of lipids. They act as
detergents forming mixed micelles with dietary lipids, thereby promoting their uptake. (Russell &
Setchells, 1992) Minor changes in the chemical structure of bile acids determine their mechanism of
action either by increasing or decreasing their hydrophobicity. Hydrophobic bile acids can not only
destabilize biological membranes but they can also activate cell death pathways, while hydrophilic bile

acids may be cytoprotective triggering survival pathways and inhibiting induced cellular toxicity.
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(Amaral et al., 2009)

Importantly, BAs are increasingly being comprehended not just as lipid solubilizers and
simple regulators of BA homeostasis but as complex metabolic integrators and signaling factors. BAs
are ligands for G-protein-coupled receptors (GPCRs), such as TGR5, as well as for nuclear hormone
receptors, such as farnesoid X receptor-a (FXR-a), also known as the ‘nuclear bile-acid receptor’,
because BAs are the best-characterized ligands. Through activation of signaling pathways, BAs have
been shown to regulate triglyceride, cholesterol, energy and glucose homeostasis, thus becoming
attractive therapies for metabolic disorders, such as obesity and type 2 diabetes, as well as other
associated chronic diseases, including non-alcoholic steatohepatitis. (Thomas et al., 2008)

Ursodeoxycholic acid (UDCA) is an endogenous hydrophilic bile acid US Food and Drug
Administration (FDA)-approved for the treatment of certain cholestatic liver diseases. Curiously,
UDCA is one of the major components of bear bile and has been used in Chinese medicine for
centuries to treat numerous health problems. (Vang et al., 2014) In humans, it is also produced
endogenously but at very low concentrations. (Bentayeb et al., 2008) It is widely known to be a
cytoprotective agent that strongly detain programmed cell death through modulation of classical
mitochondrial pathways, also preventing unfolded protein response dysfunction and ameliorating ER
stress. (Amaral et al., 2009; Vang et al., 2014) Accordingly, UDCA inhibits several typical apoptotic
events by stabilizing the mitochondrial membrane. (Rodrigues et al., 1998a; Rodrigues et al., 1998b;
Rodrigues et al., 1999) Moreover, DNA microarray analysis revealed that UDCA could significantly
regulate the expression of 96 different genes, involved not only in apoptosis but also in cell cycle
regulation, proliferation and cell metabolism, in primary rat hepatocytes. (Castro et al., 2005)
Tauroursodeoxycholic acid (TUDCA) is the taurine-conjugated form of UDCA. Importantly, after
conjugation with taurine, UDCA administrated in high doses can be delivered to other tissues,
including the brain. Thus, TUDCA is orally bioavailable and able to penetrate the CNS through
systemic circulation and, by crossing the BBB. (Keene et al., 2002) This is possible due to the small
size and relative hydrophobicity of TUDCA, and probably because of the existence of transporters for
the taurine-conjugated molecule in the brain. (Pow et al., 2002) Gene expression microarray analysis
demonstrated that TUDCA specifically modulates transcripts for proteins with kinase activity, diverse
transcription factors and several enzymes involved in FA metabolism in primary rat hepatocytes.
(Castro et al., 2005) Importantly, TUDCA has potential therapeutic effects on a wide variety of non-

liver diseases (Vang et al., 2014), which will be described ahead.

1.4.2 TUDCA affords neuroprotection
Neurobiological disorders are caused by many factors directly related to mitochondrial
dysfunction, such as oxidative stress, misfolded proteins, impairment of ECT complexes and Ca?*
imbalance. (Bredesen et al., 2006) Over the past few years, the protective role of TUDCA has been
demonstrated in a wide range of models of neurological disorders, including Alzheimer’s (Dionisio et
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al., 2015), Parkinson’s (Castro-Caldas et al., 2012) and Huntington’s (Keene et al., 2002) diseases and
ischemic (Rodrigues et al., 2002) and hemorrhagic (Rodrigues et al., 2003) stroke. More recently, a
study conducted with TUDCA treatment demonstrated beneficial effects on amyotrophic lateral
sclerosis patients. (Elia et al., 2016) In addition, TUDCA has been implicated in favoring the
resolution of the inflammatory process in the CNS. (Romero-Ramirez et al., 2017)

In summary, in the brain, TUDCA acts mainly as a mitochondrial stabilizer, inhibits apoptosis
induced mechanisms and upregulates cell survival pathways. Thus, exhibiting anti-inflammatory
effects and attenuating neuronal loss in NDs. (Gronbeck et al., 2016)

This bile acid is definitely a strong candidate to treat several NDs, and it would be interesting
to explore its potential in other experimental models, such as aging and other impaired neurogenesis

conditions.

1.4.3 Regenerative potential of TUDCA

Given the established beneficial role of TUDCA in neuropathological context, the effects of
this bile acid on neurogenesis would open a new window of opportunities for SC-based therapies.

Notably, TUDCA is capable to trigger hepatic differentiation of mesenchymal SCs via
BA receptors, FXR and TGRS5, as well as other signaling pathways known to control SC
development. This may represent a novel tool to generate hepatocytes in vitro, facilitating the
generation of patient-specific hepatocytes from SCs. (Sawitza et al., 2015) TUDCA was also
shown to promote in vivo bone tissue regeneration and markedly increase osteogenic differentiation of
bone marrow mesenchymal SCs in vitro. (Cha et al., 2016) Moreover, TUDCA improved blood vessel
regeneration by enhancing the mobilization of stem/progenitor cells from bone marrow, differentiation
into endothelial progenitor cells, and integration with pre-existing endothelial cells. (Cho et al., 2015)
TUDCA has also been implicated in erythropoiesis process and markedly enhanced red blood cell
viability. (Hong et al., 2016) Curiously, TUDCA also regulates energy metabolism, acting as a
chemical chaperone stabilizing protein conformation. It was demonstrated that this specific bile acid
also reduces ER stress and improves impaired insulin signaling, thus restoring glucose homeostasis in
obese and diabetic mice models. (Ozcan et al., 2006; Guo et al., 2015)

This singular bile acid, previously described as a potent inhibitor of apoptosis mediated
mitochondrial perturbations in neurons, may also have an important role in neurogenesis through
mitochondrial regulation. (Rodrigues et al., 2000; Xavier et al., 2014). In fact, it has been shown that
TUDCA modulates apoptotic events typical of the early stages of NSC differentiation in a mouse NSC
line. In this context, TUDCA does not affect NSC survival but prevents early differentiation induced
mitochondrial alterations, including cytochrome c release, membrane depolarization, and p53
mitochondrial translocation, mainly through diminished mitochondrial ROS (mtROS) levels and
reverse ATP depletion. This bile acid elicits a marked increase in NSC population at S phase with a
subsequent reduction at G1 phase, indicating a short G1 phase, which is typical of cells in expansion.
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Thus, TUDCA is able to mediate mitochondria-cell cycle retrograde signals to regulate NSC fate.
Interestingly, TUDCA also directs differentiating NSCs toward the neuronal lineage. TUDCA-induced
effects in increasing NSC pool and determining lineage specification occur in a mitochondrial redox
state and ATP-dependent manner. (Figure 1.8) (Xavier et al., 2014)
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Figure 1.8 - The role of the bile acid TUDCA in early neural differentiation. TUDCA prevents
early differentiation-induced mitochondrial apoptotic events while enhancing self-renewal potential
and accelerating cell cycle exit of NSCs, through the regulation of redox state and ATP levels. As a
result, TUDCA favors neuronal rather than astroglial conversion of differentiating NSCs. (Xavier et
al., 2014)

Recently, the influence of TUDCA on NSC proliferation, self-renewal, and neurogenesis was
explored in postnatal NSCs. Further, the maintenance of its beneficial effects was tested in neurogenic
niches of adult rats. DG-derived NSCs were not sensitive to the proliferative effects of TUDCA.
Intrinsic characteristics of this niche or the method used for bile acid delivery may explain this
outcome. However, the impact of TUDCA on proliferation and differentiation of SVZ-derived NSCs
was corroborated. Additionally, TUDCA also modulated mitochondrial biogenesis- and dynamics-
associated proteins in differentiating NSCs, thus, starting to unveil TUDCA acting mechanisms.
TUDCA increased the expression of PGC-1a, as well as the expression of ERRa and Mfn2, direct
targets of PGC-1a. Accordingly, Mfn2 may be a mediator of TUDCA-induced PGC-1a to promote
mitochondrial biogenesis and oxidative metabolism. Moreover, this bile acid significantly reduces
mtROS, while increasing ROS detoxifier MnSOD. In this study, TUDCA appears again to improve
mitochondria function of NSCs. (Soares et al., 2017) But more importantly, the potential therapeutic
effect of TUDCA in increasing the NSC pool and early neuronal differentiation in vivo was uncovered,
reinforcing the proliferative and pro-neurogenic effects of this singular bile acid in the SVZ region.
(Soares et al., 2017)

Altogether, mounting evidence suggests that the neural protective role of TUDCA goes

beyond its antiapoptotic and antioxidant properties being essential to unravel the mitochondrial
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modulatory mechanisms by which TUDCA enhances neurogenesis.
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1.5 Motivation and Aims

Given the lack of effective regeneration in the mammalian brain, it is important to invest in
NSCs, the main characters in adult neurogenesis. Over the past few years, our perception of NSC
potential has greatly increased, although we are only beginning to understand molecular, metabolic,
and epigenetic profile in physiological and pathological context. (Ottoboni et al., 2017) A more
comprehensive understanding of the behavior of endogenous NSCs will contribute to tune or model
them toward the desired response. Thereby, having the opportunity to therapeutically address aging
and complex NDs, as age-related metabolic and degenerative diseases increase to epidemic
proportions in modern society (Wallace, 2005), we have decided to further understand the mechanisms
underlining TUDCA control of NCS fate and exploit its potential effect in enhancing NSC pool and
neurogenesis.

In our laboratory, the impact of TUDCA on the mitochondrial proteome in self-renewing or
differentiating mouse NSCs was evaluated by high-throughput proteomics analysis using liquid
chromatography coupled with mass spectrometry (LC-MS) based detection of differential proteomics
from mitochondria purified extracts. (Figure 1.9) This experimental work was performed in Instituto
de Tecnologia Quimica e Biol6gica — ITQB by Ana Varela Coelho’s Proteomics of Non-Model
Organisms research group. Of notice, some proteins from the mitochondrial proteome up-regulated or
down-regulated by TUDCA were unable to be identified during proteomic analysis.
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Figure 1.9 — Representative results of TUDCA impact on the mitochondrial proteome in self-
renewing or differentiating NSCs. The mouse NSC line NS-TGFP was expanded and induced to
differentiate, or not, for 24 h in the presence of TUDCA. Mitochondrial protein purified extracts were
obtained for liquid chromatography mass spectrometry-based proteomics analysis. TUDCA modulates
the expression of four distinct intriguing proteins: ATP synthetase subunit B (B-F1-ATPase) in self-
renewing conditions and long-chain acyl-CoA dehydrogenase (LCAD), heterogeneous nuclear
ribonucleoprotein  A2/B1 (hnRNP A2/Bl) and G-protein subunit p2 (GB2) in differentiating

21



Introduction

conditions.

