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1. ABSTRACT

AGC1 deficiency is an ultreare demyelinating disease caused by mutations iBL@25A1ene,

which encodes for isoform 1 of the mitochondrial aspagateamatecarrier (AGC1). The main
pathological features atarain atrophy, growth retardation asdcondary hypomyelination, along

with impaired proliferation of brain cellsAs demonstrated in patientthe abnormal myelin
production is due to a reduced synthesis @ddtytaspartate (NAA), from which the acetyl groups
mainly derive. This, in turn, leads to epigenetic alterations in the brain precursor cells and resulting
in transcriptionadysregulation, causing proliferation and differentiation defects, as demonstrated by
previous data on oun vitro AGC1 deficiency modelsf our laboratory(precursor cells of mouse
oligodendrocytesOPCs where SLC25A12is silenced by a shRNA and neurospheres by mouse
model of AGC1 deficiency).

Along with epigenetic alterations, lower production of NAA leads specifically to reduced levels of
acetylCoA, involved inmany biological activities, including the synthesis of fatty acids, major
components of the myelin sheath. Thus, an alteration of their prodwatisehypomyelination.

This is confirmed by RNAseq analysisndin vitro validationon OPCsandon narral stem cells
model which show altered expression of transcriptional factors and enzymes involved in the fatty
acid synthesis pathway}leanwhile,metabolomics analysis shewltered concentrations of many
metabolitesas TCA cycle intermediateamino acidsaindcofactors (NAD, CoA); wherea®ATAC-

seq confirmed the presence of abnormal epigenetic landscape, which could affect genes involved in
many biological pathways.

To try to rebalancethe epigenetic and metabolic alterations, supplementations k&itbgenic
compounds, abrancheechainamino acids and ketone bodiegll be carried out on OPCand
neurospheresto induce a potential recovery of differentiation/proliferation defettsough

epigenetic modifications restoration.



2. INTRODUCTION

2.1 AGC1 deficiency

AGC1 deficiency also called Early Epileptic Infantile Encephalopathy 39 (EEIE33n ultrarare
demyelinatingdisease caused by mutations BLC25A123ene, encoding for Asparta@utamate
carrier 1 (AGC1/Aralar) Although the rare frequency of the diseaf®y cases were reported
worldwide, with the first one in ZID by (Wibom et al. 2009)The patient showed aon-functional
AGCl proteinduete . 1769 A Y G transi ti dQ990R substutiomviahy? and
other patients wer@entified, with different mutations on AGCL1 carrier, somausing specific
structural alterationéPfeiffer et al. 202Q)others affecting the binding sjtas for @90R, a highly
conserved residue in the sequence of the prof@@spitethese intrinsic differenceghe main
chamlderistics of the diseasshow up at early stage of infancy armamprisedevelopmental delay,
hypotonia, epilepsy angsychomotor activities deficits. Another important feature ns age
correlated hypomyelination, with progressive brain atrophy, espedalhcerningcortex and
ventricles (Fig. 2.1). In parallel, reduction of McetytAspartate (NAA)was detectedthrough
Magnetic Resonance Images (MRWhereasan increase in lactate blood levalsdicate a
mitochondrial dysfunction in AGC1 deficiency patie(fslk et al. 2014)

At this time no cure is still availablgust ketogenic diet brought somsychomotor and myelination
improvementsThe first trial was fol6 yearsold AGC1 patient, in which carbohydrates restriction
and highfat and proteirratediet regimen was followe(Dahlin et al. 2015)After 20 monthdrom

the start of the treatmemtatientshowedmotor skills improvements, as movements of arms and legs,
together with a more intense interactioith external environmentrom MR overall myelination

increasevas detectedoo (Dahlin et al. 2015)

Fig. 2.1 AGC1 deficiencypatient MRI. A) 8monthand16nont h MRI br ai n i magea2yeaBland® manthe nt 6 s