Based on this previous data, we started to validate TUDCA-regulated mitochondrial proteins
and investigate their relevance in NSC fate. We also aimed to explore the possible metabolic impact of
TUDCA treatment in differentiating NSCs. The underlying proteins related to distinct metabolic

pathways were also investigated during early stages of neural differentiation.
Specifically, the most relevant questions addressed in this study were:
1. Does TUDCA drive a metabolic shift in NSCs?
2. How does NSC metabolism occur in early stages of neural differentiation?
Dissecting TUDCA impact on mitochondrial proteomics in NSCs led us to discuss the
interplay between nuclear and mitochondrial protein expression regulation toward a defined metabolic
state. This study may substantially improve our understanding of how NSCs orchestrate adult

neurogenesis in a metabolic-dependent manner suggest TUDCA as an efficient molecule in the

maintenance and expansion of these promising cells.
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2. Materials and Methods

2.1 Ethics statement

The two mouse NSC lines, NS-TGFP and CGR8, used in this study were both obtained from
Dr. Smith’s Laboratory, University of Cambridge, Cambridge, UK. The NS-TGFP line was provided
by Dr. Henrique, University of Lisbon, Lisbon, Portugal and the CGR8 line was provided by Dr.
Margarida Diogo, University of Lisbon, Lisbon, Portugal. The Animal Ethical Committee at the

Faculty of Pharmacy, University of Lisbon, Portugal waived the need for approval.

2.2 Mouse NSC lines

The CGR8 competent cell line was established from the inner cell mass of a 3.5-day male pre-
implantation mouse embryo (ECACC 07032901). (Nichols et al., 1990; Smith, 1991; Mountford et al.,
1994) Tau-GFP mouse NSC (NS-TGFP) cells were derived from 14.5-dpc mouse foetal forebrain, and
constitutively express the fusion protein tau-green fluorescent protein (GFP). (Pratt et al., 2000; Silva
et al., 2006)

2.2.1 Cell line handling, maintenance, and differentiation

Mouse cell lines were established using a method that produces pure cultures of adherent
NSCs, which continuously expand by symmetrical division and are both capable of tripotential
differentiation. (Conti et al., 2005; Pollard et al., 2006; Glaser et al., 2007) NSCs were grown in
monolayer as previously described (Spiliotopoulos et al., 2009) and routinely maintained in
undifferentiating medium (self-renewal conditions), Euromed-N medium (EuroClone S.p.A., Pavia,
Italy), supplemented with N-2 supplement (Gibco, Thermo Fisher Scientific, Inc., USA), epidermal
growth factor (EGF; PeproTech EC, UK), basic fibroblast growth factor (bFGF; PeproTech EC) and
penicillin-streptomycin (Pen-Strep; Gibco, Thermo Fisher Scientific, Inc.) (see table 2.1 for resumed
details), in 75 cm? tissue culture (TC) treated flasks (Falcon, Corning Inc., NY, USA) at 37°C in a
humidified atmosphere of 5% CO..

Culture cell renewal was performed when NSCs reached approximately 80% of confluence in
the culture flask, which represents the critical point when cells start to detach and to degenerate due to
lack of nutrients and contact inhibition. The depleted medium was removed and followed by the
addition of 1 mL of StemPro Accutase Cell Dissociation Reagent (Gibco, Thermo Fisher Scientific,
Inc.) to gently help cell detachment. After an incubation period of 3 min in the incubator, accutase
activity was blocked by the addition of 4 mL cell medium. The cell suspension solution was
transferred to tubes of 15 mL and centrifuged at 500 g for 4 min at room temperature (RT). The

supernatant was then discarded and the remaining pellet was resuspended in fresh medium. For each
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75 cm? cell culture flask, carrying 12 mL of fresh medium it was added 1:4 of the cell suspension,
being subsequently incubated in the described conditions. This procedure was performed every 2/3
days.

Neural differentiation was performed by first plating NSCs in undifferentiating medium onto
TC-treated cell culture dishes at 5.4 x 10° cells/cm? for 24 h. To count cells, a hemocytometer was
used. Trypan blue (T8154; Sigma-Aldrich Corp., USA) stained damaged or dead cells (an exclusion
dye method), therefore enabling to distinguish between viable and non-viable cells. After 24 h of cell
stabilization, the medium was changed to optimized neuronal differentiation-inducing medium,
Euromed-N medium supplemented with N-2 supplement, B-27 supplement (Gibco, Thermo Fisher
Scientific, Inc.), bFGF, and Pen-Strep (see table 2.1 for resumed details). For NSCs that remained
undifferentiated, the medium was not changed. Differentiating NS-TGFP cells at 8 x 10° cells/cm?
were at fixed at 0, 3, 6, 24, 48 and 72 h and processed for immunoblotting. For cellular treatments,
cells were maintained in differentiating and undifferentiating medium for 24 h. Then, cells were
collected and processed for immunoblotting, differentiated cells were also processed for Oil-Red-O

staining, gas chromatography-mass spectrometry (GC-MS) analysis, and immunocytochemistry.

Table 2.1 — Resumed details and characteristics of mouse NSC lines used in this study.
Undifferentiating growth  Differentiating growth

Cell designation Cell type Growth mode

medium % in (v/v) medium % in (v/v)
Euromed-N; Euromed-N;
CGRS8 Mouse NSC Adherent 20 ng/uL EGF: 10 ng/uL bFGF:
20 ng/uL bFGF; 1% B-27;
NS-TGFP Mouse NSC Adherent 1 % Pen-Strep; 1 % Pen-Strep;
19% N-2 0.5 % N-2

(EGF, epidermal growth factor; bFGF, basic fibroblast growth factor; Pen-Strep, Penicillin-
Streptomycin).

2,22 Cellular treatments
Cells were treated with 100 uM of TUDCA (T0266; Sigma-Aldrich Corp.) after 24 h of
plating and/or upon medium change for differentiation, and then collected after 24 h for protein
extraction and other analyses. The schematic representation of time course treatment is illustrated in

Figure 2.1.
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Figure 2.1 — Graphical scheme of NS-TGFP and CGRS8 cells treatment course.

2.3 Mitochondrial, cytosolic, and nuclear protein extraction

Cells were collected after 24 h of incubation with TUDCA and processed for extraction of
mitochondrial and nuclear fractions. Both protocols allow also the extraction of the cytosolic fraction.
Cell pellet was firstly washed with phosphate-buffered saline (PBS) and centrifuged at 600 g for 5 min
at 4°C. For isolation of mitochondrial protein extracts, cells were lysed upon incubation in ice for 20
min with an isolation buffer (20 mM HEPES, 10 mM KCI, 1.5 mM MgCl,.6H;0, 1 mM Na;EDTA, 1
mM EGTA, 250 mM Sucrose), supplemented with 1 mM dithiothreitol (DTT) and Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Inc.) and, then, disrupted by 40 strokes in a
Dounce homogenizer. The homogenates were centrifuged at 2,500 g for 10 min at 4°C, then, the
supernatant was saved and a second centrifugation was necessary to increase the product yield, so the
pellet obtained from the homogenates was resuspended again in a minimum volume of isolation
buffer. The total homogenate recovered was, then, centrifuged at 12,000 g for 30 min at 4°C to remove
unbroken cells and nuclei. Finally, the mitochondrial fraction was obtained, the respective pellet
resuspended in the isolation buffer and frozen at -80°C. The supernatant was removed and filtered
through 0.2 pm and, then, 0.1 pm Ultrafree MC filters (Merck Millipore Corp., Germany) by
centrifugation at 12,000 g for 20 min at 4°C to obtain cytosolic proteins.

For nuclear extracts, cells were lysed with hypotonic buffer (10 mM Tris-HCI, pH 7.6, 5 mM
MgCl;, 1.5 mM potassium acetate, 2 mM DTT, and protease inhibitors), homogenized with 20 strokes
in a loose fitting Dounce homogenizer, and centrifuged twice at 500 g for 10 min at 4°C. Cytosolic
proteins were recovered in the supernatant and centrifuged at 3,160 g for 10 min at 4°C saving the
supernatant again, while the nuclear pellet was washed in a buffer composed of 10 mM Tris-HCI, pH
7.6, 5 mM MgCl,, 0.25 M sucrose, 0.5% Triton X-100, and protease inhibitors through centrifugation
at 500 g for 5 min at 4°C. Then, the nuclear pellet was resuspended and sonicated for four cycles of 10

sec in buffer composed by 10 mM Tris-HCI, pH 7.6, 0.25 M sucrose and protease inhibitors. Finally,
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the suspension was centrifuged through 0.88 M sucrose at 2,000 g for 20 min at 4°C, and nuclear
proteins were recovered in the supernatant.
All protein content was measured by the Bio-Rad protein assay kit (Bio-Rad Laboratories,

USA), according to the manufacturer’s specifications, using bovine serum albumin (BSA) as standard.

2.4 Histone purification

Histone purification was performed using an acid extraction protocol. Cells were collected at
24 h of TUDCA treatment, washed in PBS and lysed with hypotonic lysis buffer (10 mM Tris-HClI,
pH 8, 1 mM KCI, 1.5 mM MgCl;, 1 mM DTT and protease inhibitors) for 30 min at 4°C. Intact nuclei
were recovered by centrifuging at 10,000 g for 10 min at 4°C, and the supernatant discarded. Nuclei
were resuspended in 0.4 N H,SO,4 and incubated on a rotator at 4°C overnight. Nuclear debris were
removed by centrifuging at 16,000 g for 10 min at 4°C, and the supernatant containing histones was
transferred into a fresh tube. Trichloroacetic acid (100%) was added drop by drop to histone solution,
mixed and incubated on ice for 30 min. Histones were recovered after centrifugation at 16,000 g for 10
min at 4°C. The histone pellet was washed twice with ice-cold acetone and air-dried for 20 min at RT.
Histones were finally dissolved in 100 puL of Milli-Q water and transferred into a new tube. Histone
protein content was measured by the Bio-Rad protein assay kit, according to the manufacturer’s

specifications, using BSA as standard.

2.5 Total protein extraction

Differentiating NSCs from NS-TGFP cell line were processed for isolation of total protein
extracts. NSCs were fixed at 0, 3, 6, 24, 48 and 72 h with or without 24 h of TUDCA treatment. NSCs
were lysed using an ice-cold lysis buffer (10 mM Tris-HCI, pH 7.6, 5 mM MgCl;, 1.5 mM potassium
acetate, 1% Nonidet P-40, 2 mM DTT, and protease inhibitors) for 30 min in ice. Samples were then
sonicated for 30 sec in ultrasounds, the lysate was centrifuged at 10,000 g for 10 min at 4°C, and the
supernatant recovered. Protein content was also measured by the Bio-Rad protein assay kit, according

to the manufacturer’s specifications, using BSA as standard.

2.6 Immunoblotting

Protein levels of interest (B-F1-ATPase, GAPDH, G2, acetyl-H3, histone 3, hnRNP A2/B1,
Hsp70, lamin B1, LCAD, PDHE1-a, SREBP1 and VDAC) were determined by Western blot analysis.
Briefly, 20 pg of protein from mitochondrial, nuclear, and histone protein extracts and 40 pg of
cytoplasm protein fraction and total protein extracts were separated in a discontinuous gel system of a
4% stacking gel and a 12% sodium dodecyl sulphate-polyacrylamide electrophoresis gel (SDS-

PAGE), comprised by 30% (w/v) protogel, mili-Q water, upper/lower gel buffers, ammonium
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persulfate (APS) and tetramethylethylenediamine (TEMED). The run was performed at a constant
voltage of 140 V for 1 h.

Gel transfer to blot was performed by using a transfer buffer (250 ml 4X transfer buffer, 200
ml of methanol and H,O to 1 L) upon hydration of sponges, filter paper, and 8.5 x 6.5 cm hybond-C
nitrocellulose membrane. The transference occurred in cold room packed ice at a constant amperage of
0.3 A for 90 min. To proceed to immunolabeling of the blots the membrane was previously incubated
with milk 5% (w/v) at least 30 min at RT, then it followed an overnight incubation at 4°C with the
primary monoclonal antibodies. (Table 2.2) After washing, blots were subsequently incubated with
secondary antibodies (Table 2.3) conjugated with anti-mouse or anti-rabbit 1gG, and with horseradish
peroxidase (HRP) for 2 h at RT. Finally, membranes were processed for protein detection using
Immobilon™ Western Chemiluminescent HRP Substrate (Millipore Corp.) or Super Signal™ West
Femto substrate (Thermo Fisher Scientific, Inc.) in a ChemiDoc™ MP System (Bio-Rad Laboratories)
with approximately 1 min of exposure. Ponceau S (P7170; Sigma-Aldrich Corp.), a sodium salt of a
diazo dye of a light red color, was used to reversible stain total protein bands. Ponceau S was used to
confirm the purity of histone extracts (check annex A - figure A.1). GAPDH, Lamin B1, VDAC were
used as loading control and/or to certify the purity of the cytosolic, nuclear and mitochondrial
fractionation, respectively (check for the purity of protein extracts in annex A - figures A.2 and A.3).

Table 2.2 — Details of the primary antibodies used for Western blot.

Antigen Host Clonality Company Catalog number Dilution
B-F1-ATPase Mouse Monoclonal Santa Cruz Biotec. sc-166443 1:1000
GAPDH Mouse Monoclonal Santa Cruz Biotec. sc-32233 1:2500
Gp2 Mouse Monoclonal Santa Cruz Biotec. sc-166123 1:10000
Acetyl-H3 Rabbit Polyclonal Abcam plc ab47915 1:1000
Total H3 Rabbit Polyclonal Millipore Corp. 06-755 1:500
hnRNP A2/B1 Mouse Monoclonal Santa Cruz Biotec. sc-53531 1:200
Hsp70 Mouse Monoclonal ReD Systems 242707 1:10000
Lamin B1 Rabbit Polyclonal Abcam plc ab16048 1:10000
ACADL Rabbit Monoclonal Abcam plc ab196655 1:10000
PDHE1-a Mouse Monoclonal Abcam plc ab110330 1:1250
SREBP-1 Mouse Monoclonal Abcam plc ab3259 1:400
VDAC Rabbit Polyclonal Cell Signaling Tech. 4866 1:1000

Table 2.3 — Details of the secondary antibodies used for Western blot.

Secondary Antibody Company Catalog number Dilution
HRP conjugated anti-mouse Goat Bio-Rad Lab. 1706516 1:5000
HRP conjugated anti-rabbit Goat Bio-Rad Lab. 1706515 1:5000

2.7 Oil-Red-O staining

The possible intracellular accumulation of lipids in NSCs was evaluated by Oil-Red-O
(ORO)/isopropanol method (Fukumoto & Fujimoto, 2002). NSCs, from mouse NS-TGFP cell line,
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were plated onto TC-treated dishes at 3 x 10° cells/cm? for 24 h followed by differentiation and
TUDCA cellular treatment, as previously described. Free FAs mixture (2:1, oleate: BSA-palmitate) in
a concentration of 500 uM was added to NSCs for positive control, also 500 uM of BSA for
endogenous control. The work solution of ORO (0-0625; Sigma-Aldrich Corp.) was prepared, ORO
was dissolved in > 99.8% isopropanol (109634; Merck Millipore Corp) and left overnight at RT. The
solution was filtered with cellulose acetate membrane syringe filter, pore size 0.45 um (1520014,
Frilabo). Three parts of ORO solution were added to 2 parts of bidistilled H2O. The solution was then
filtered, left to stand for 30 min, and filtered again before use. Before staining, the medium was
removed from the dishes with a Pasteur pipette, and the dishes were then gently rinsed with PBS. One
milliliter of 4% (w/v) paraformaldehyde was added to each dish for 20 min to fix the cells at RT. Each
dish was then rinsed twice with PBS and once with 60% (v/v) of isopropanol. 1 ml of ORO stain was
applied per dish for 5 min and removed. Next, the dishes were rinsed with PBS, until no excess stain
was observed, followed by the addition of 1 ml per dish of Mayer’s hematoxylin solution (MHS-32;
Sigma-Aldrich Corp.) for 2 min. Cells were then washed twice with PBS to remove the excess of the
staining of the nuclei. The dishes were air dried and mounted under a glass coverslip with 30 pL
PBS/glycerol (3:1, v/v). The staining effectiveness was evaluated with Zeiss Axioskop 50 microscope
(Carl Zeiss Corp., Germany) inverted research microscope equipped with Axiocam 105 color (Carl

Zeiss Corp.). Images (400x) were captured and enhanced using ImageJ.

2.8 Immunocytochemistry

Cellular distribution of PDHE1-a was evaluated in mouse NS-TGFP cell line. Briefly, NSCs
were plated onto TC-treated dishes at 3 x 10° cells/cm? for 24 h followed by differentiation and
TUDCA cellular treatment, as previously described. Cells were incubated with 0.5 uM MitoTracker®
Red CMXRos (M-7512; Molecular Probes, Life Technologies Corp.), which preferentially
accumulates in mitochondria in live cells, for 30 min at 37°C before cell harvesting. Cells were washed
twice, fixed with 4% paraformaldehyde in PBS, washed three times and then blocked for 1 h at RT in
PBS, containing 0.1% Triton-X-100, 1% FBS, and 10% normal donkey serum (Jackson
ImmunoResearch Laboratories, Inc., USA). Cells were incubated with a primary mouse monoclonal
antibody reactive to PDHEL-a (table 2.4) overnight at 4°C. After three washes, the secondary DyL.ight
488-conjugated anti-mouse (table 2.5) was added to cells for 2 h at RT. Mouse NSC nuclei were
stained with Hoechst 33258 (861405; Sigma-Aldrich Corp.) at 5 pg/ml in PBS, for 3 min at RT and,
then, washed three times. Samples were mounted using Mowiol® 4-88 (81381; Sigma-Aldrich Corp.).
The resulting fluorescent signals were imaged using fluorescence microscopy assessments performed
with a Zeiss AX10 microscope (Carl Zeiss Corp.), equipped with a 63x/1.4 oil plan-apochromat

objective and an AxioCam HRm camera (Carl Zeiss Corp.). Images were processed using ImageJ.
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Table 2.4 — Details of the primary antibody used for immunocytochemistry.

Catalog number Dilution

PDHE1-q Mouse Monoclonal Abcam plc ab110330 1:200

Table 2.5 — Details of the secondary antibody used for immunocytochemistry.

Secondary Antibody Host Company Catalog number Dilution
DyLight 488-conjugated anti-mouse Goat Jackson 211-482-171 1:200
ImmunoResearch

2.9 GC-MS determination of free-FAs

Analysis of individual FFA in NSCs was performed by GC-MS. NSCs, from mouse NS-TGFP
cell line, were plated onto TC-treated dishes at 5.4 x 108 cells/cm? for 24 h followed by differentiation
and TUDCA cellular treatment, as previously described. Cells were collected in ice-cold 80% (v/v) of
methanol (106009; Merck Millipore Corp). Cellular material was subsequently collected by scraping.
The respective homogenate was washed three times and centrifuged at 12,000 g for 10 min at 4°C for
isolation of total protein extracts and, then, to quantify total protein amount. The supernatant
containing free-FA was processed for the qualitative and quantitative analysis of individual FFA using
GC-MS (Shimadzu QP2010 Plus) in single ion monitoring detection mode (SIM), based upon a
published procedure (Costa et al., 1998). This part of experimental work was performed by Marco
Moedas, Ph.D. and Professor Margarida Silva from the Metabolism and Genetics research group at
iMed.ULisboa. The supernatant was evaporated under a N2 stream and derivatized with a N-methyl-
N-(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA): methyl-bis(trifluoroacetamide)
(MBTFA): Pyridine mix (4:5:1) (Pierce-Thermo Scientific, USA) at 60°C for 1 h. Samples were
injected with an automatic injector (AOC 20i), with split injection mode (1/50 ratio) and free-FAs
were detected in SIM mode. The obtained mass spectra were interpreted using internal FA standards
(Sigma Chemical Co., USA). Data are expressed as the peak-area ratios (sample/internal standard)
over total protein content (mg). Total protein extracts were measured by the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, Inc.), according to the manufacturer’s specifications, using BSA

as standard.

2.10 Densitometry and statistical analysis

The relative intensities of protein bands were analyzed using the Image Lab Version 5.0
densitometric analysis program (Bio-Rad Laboratories). Results were compared using an unpaired
Student’s t test. Values of p < 0.05 were considered statistically significant. All statistical analysis was

performed with GraphPad Prism 6.1 software (GraphPad Software, Inc., USA.
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3. Results and Discussion

3.1 Validation of the TUDCA impact on the mitochondrial proteome in NSCs

TUDCA is a well-known mitochondria protecting bile acid in neural differentiation, awaiting
for further exploration in regulating the expression of mitochondria regulators and dynamic proteins.
(Xavier et al., 2015) In fact, proteomics data should reveal possible novel and unexpected
mitochondria interacting partners and regulators possibly modulated by TUDCA in NSCs. Here, the
validation of proteomics data was performed by Western blot analysis in mouse NSCs treated, or
untreated, with the bile acid in the same experimental conditions. TUDCA potential effects in NSCs
will be discussed along for each protein. Importantly, the purity of mitochondrial extracts was certified

(annex A).

3.1.1 ATP synthase p subunit

Proteomic analysis showed that TUDCA increases mitochondrial ATP synthase 3 subunit (-
F1-ATPase) levels in undifferentiated NSCs. B-F1-ATPase is the major component of the catalytic
centre of ATP synthase complex, the complex V of mitochondrial ETC, which is encoded in the
nuclear genome. B-F1-ATPase mRNA localizes at mitochondria and the regulation B-F1-ATPase
expression is exerted at the level of translation. The accumulation of f-F1-ATPase has shown to occur
throughout the cell cycle with a significant increase at G2/M when compared to cells in S phase.
Further, oligomerization of the ATP synthase complex plays a critical role in the folding of the inner
membrane into cristae morphology. Thus, the synthesis of B-F1-ATPase, driven at G2/M, could rate-
limit the development of a functional organelle. (Martinez-Diez et al., 2006) In fact, TUDCA
treatment has shown to increase ATP levels dependent on F1FO-ATP synthase complex activity at 24
h of differentiation of NSCs. (Xavier et al., 2014)

At odds with that previously shown in proteomic analysis, Western blot experiment did not
demonstrate any increase of B-F1-ATPase in the presence of TUDCA in self-renewing NSCs. (Figure
3.1) Thus, we were not able to validate this proteomic result. Given the fact that B-F1-ATPase
translation is regulated at the cell cycle level and TUDCA elicits a marked increase in NSC population
at S/G2-M phase (Xavier et al., 2014), it would be interesting, in the future, to clarify the mechanisms
by which cell cycle regulates changes in the translational efficiency of p-F1-ATPase in NSCs. For
that, we could synchronize the cell cycle of NSCs and investigate how -F1-ATPase levels vary over
cell cycle progression. Furthermore, we could assess whether TUDCA has any effect on p-F1-ATPase
mitochondrial mMRNA levels. Indeed, TUDCA upregulates PGC-1a and ERRa in SVZ-derived NSCs
(Soares et al., 2017), which were shown to promote the transcription of B-F1-ATPase. (Scarpulla,

2011) Importantly, this protein might have a prominent role in mitochondrial biogenesis.
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Figure 3.1 — TUDCA does not modulate the expression of g-F1-ATPase in self-renewing NSCs.
The mouse NSC line NS-TGFP was expanded and treated with TUDCA for 24 h in self-renewal
conditions, and then collected for immunoblotting analysis. Representative immunoblots of B-F1-
ATPase levels (top) and corresponding densitometry analysis (bottom) in mitochondrial protein
extracts. B-F1-ATPase levels were normalized to Ponceau S. Data are expressed as mean + SEM fold-
change for at least three independent experiments. Non-treated undifferentiated cells served as control.

Interestingly, B-F1-ATPase expression was shown to also interfere with mitochondrial
dynamics. B-F1-ATPase overexpression enhances elongation of mitochondria in human embryonic
kidney cells (Seo et al., 2016), a mitochondrial event that has been related to self-renewal in NSCs.
(Khacho et al., 2016) B-F1-ATPase was also implicated in cancer, in which the overexpression of -
F1-ATPase mRNA transduces an attempt to meet the high demand for ATP in highly proliferative
tumors. (Cuezva et al., 1997; Xu & Li, 2016) Most notably, the ATP5B gene, which encodes for p-F1-
ATPase, showed consistent upregulation during early lineage progression of adult NSCs.
(Beckervordersandforth et al., 2016) In fact, in differentiation context, there is an upregulation of
components of the mitochondrial complexes, paralleled by upregulation of enzymes of the TCA cycle.
These changes result in an increase in the activity of the ETC, thus, in OXPHOS, to sustain cellular
specialization. (Sanchez-Arago et al., 2013; Beckervordersandforth et al., 2016)

Taking this into account, the increased effect in B-F1-ATPase levels by TUDCA should be
further confirmed by other techniques and/or other time-points, since TUDCA proliferative and
neurogenic effects in NSCs might be justified, in part, by p-F1-ATPase-induced mitochondria fusion

and metabolic shift.

3.1.2 G protein 2 subunit
Guanine nucleotide binding protein-p subunit 2 (GB2) was also found to be increased in
mitochondria in the presence of TUDCA in proteomic analysis upon 24 h of NSC differentiation. G2

is a member of the B-subunits of heterotrimeric G proteins, and it has been demonstrated to have a
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crucial function in mitochondrial fusion. GB2 is partially found on the surface of mitochondria. It
physically interacts with Mfnl and its depletion perturbs mitochondrial morphology, decreasing
mitochondrial fusion rate. Thereby, GB2 acts by limiting the membrane mobility of Mfnl at the
mitochondrial surface to regulate the process of mitochondrial fusion. (Zhang et al., 2010) Of note,
this is a non-canonical localization of heterotrimeric G proteins that typically are located at the
cytoplasmic surface of the plasma membrane and transduce signals from G protein-coupled receptors
to effector proteins, also deeply implicated in adult neurogenesis. (Doze & Perez, 2012;
Hewavitharana & Wedegaertner, 2012) Intriguingly, TUDCA has already been implicated in the
regulation of mitochondrial dynamic proteins in SVZ-derived NSCs. (Soares et al., 2017) However,
Western blot analysis did not reveal any increase the expression of GB2 in mitochondria with TUDCA.
(Figure 3.2)
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Figure 3.2 — TUDCA does not modulate the expression of GB2 in differentiating NSCs. NSCs,
from the NS-TGFP cell line, were expanded and induced to differentiate for 24 h, in the presence or
absence of TUDCA, and then collected for immunaoblotting analysis. Representative immunoblots of
Gp2 levels (top) and corresponding densitometry analysis (bottom) in mitochondrial protein extracts.
Gp2 levels were normalized to Ponceau S. Data are expressed as mean + SEM fold-change for at least
three independent experiments. Non-treated differentiating cells served as control.

Mitochondrial fission events are required for the transient passage of NSCs to committed
progenitors. (Khacho et al., 2016) Nevertheless, the precise balance of mitochondrial dynamics is
among the most critical features for the juxtaposed processes of cell death and survival typically
described in aging and in many NDs. Exceeding mitochondria fragmentation can lead to mitochondrial
dysfunction. (Khacho & Slack, 2015) Increased levels of G2, therefore, could be an additional force
for bringing mitochondria in proximity for tethering and docking, leading to initiation of fusion and
balance of mitochondrial dynamics in the following stages of neurogenesis. Thus, it would be
interesting to confirm if TUDCA causes an increase in GB2 levels in a later time-point of neural

differentiation.
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3.1.3 Heterogeneous nuclear ribonucleoprotein A2/B1

Proteomic results revealed an increase of heterogeneous nuclear ribonucleoprotein (hnRNP)
A2 and its longer B1 isoform levels in mitochondria of differentiating NSCs treated with TUDCA.
hnRNPs are a family of abundant and multitasking proteins that play a central role in RNA
metabolism, within cytoplasmic trafficking of mMRNAs and mRNA processing, stability, and turnover.
They also participate in splicing regulation and telomerase biogenesis, as well as in cell proliferation
and carcinogenesis processes. hnRNP A2/B1 is a major component of the hnRNP core complex in
mammalian cell nuclei. (He et al., 2005; Choi et al., 2013)

The levels of hnRNP A2 isoform increased in a similar way in mitochondrial extracts of two
different NSC lines (Figure 3.3 (A and B)), corroborating proteomic results. However, hnRNP B1
protein was not detectable by Western blot in mitochondrial extracts either in the presence or absence
of TUDCA. Many studies do not distinguished hnRNP A2/B1 isoforms are focused only on A2, which
is the major isoform in most tissues. (Han et al., 2010) Surprisingly, there is no literature describing
hnRNP A2/B1 function or even its localization at mitochondria. But, it is known that cytosolic
ribosomes are closely associated with the OMM, so a strong enrichment of nuclear-encoded RNAs
commonly co-purify with mitochondria. (Mercer et al., 2011) Given hnRNP A2/B1 tight association
with mRNAs, we suspect that our mitochondrial extracts have co-purified mMRNA contaminants within
at least, for hnRNP A2 isoform. Therefore, it would be important to proceed with mitochondrial
preparations where OMM s stripped (mitoplasts), thus providing a selective depletion of nuclear-
encoded RNAs. (Mercer et al., 2011)
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Figure 3.3 — TUDCA increases hnRNP A2/B1 expression in mitochondria of differentiating
NSCs. NSCs, from NS-TGFP and CGR8 cell lines, were expanded and induced to differentiate for 24
h, in the presence or absence of TUDCA, and then collected for immunoblotting analysis.
Representative immunoblots of hnRNP A2/B1 levels (top) and corresponding densitometry analysis
(bottom) in mitochondrial protein extracts of NS-TGFP (A) and CGR8 (B) cell lines. hnRNP A2/B1
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levels were normalized to Ponceau S. Data are expressed as mean + SEM fold-change for at least three
independent experiments. *p < 0.05 and **p < 0.01 from non-treated differentiating cells (control).

hnRNP A2/B1 was the first trans-acting factor to be described in neural mRNA trafficking,
necessary for dendritic delivery of various mRNAs that are involved in myelination and synaptic
regulation. hnRNP A2/B1 recognizes the A2 response element (A2RE), a cis-acting signal present in
certain trafficked mRNAs. In fact, mMRNA trafficking in neural cells is a highly dynamic and regulated
process in which a subset of mRNAs is transported from the nucleus to distal cellular zones, where
translation leads to localized protein expression. (Smith, 2004; Han et al., 2010) Nuclear hnRNP A2
participates in mitochondrial respiratory stress retrograde response as a transcriptional activator of
target genes and as a novel histone acetyltransferase. (Guha et al., 2009; Guha et al., 2016) hnRNP
A2/B1 has also shown to positively regulate the self-renewal and pluripotency of hESCs and its levels
gradually decrease during differentiation. (Choi et al., 2013) Consistent with this model, during
neuronal differentiation hnRNP A2 RNA levels decreased compared to NPCs. The decreased
expression of hnRNP proteins, such as hnRNP A2, induces a switch in pyruvate kinase gene splicing
from PKM2 to PKML1. Pyruvate kinase is responsible for catalyzing the final step of glycolysis. This
nuclear event marks the transition from glycolysis in NPCs to neuronal OXPHQS, although it is still
unclear how PKM1/M2 isoforms operate on cell metabolism. (Zheng et al., 2016) Regarding these
notable nucleocytoplasmic functions of hnRNP A2/B1, we decided to see how TUDCA modulates
hnRNP A2/B1 levels in the nucleus and cytoplasm. Notably, we found that, in differentiating NSCs,
TUDCA downregulated hnRNP A2 expression in the nucleus (Figure 3.4 A) while almost doubled
cytoplasmic levels of hnRNP A2 when compared with control. (Figure 3.4 B) Importantly, the purity

of nuclear and cytosolic fractionation was carefully certified (annex A).
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Figure 3.4 — TUDCA modulates hnRNP A2/B1 expression in different cellular compartments of
NSCs. NSCs, from the NS-TGFP cell line, were expanded and induced to differentiate for 24 h, in the
presence or absence of TUDCA, and then collected for immunoblotting analysis. Representative
immunoblots of hnRNP A2/B1 levels (top) and corresponding densitometry analysis (bottom) in both
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nuclear (A) and cytosolic (B) protein extracts. hnRNP A2/B1 levels were normalized to Ponceau S.
Data are expressed as mean + SEM fold-change for at least three independent experiments. *p < 0.05
and **p < 0.01 from non-treated differentiating cells (control).

Therefore, TUDCA appears to promote the translocation of hnRNP A2 from the nucleus to the
cytoplasm where it might have important functions mainly in dendritogenesis and in synaptic
regulation. TUDCA does not affect in vitro neurite outgrowth output after 2 days of postnatal NSC
differentiation. (Soares et al., 2017) Nevertheless, the downregulation of hnRNP A2 nuclear levels
appears to be more important for early development stages of NSCs. It might intercede for the
metabolic shift driving NSC differentiation, in which, NSCs start to rely on mitochondrial OXPHOS
to meet energy demands. In fact, reduced nuclear levels of hnRNP A2 probably support a molecular
program adaptation to cellular differentiation. hnRNP A2/B1 levels were indeed shown to be
decreased during cellular differentiation along with pluripotency and self-renewal features. hnRNP B1
levels are perhaps too low for Western blot detection in NSCs. However, hnRNP A2 seems to carry

out major functions.

3.1.4 Long-chain acyl-CoA dehydrogenase

Proteomic analysis showed that LCAD levels were significantly decreased in the presence of
TUDCA in differentiating NSCs. LCAD is one of five enzymes from the initial step of mitochondrial
B-oxidation, acting on C8-C20 FAs. (Kompare & Rizzo, 2008) In mice, LCAD plays an essential role
in the degradation of PUFAs but it seems more redundant in the oxidation of long-chain saturated FAs.
(van Vlies et al., 2005; Chegary et al., 2009) Again, we were able to validate proteomic results in two
different mouse NSC lines by Western blot. TUDCA significantly decreased LCAD protein levels by
approximately 40%, when compared to the respective control in the NS-TGFP cell line (Figure 3.3
(A)). In CGR8 cells, this decrease was approximately 50% (Figure 3.3 (B)).
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Figure 3.5 — TUDCA decreases LCAD expression in differentiating NSCs. NSCs, from NS-TGFP
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and CGRS8 cell lines, were expanded and induced to differentiate for 24 h, in the presence or absence
of TUDCA, and collected then for immunaoblotting analysis. Representative immunoblots of LCAD
levels (top) and corresponding densitometry analysis (bottom) in mitochondrial protein extracts of NS-
TGFP (A) and CGRS8 (B) cell lines. LCAD levels were normalized to Ponceau S. Data are expressed
as mean £ SEM fold-change for at least three independent experiments. ***p < 0.001 from non-treated
differentiating cells (control).

No human deficiency of LCAD has been described so far, it is only hypothesized that LCAD
deficiency may be a cause of autism. (Clark-Taylor & Clark-Taylor, 2004; Chegary et al., 2009)
Interestingly, LCAD is highly expressed in the fetal brain, having a relative expression in the CA1 and
CA4 areas and granular layer region of human hippocampus, regions of adult neurogenesis and with
proximal spatial relationship. (Sohur et al., 2006; He et al., 2007) Several mouse models for
mitochondrial B-oxidation defects have been generated including the LCAD” (LCAD-deficient)
mouse. (Kurtz et al., 1998; van Vlies et al., 2005) Furthermore, the phenotype of the LCAD™~ mouse
is most similar to human long-chain acyl-CoA dehydrogenase (VLCAD) deficiency. In mice, LCAD
and VLCAD have overlapping and distinct roles in FAO but the absence of VLCAD is apparently
fully compensated, whereas LCAD deficiency is not. (van Vlies et al., 2005; Chegary et al., 2009)
Therefore, TUDCA is unequivocally inhibiting mitochondrial $-oxidation of long-chain FAs in mouse
NSCs lines, exerting a fine-tune regulation on long-chain FAs degradation. Notice that PGC-1a and
ERRa were found to be upregulated by TUDCA in SVZ-derived NSCs (Soares et al. 2017), possibly
having a positive impact on mitochondrial biogenesis, as well as on upregulation of medium-chain
acyl-CoA dehydrogenase (MCAD) promoter and FAO of medium-chain FAs. (Scarpulla, 2011)

Recently, lipid accumulation of oleic acid decreased NSC proliferation in an Alzheimer’s
disease mouse model, but more importantly, this was mimicked in wildtype mice by a local increase
and subsequent accumulation of lipids, suggesting that aberrant lipid metabolism in disease may be
directly influencing NSC behavior. (Hamilton et al., 2015) Thus, the possible intracellular lipid
accumulation by TUDCA would be a major concern. To answer this question, differentiating NSCs
were stained with ORO and the presence of lipid droplets was evaluated in NSCs treated or untreated
with TUDCA. Interestingly, NSCs did not show any sign of lipid accumulation after 24 h of TUDCA
treatment, having a similar appearance compared to control. In contrast, NSCs treated with long-chain
FAs, oleate: BSA-palmitate, showed intracellular major lipid droplets around the nucleus whereas the
relative control was clear of lipid accumulation. (Figure 3.6) FAO disruption may also lead to carnitine
derivatives accumulation that affects mitochondria homeostasis. (van Vlies et al., 2005; Wajner et al.,
2016) Nevertheless, this bile acid has been shown to preserve mitochondrial integrity and function in

NSCs using similar experimental conditions. (Xavier et al., 2014)
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Figure 3.6 - TUDCA does not cause intracellular lipid accumulation in differentiating NSCs. Qil-

Red-Ofisopropanol method was performed in differentiating NSCs, from the NS-TGFP cell line,
untreated or treated with TUDCA for 24 h, as described in Materials and Methods. Free FAs mixture
(oleate: BSA-palmitate) was added to NSCs for positive control. BSA was used for endogenous
control. Representative images of NSCs with nuclei stained with hematoxylin (blue). Lipid droplets
appear orange/red and are indicated by arrows. Scale bar, 25 um.

The energy yield per molecule of palmitic acid is three times higher than per glucose
molecule. (Knobloch, 2016) NSCs may develop strategies to compensate the deficiency of LCAD
either by induction of other mitochondrial acyl-CoA dehydrogenases or by enhancement of glucose
oxidation for energy production. (Tucci et al., 2012; Bakermans et al., 2013) Thus, a decreased -
oxidation of long-chain FAs might ignite a metabolic shift in differentiating NSCs. Western blot
validation of TUDCA-induced downregulation of LCAD was a turning point in this work, regarding
the emerging need to clarify the metabolic paradigm of NSC fate control. Therefore, we decided to

explore how TUDCA modulates the balance between lipid oxidation and biosynthesis.

3.2 TUDCA promotes de novo lipogenesis in early differentiation of NSCs

3.2.1 TUDCA increases SREBP-1 expression
SREBPs are basic-helix-loop-helix-leucine zipper transcription factors synthesized as inactive

precursors bound to the membranes of the ER. Upon activation, the ER-anchored SREBP precursor
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undergoes a cleavage process and stays as a nuclear active form of SREBP. (Eberlé et al., 2004)
SREBP-1 has two different isoforms, SREBP-1a and 1c, both produced from a single gene through
alternative splicing. SREBP-1c is the predominant isoform expressed in most tissues of mice and
humans, with high levels in the brain. In differentiating NSCs, TUDCA significantly increased the
levels of nuclear SREBP-1 constitutively active form, when compared to control. (Figure 3.7)
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Figure 3.7 — TUDCA increases SREBP-1 nuclear levels in differentiating NSCs. NSCs, from the
NS-TGFP cell line, were expanded and induced to differentiate for 24 h, in the presence or absence of
TUDCA, and then collected for immunoblotting analysis. Representative immunoblots of SREBP-1
levels (top) and corresponding densitometry analysis (bottom) in nuclear protein extracts. SREBP-1
levels were normalized to Ponceau S. Data are expressed as mean + SEM fold-change for at least three
independent experiments. *p < 0.05 from non-treated differentiating cells (control).

SREBP-1c promotes the expression of two key enzymes, ACC and FASN, for de novo FA
synthesis. Intriguingly, insulin may represent a clue for TUDCA induction of SREBP-1 expression.
Among distinct mechanisms, independent of any effect on SREBP-1c transcription or glucose cellular
uptake, insulin per se is able to rapidly modulate SREBP-1c concentration in the nucleus by
proteolytic cleavage activation. (Eberlé et al., 2004) Also, TUDCA was shown to improve insulin
signaling and sensitivity. (Ozcan et al., 2006; Guo et al., 2015) Therefore, TUDCA might increase
SREBP-1c expression via insulin in NSCs, which in turn could be further investigated in our model. In
fact, insulin is a critical component in N-2 and B-27 supplements present in the serum-free medium of
NSCs, as mentioned in Materials and Methods. (Bieberich, 2012) Insulin and the insulin-like growth
factors (IGFs) support diverse essential roles in neurogenesis. Moreover, it is well-known that insulin
and/or IGFs potentiate the proliferation of NPCs. (Ziegler et al., 2015) However, it would be important
to first quantify the levels of SREBP-1c precursor or measure SREBP-1c mRNA levels to check other
mechanisms by which insulin signaling may modulate SREBP-1c levels in NSCs, even because
SREBP-1c is mainly regulated by insulin at the transcriptional level. (Eberlé et al., 2004)

Therefore, TUDCA appears to regulate a major upstream regulator of lipogenesis, which can

be important for proliferation of NSCs at an early stage of differentiation. Indeed, this bile acid has
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been shown to increase NSC proliferation (Xavier et al., 2014; Soares et al., 2017). In concordance,
chronic administration of both TUDCA and UDCA in rats significantly increased the overall hepatic
microsomal lipid content and composition. This effect was particularly evident for phospholipids and
free FAs. (Bellentani et al., 1996) In conclusion, TUDCA might privilege anabolic lipogenesis to
enable generation of lipid membranes, required to sustain high SC proliferation.

3.2.2 TUDCA increases the expression of palmitic and stearic acid

Palmitic acid is a saturated 16-carbon FA while stearic acid is a saturated 18-carbon FA, two
long-chain FAs. Palmitate is the predominant product of FASN, synthesized from three substrates,
acetyl-CoA, malonyl-CoA, and NADPH, and can also be elongated by FASN to stearate. (Chorna et
al., 2013) Remarkably, TUDCA appeared to increase the levels of these two FAs at 24 h of NSC
differentiation. (Figure 3.8) Palmitate and stearate serve as building blocks and can be elongated and
unsaturated to form more complex lipids who may have critical cell signaling functions. (Bieberich,
2012; Knobloch et al., 2016)
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Figure 3.8 — TUDCA increases the cellular amount of palmitic and stearic acid in differentiating
NSCs. NSCs, from the NS-TGFP cell line, were untreated or treated with TUDCA for 24 h, in
differentiating conditions and then collected for GC-MS analysis. Saturated FAs levels were
normalized to total mg of cellular protein. Data are expressed as FA relative area over mg of total
protein for one single experiment.

Interestingly, increased FASN mRNA levels was associated with increased proliferation of
NSCs in the hippocampus of adult mice upon running. Subsequent FA profiling revealed higher
hippocampal-specific accumulation of palmitate and stearate FAs. (Chorna et al., 2013) Notice that
these are preliminary results, however, they confirm TUDCA-induced de novo lipogenesis through
transcriptional activation of FASN by SREBP-1 increased expression in early stage of NSC
differentiation. In support of this view, conditional knockout of FASN leads to the loss of lineage-

traced NSCs and to a dramatic loss of newly generated neurons, both in the SVZ and in the DG,
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demonstrating the crucial role of lipid metabolism in adult neurogenesis. (Knobloch et al., 2012) Thus,
FASN expression should be further evaluated in the presence of TUDCA. We formally hypothesize
that TUDCA increases NSC proliferation through de novo biosynthesis of FAs. Next, we attempt to
unravel the possible impact of TUDCA in cellular energy production of differentiating NSCs through

glucose metabolism.

3.3 TUDCA increases PDHE1-a expression in NSCs

Pyruvate dehydrogenase E1 component subunit alpha (PDHEL1-a) contains the E1 active site
from PDC, therefore playing a key role in its function. The PDC provides the primary link between
glycolysis and the TCA cycle by catalyzing the irreversible conversion of pyruvate into acetyl-CoA.
(Varum et al., 2011) Our results demonstrated that TUDCA increases the mitochondria levels of
PDHE1-a. In NS-TGFP cell line, PDHE1-a levels increased up to 1.7-fold in undifferentiated NSCs
and 1.9-fold in differentiating NSCs, when compared to the respective controls. (Figure 3.9 (A))
Similarly, in CGR8 cells, PDHE1-a levels increased up to 1.5- and 1.8-folds in undifferentiated and
differentiating NSCs, respectively. (Figure 3.9 (B))
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Figure 3.9 — TUDCA increases mitochondrial levels of PDHE1-a either during self-renewal or
differentiation of NSCs in two different mouse NSC lines. NSCs, from NS-TGFP and CGR8 cell
lines, were untreated or treated with TUDCA for 24 h in self-renewal or differentiating conditions and
then collected for immunoblotting analysis. Representative immunoblots of PDHE1-a levels (top) and
corresponding densitometry analysis (bottom) in mitochondrial protein extracts of NS-TGFP (A) and
CGR8 (B) cell lines. PDHE1-a levels were normalized to Ponceau S. Data are expressed as mean +
SEM fold-change for at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001
from non-treated undifferentiated or differentiating cells (control).

The upregulation of PDHE1-0. might indicate that TUDCA privileges the conversion of
pyruvate into mitochondrial acetyl-CoA rather than lactate. Nevertheless, it may not necessarily lead
to an increase in PDC activity because PDC is tightly controlled via reversible inactivating
phosphorylation. (Boer & Hounten, 2014) This should be further investigated in future experiments.
Interestingly, human pluripotent SCs display more phosphorylated PDHE1-a, when compared with
differentiated cells, suggesting inactivation of the PDC and lower levels of substrate entering the TCA
cycle in undifferentiated cells. (Varum et al., 2011) Consistently, the expression of PDK 2 and 4,
favors glycolysis, which is important for the quiescence and function of mouse hematopoietic SCs.
(Takubo et al., 2013) mRNA levels of PDK 1, 3 and 4 were also found significantly declined during
neuronal differentiation as the overall changes in PDC favor increased PDC complex activity in
neurons. (Zheng et al., 2016) In this cellular context, it is possible that TUDCA might increase
PDHE1-a levels through PCG1-a upregulation. (Soares et al., 2017) It has been shown that PCG1-a
increases PDHE1-a protein content without influencing pyruvate dehydrogenase regulation. (Kiilerich
et al., 2010) Nevertheless, these findings bring insightful signs that TUDCA-induced expression of
PDHE1-a might really favor PDC activity and, consequently, modulate intracellular levels of acetyl-
CoA at least in differentiating NSCs.

Importantly, acetyl-CoA is a central metabolite that interconnects multiple metabolic

pathways. From a biosynthetic point of view, acetyl-CoA is the building block for the biosynthesis of
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lipids, requiring the active export of ‘acetyl-CoA’ equivalents in the form of citrate into the cytosol.
(Frezza, 2017) Nevertheless, the major fate of acetyl-CoA is its oxidation. (Boer & Hounten, 2014)
Therefore, PDHE1-0 upregulation might prove useful to fuel OXPHOS for cellular energy production.
Of note, TUDCA increases ATP levels dependent on F1FO-ATP synthase complex upon 24 h of
differentiation of NSCs. (Xavier et al., 2014) Acetyl-CoA is also the obligatory acetyl donor for lysine
acetylation reactions, possibly linking metabolic activity to epigenetics. (Boer & Hounten, 2014) In
support of this view, we decided to further investigate the involvement of a new described mechanism

for mitochondria-nucleus PDC communication in TUDCA mechanism of action.

34 TUDCA potentiates a novel mechanism for mitochondria-nucleus PDC

cross-talk in early differentiating NSCs

3.4.1 TUDCA induces nuclear translocation of PDHE1-a

Sutendra et al. recently demonstrated that nuclear PDHE1-o exists in human normal and
cancer cells. Better characterized in cancer cells, the levels of functional nuclear PDC are elevated in a
cell cycle-dependent manner, particularly upon mitogenic stimulation (during S phase), and chemical
stress, concomitant with a reduction in mitochondrial PDC levels. (Sutendra et al., 2014) Surprisingly,
our results showed that PDHE1-o. was indeed present in the nucleus of NSCs and being further
accumulated by TUDCA in this cellular compartment. During self-renewal of NSCs, TUDCA slightly
induced the nuclear expression of PDHE1-a while, in differentiating NSCs, this effect was markedly
evident, increasing PDHE1-a nuclear levels in 70%, when compared to control. (Figure 3.10 (A))
Although the mechanism of PDC mitochondrial-nuclear translocation remains unclear, it appears to be
dependent on the chaperone Hsp70, which facilitates its nuclear import through association with E1
and E2, two of the three enzymes of PDC. Hsp70, in turn, is involved in the nuclear translocation of
several proteins and is known to activate mitochondrial PDC. Induction of Hsp70 is cell cycle-
dependent, with its highest expression also observed during S phase. (Sutendra et al., 2014; Tang,
2015) In agreement, our results demonstrated that Hsp70 is expressed at mitochondria. Moreover, its
expression is increased in differentiating NSCs treated with TUDCA. (Figure 3.10 (B)) Importantly,

the purity of mitochondrial and nuclear fractionation was certified (annex A).
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Figure 3.10 — TUDCA promotes nuclear traffic of PDHEl-a and increased mitochondrial
expression of Hsp70 in NSCs. NCSs, from the NS-TGFP cell line, were untreated or treated with
TUDCA for 24 h in self-renewal or differentiating conditions and then collected for immunaoblotting
analysis. Representative immunoblots of PDHE1-a (A) and Hsp70 (B) levels (top) and corresponding
densitometry analysis (bottom) in both nuclear and mitochondrial protein extracts, respectively.
PDHE1-a and Hsp70 levels were normalized to Ponceau S. Data are expressed as mean = SEM fold-
change for at least three independent experiments. **p < 0.01 and ***p < 0.001 from non-treated
undifferentiated or differentiating cells (control).

The cellular distribution of PDHEl-a in our model was also evaluated by
immunocytochemistry, colocalizing with mitochondria organelles. In fact, PDHE1-a was detectable in
the nucleus of differentiating NSCs untreated or treated with TUDCA for 24 h. Corroborating our
previous results, TUDCA-induced upregulation of PDHE1-a. can be observed either in mitochondria
or in the nucleus, when compared to control. (Figure 3.11) This experiment should, however, be

repeated and performed using confocal microscopy to acquire images with higher resolution.
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Figure 3.11 - TUDCA increases mitochondrial and nuclear levels of PDHE1-a in differentiating
NSCs. Immunohistochemistry against the enzymatic subunit for glucose metabolism, PDHE1-a, was
performed in NSCs, from the NS-TGFP cell line, treated with or without TUDCA for 24 h, as
described in Materials and Methods. Representative images of immunofluorescence detection of cells
labeled with an anti-PDHE1-a antibody ( ). Nuclei were stained with Hoechst 33258 (blue) and
mitochondria with Mitotracker (red). Scale bar, 20 um.

Since TUDCA-induced nuclear levels, PDHE1-a did not result in concomitant mitochondrial
PDHE1-a decrease, we presume that TUDCA increases the total cellular levels of PDHE1-a. It would
be important to look for other nuclear subunits of PDC as well as to confirm that PDC is functional in
the nucleus of NSCs. Notably, unlike mitochondrial PDC, nuclear PDC is not subject to PDK
phosphorylation. The acetyl-CoA generated by PDC in the nucleus is apparently important for histone
acetylation, as required for S phase entry and cell cycle progression. (Tang, 2015) In fact, TUDCA
enhances NSC proliferation by modulating cell cycle progression, decreasing cells in GO-G1 phase
and markedly increasing S/G2-M phases 24 h after the induction of NSC differentiation. (Xavier et al.,

2014) In this regard, we decided to measure acetylation levels of H3 in differentiating NSCs.
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3.4.2 TUDCA significantly increases histone 3 content and acetylation levels

Histone modifications may determine different neural cell phenotypes through a complex
interplay of specific regulators and multiple cellular factors. (Podobinska et al., 2017) Our results
demonstrated that histone 3 (H3) total levels slightly increased in the presence of TUDCA. (Figure
3.12 (A)) In addition, the levels of histone 3 acetylation were also similarly increased by TUDCA.
(Figure 3.12 (B)) This indicates that TUDCA-induced H3 expression is accompanied by an increase in
H3 acetylation levels. However, when acetyl-H3 levels were normalized to total levels of H3 (data not
shown), we did not detect any significant difference in acetyl-H3 levels by TUDCA treatment,
indicating that the increase in acetylation process is, indeed, dependent on H3 total expression levels.

Importantly, the purity of histone extracts was carefully certified (annex A).
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Figure 3.12 — TUDCA increases total histone 3 their acetylation levels in differentiating NSCs.
NSCs, from the NS-TGFP cell line, were expanded and induced to differentiate for 24 h in the
presence or absence of TUDCA, and then collected for immunoblotting analysis. Representative
immunoblots of H3 total (A) and acetyl-H3 (B) levels (top) and corresponding densitometry analysis
(bottom) in purified histone extracts. Acetyl-H3 and H3 total levels were normalized to Ponceau S.
Data are expressed as mean + SEM fold-change for at least three independent experiments. **p < 0.01
and from non-treated differentiating cells (control).

TUDCA-induced H3 supply might be important for the S phase of cell cycle. Lack of de novo
histone content can extend S phase and cause cell cycle arrest during G2 phase, preventing cells from
mitosis. (Giinesdogan et al., 2014)

The availability or proximity of acetyl-transferases or deacetylases with acetyl-CoA-
generating enzymes, like PDC, defines the acetylation rates of targets in the nucleus. Curiously, there
is a rapid turnover of acetyl groups in histones, compared to those of other proteins. This, in turn, may
explain why we were not able to detect a marked increase on histone acetylation. To confirm whether
the translocation of PDHEL-a really affects histone acetylation in NSCs we should perhaps adopt a

more complex strategy, by firstly synchronizing NSC acetylation, silencing PDHE1-a through siRNA
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in pyruvate-treated cells, and measuring histone acetylation, as described in cancer cells. (Sutendra et
al., 2014)

Histone acetylation usually depends on glucose rather than FA metabolism. There are
mechanisms capable of generating acetyl-CoA within the nucleus, such as the nuclear form of ATP
citrate lyase using citrate. (Wellen et al., 2009) Interestingly, TUDCA was found to up-regulate ATP
citrate lyase transcript in primary rat hepatocytes. (Castro et al., 2005) Indeed, nuclear PDC ability to
generate acetyl-CoA may become important when the citrate pool is depleted or shifted toward lipid
synthesis. (Tang, 2015) Nucleocytosolic amounts of acetyl-CoA, in turn, can facilitate lipid synthesis
and histone acetylation processes. (Shi & Tu, 2015) In fact, it was hypothesized that acetyl-CoA
generated by nuclear PDC may also be useful for certain biochemical processes, such as lipid
synthesis. (Boer & Houten, 2014) In this regard, it is possible that increased acetyl-CoA generation by
TUDCA-induced PDC in the nucleus may also be required for lipid synthesis, in addition to histone
acetylation.

Overall, it would be interesting to further explore this novel metabolic cross-talk triggered by
TUDCA.

3.5 TUDCA increases VDAC expression in differentiating NSCs

VDAC has an active role in the cross-talk between mitochondria and the rest of the cell.
VDAC is known to be responsible for ATP/ADP exchange as well as for the flux of several
metabolites across OMM, controlling the switch between open and closed states. (Lemasters &
Holmuhamedov, 2006)

During self-renewal of NSCs, VDAC levels did not change in the presence of TUDCA (Figure
3.13 (A) and (B)), while upon 24 h of differentiation, mitochondrial VDAC levels markedly increased
up to 2.3-and 1.4-folds in NSCs from the NS-TGFP cell line (Figure 3.13 (A)) and the CGR8 cell line
(Figure 3.13 (B)), respectively, when compared to respective controls. Since TUDCA was shown to
modulate the levels of VDAC in our study, the Western blot data from mitochondrial extracts could

not be normalized to endogenous levels of VDAC.
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Figure 3.13 - TUDCA increases VDAC levels in two different mouse NSCs lines. NSCs, from NS-
TGFP and CGR8 cell lines, were treated or untreated with TUDCA for 24 h in self-renewal or
differentiating conditions, and then collected for immunoblotting analysis. Representative
immunoblots of VDAC levels (top) and corresponding densitometry analysis (bottom) in
mitochondrial protein extracts of NS-TGFP (A) and CGR8 (B) cell lines. VDAC levels were
normalized to Ponceau S. Data are expressed as mean = SEM fold-change for at least three
independent experiments. *p < 0.05 and ***p < 0.001 from non-treated undifferentiated or

differentiating cells (control).

VDAC overexpression may also serve as a crucial factor in the process of mitochondria-
mediated apoptosis. However, as previously described, TUDCA acts as an anti-apoptotic and
antioxidant molecule at the mitochondrial level. In fact, it prevents mitochondrial apoptotic events in
early-stage of NSC differentiation. (Xavier et al., 2014) TUDCA also reverted the decrease in mtDNA
copy number in NSCs and increased the mRNA levels of PGC-1a and ERRa in postnatal NSCs at 24
h of differentiation, suggesting that this bile acid enhances mitochondrial biogenesis to assure NSC

proliferation and differentiation potential. (Xavier et al., 2014; Soares et al., 2017) Our results, support

48



Results and Discussion

this view, in which TUDCA induces VDAC expression upon 24 h of NSC differentiation, and thus
mitochondrial biogenesis. Despite the fact that VDAC is a nuclear-encoded protein, this protein is
absolutely essential for mitochondrial homeostasis. Except for relatively few membrane-permeant
lipophilic compounds, all metabolites must cross the OMM through VDAC. VDAC is even essential
for the mitochondrial import of long-chain FAs. Further, generation of ATP in the mitochondrial
matrix from F1FO-ATPase requires efficient transport of metabolites, including cytosolic ADP, ATP,
and inorganic phosphate, across both mitochondrial membranes for OXPHOS. (Lemasters &
Holmuhamedov, 2006) Notably, the inhibition of the mPTP has been shown to suppress neuronal
differentiation in cortical neural progenitors. (Hou et al., 2013) Furthermore, Levy et al. demonstrated
that VDAC deficient mice presented learning and hippocampal synaptic plasticity impairment,
indicating that the activation of mPTP is crucial for neuroplasticity, in particular for synaptic Ca?*
buffering. (Levy et al., 2003) Indeed, VDAC is an important regulator of Ca?* transport in and out of
mitochondria. Overexpression of VDAC enhances the mitochondrial matrix Ca?* concentration by
allowing fast diffusion of Ca?* from the ER to the IMM. Since Ca?" represents a cofactor for metabolic
enzymes, including pyruvate dehydrogenase, VDAC does participate in the control of energy
production. (Shoshan-Barmatz & Gincel, 2003) Thus, VDAC overexpression possible provides plenty
of Ca?* to match TUDCA-induced expression of PDC with its activity.

VDAC can exert a complex control over mitochondrial metabolism and, therefore, over cell
fate. (Lemasters & Holmuhamedov, 2006) Thus, it would be useful to understand the full impact of
VDAC upregulation by TUDCA.

3.6 Metabolic protein expression profile in early stages of neural differentiation

How metabolism is reprogrammed during neural differentiation remains practically unknown.
LCAD, SREBP-1, and PDHE1-a proteins play pivotal roles in cellular metabolism and were
modulated by TUDCA. Therefore, the final step in this project was to evaluate the expression of these
proteins throughout early stages of NSC differentiation.

Neural differentiation is a multistep process that shapes and re-shapes NSCs by progressing
through several typical stages. LCAD and SREBP-1 (active form) exhibited differential expression
during early neural differentiation. Our results showed that LCAD protein levels gradually increased
up to 2.5-fold (Figure 3.14 (A)), while SREBP-1 protein levels decreased by 0.5-fold (Figure 3.14 (B))

after 3 days of differentiation, both when compared to undifferentiated cells (0 h).

49



Results and Discussion

A B
LCAD == e e e " = .13 KDa SREBP-1 S S s o0 ~ =-70KDa
GAPDH ™= === e o e w -37 KDa GAPDH ™= == s === e === .37 KDa
3 NS-TGFP 3 NS-TGFP
0
0 ~ ** O ~
5 2 8% 2
2 * T 2
a o o ©
©
32 1 ms 1 .
- x — *kk  KEkk
w
0- 0
Oh 3h 6h 24h 48h 72h Oh 3h 6h 24h 48h 72h
Differentiation Differentiation

Figure 3.14 — NSC differentiation is associated with increased LCAD and decreased SREBP-1
levels. NSCs, from the NS-TGFP cell line, were induced to differentiate up to 72 h and collected for
immunoblotting analysis, as described in Materials and Methods. Representative immunoblots of
LCAD (A) and SREBP-1 (B) levels (top) and corresponding densitometry analysis (bottom) in total
protein extracts. LCAD and SREBP-1 levels were normalized to GAPDH protein levels. Data are
expressed as mean = SEM fold-change for at least three independent experiments. *p < 0.05, **p <
0.01 and ***p < 0.001 from undifferentiated cells.

It is estimated that NSCs give rise to a population of amplifying neural progenitors during the
first 24 h of differentiation. In turn, following days are pivotal for cell fate specification, when they
can differentiate and transit to new immature neurons (check figure 1.3). It is now known that during
the transition from quiescent to active NSC, both glycolysis and FAO gradually decrease, while
OXPHOS of glucose overcomes NSC metabolism. (Shin et al., 2015; Fidaleo et al., 2017) Our results
suggest that B-oxidation of long-chain FAs takes over along fate specification, while lipogenesis tends
to be diminished due to lower levels of SREBP-1. Indeed, these events reflect how much the B-
oxidation process is important to provide energy for differentiation. Neurons avoid extensive FA
oxidation and favor glucose oxidation in the brain. (Schonfeld & Reiser, 2013) Although, at this stage
of NSC development, high rate of oxidative metabolism through oxidation of long-chain FAs no
longer represents an alternative energy fuel, it might support OXPHOS for energy production.

On the other hand, the total levels of PDHEL-a did not show any substantial differences
during neural differentiation, remaining basal. (Figure 3.15) Perhaps because the required metabolic
shift toward OXPHOS does not depend on PDHE1-a increased expression. Indeed, it is possible that

the impact of differentiation depends on regulation of other changes, such as PDC kinase activity and

phosphatase levels.
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Figure 3.15 — PDHEL-a protein expression is not affected during neural differentiation. NSCs,
from the NS-TGFP cell line, were induced to differentiate up to 72 h, and collected for
immunoblotting analysis, as described in Materials and Methods. Representative immunoblots of
PDHE1-a levels (top) and corresponding densitometry analysis (bottom) in total protein extracts.
PDHEL1-a levels were normalized to GAPDH protein levels. Data are expressed as mean = SEM fold-
change for at least three independent experiments. ***p < 0.001 from undifferentiated cells.

Pyruvate dehydrogenase activity is inhibited in response to site-specific phosphorylation at
three different serine residues on PDHEl-a with different affinities. Curiously, PDH Ser300
phosphorylation, a major inhibitory site, decreases considerably during neuronal differentiation which
is consistent with a more active PDC. As previously mentioned, neural activity is tightly coupled to
glucose oxidation. (Zheng et al., 2016) Thus, PDC activity certainly has an important role in neuronal

differentiation through post-translational modifications.
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4. Conclusions and Future Perspectives

Adult neurogenesis may well contribute to the capacity of the brain to maintain physiological
tissue homeostasis required for the regeneration of damaged tissue. (Ma et al., 2009) During
development, neurogenesis must be coordinated at the temporal and spatial level to generate a
functioning CNS. Here, an extensive proliferation is demanded to produce the required number of
progenitor cells for correct tissue and organ formation, followed by neuronal differentiation.
(Hardwick et al., 2015) Further, the decrease in proliferation of NSC precursors is a primary factor for
neurogenesis decline throughout life. (Kuhn et al., 1996) Thus, a better understanding of the
mechanisms that regulate proliferation and differentiation potential of adult NSCs proves to be
pertinent for the discovery of novel competitive clinical approaches leading to enhanced brain capacity
for self-repair.

The presented work revealed that the endogenous neuroprotective bile acid, TUDCA, drives
NSC fate through metabolic remodeling. TUDCA was previously described as an antiapoptotic and
antioxidant mitochondrial acting agent in NSCs and in mature neurons. (Rodrigues et al., 2000; Xavier
et al., 2014) Furthermore, TUDCA has been shown to enhance NSC proliferation and neuronal
differentiation, both in vitro and in vivo. (Xavier et al., 2014; Soares et al., 2017)

Our work contributed to deciphering TUDCA mitochondrial proteomic signature,
demonstrating that TUDCA also regulates metabolic-related proteins in this context. p-F1-ATPase and
Gp2 proteins were not validated as targets of TUDCA, although they could have major implications in
mitochondria function, and therefore in NSCs behavior. Surprisingly, hnRNP A2/B1 modulation
might support a metabolic molecular program adaptation to NSC differentiation regarding its
translocation from nucleus to the cytoplasm. However, the downregulation of LCAD by TUDCA
appeared as a major finding, possibly leading to a fine-tune reduction of mitochondrial p-oxidation of
long-chain FAs in differentiating NSCs. Importantly, we have shown that TUDCA does not generate
intracellular lipid accumulation in NSCs. In fact, alterations in lipid metabolism are associated with
many cognitive disorders, including Huntington’s, Parkinson’s and Alzheimer’s diseases, and were
already shown to directly interfere with NSC behavior, decreasing NSC proliferation. (Hamilton et al.,
2015) In contrast, TUDCA seems to trigger a metabolic shift toward lipid synthesis, which is known to
determine the proliferative activity of NSCs (Knobloch et al., 2012), in detriment of long-chain FA
degradation. (Figure 4.1 (A)) TUDCA-induced SREBP-1 upregulation, perhaps via insulin, resulted in
increased palmitic and stearic acid content probably relevant for the generation of lipid membranes to
sustain NSC proliferation and/or to give rise to bioactive lipids. This may also support the
Neurogenesis process.

Importantly, NSCs live in niches that separate them from an unrestricted supply of nutrients. It

is believed that NSCs reside in a metabolic defined environment. However, little is known about the
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metabolic compartmentalization of developmental niches. In this work, the NSC differentiating growth
medium has been supplemented with B-27, a mixture of ingredients including lipids such as LA,
essential to NSC nutrition. (Bieberich, 2012) Thus, we are at least exposing NSCs to a vital form of
lipid content that has to reach the neurogenic niche in vivo.

In addition, we also revealed that TUDCA upregulates PDHE1-a expression independently of
NSC status, suggesting an increase in the amount of substrate entering the TCA cycle. The
consequences of PDHEL-a increased expression by TUDCA in self-renewing NSCs remain
completely to be explored. However, we think that this would help triggering the proliferation process
due to an improvement in mitochondrial biomass and activity. In differentiating NSCs, TUDCA
enhanced a novel signaling pathway of mitochondrial-nuclear communication boosting nuclear
PDHE1-a as a mitochondrial expatriate and increased H3 content per se. Importantly, the acetylation
levels of H3 accompanied the increase in total H3 levels, possibly due to a nuclear functional PDC.
(Figure 4.1 (B)) This, in turn, might assure NSC cycle progression and differentiation-related
epigenetic alterations. Curiously, VDAC expression is modulated by TUDCA only in differentiating
NSCs, probably to respond to high mitochondrial metabolic turnover, as previously mentioned.

Lipid metabolic pathways have been known to play a major role in cancer, providing
proliferation and survival advantages. (Menendez & Lupu, 2007) Proliferating tumor cells critically
rely on cytosolic acetyl-CoA for membrane generation. (Lunt & Vander Heiden, 2011) Interestingly,
similar lipid metabolic pathways are important for adult neurogenesis. (Knobloch, 2016) Similarly,
TUDCA seems to drive NSC lipid metabolic choices into a ‘lipogenic phenotype’ well-known in the
carcinogenic context. However, we should not forget that TUDCA properties in preserving
mitochondrial integrity and function, and thus, avoiding its impairment, are also relevant for tumor-
forming capacity. In fact, a tight metabolic control is crucial to prevent uncontrollable growth, as a
certain level of OXPHOS might even be necessary to prevent oncologic transformation of NSCs.
(Knobloch & Jessberger, 2017)

Nowadays the molecular events involved in neuronal differentiation are relatively well
studied. Although we do not know much about their bioenergetic demands and how strictly the energy
metabolism is ruled by a genetic developmental programme. Our results showed that the expression
profile of LCAD increases during neural differentiation contrasting with the expression profile of
SREBP-1, suggesting that NSCs gradually rely more on lipid catabolic pathways to meet energy
demands of the differentiation process. Remarkably, our results appear to suggest that this endogenous
bile acid causes an inverse shift in the expression of these two proteins, driving the cell into a more
proliferative state and probably delaying fate specification of NSCs. Xavier et al. and Soares et al.
have demonstrated that TUDCA favors neuronal rather than glial differentiation of NSCs. (Xavier et
al., 2014; Soares et al., 2017) Indeed, changes in the metabolic profile of NSCs may also have a
substantial impact on lineage choice even by the interchange of mitochondrial retrograde signals and
its impact on cell cycle progression of NSCs. (Xavier et al., 2014)
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For future work, it would be interesting to perform an efficient knockdown of LCAD and
understand the impact of LCAD during NSC differentiation. In addition, the ratio of acetyl-CoA/CoA
levels could also be measured in this cellular scenario, as an indication of NSC metabolic state.
Another important aspect would be to also measure mitochondrial PDC activity in NSCs treated with
TUDCA. Given the well-established survival role of taurine in several biological processes including
in NSC proliferation (Herndndez-Benitez et al., 2012; Ramos-Mandujano et al., 2014), we should also
confirm the involvement of taurine itself in modulating these TUDCA-induced metabolic alterations.

In conclusion, our results unravel a novel TUDCA acting mechanism by which this bile acid
promote NSC proliferation. (Figure 4.1 (A and B)) Furthermore, a coordinated regulation of lipid
turnover through lipid biosynthesis versus lipid oxidation might be an effective way to increase NSC
survival. In fact, the latest findings support our view, indicating that manipulation FAO is sufficient to
instruct qNSCs to enter the cell cycle and to proliferate in vitro. (Knobloch et al., 2017) Our results
reinforce that the neural role of TUDCA goes beyond its antiapoptotic and antioxidant capacities and
may well become an efficient molecule in modulating NSC metabolism. This information together
with the fact that this bile acid is non-toxic, safe and tolerable provides a new framework to keep
exploring its use in NSC maintenance and expansion. We are now capable of moving towards a more
comprehensive understanding of the metabolic machinery linking the processes of cell proliferation
and neuronal differentiation. Finally, this work should be a useful resource for further analyses of
metabolic proteins involved in neurodevelopment of adult NSCs toward a more efficient use of neural

replacement therapies.
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Figure 4.1 — Graphical abstract. (A) Schematic representation of TUDCA proposed modulation of
NSC fate through a metabolic shift culminating in the increase of NSC proliferation. (B) Schematic
diagram of TUDCA-induced events in differentiating NSCs toward a ‘lipogenic phenotype’
accompanied by the enhancement of a novel signaling pathway of mitochondrial-nuclear
communication. Adapted from Shi & Tu, 2015.
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6. Annexes
Annex A
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Figure A.1 —Total protein profile of histone purified extracts of NSCs
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Figure A.2 - Immunoblots showing isolated pure mitochondria of NSCs.
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Figure A.3 - Immunoblots showing isolated pure nuclei of NSCs.
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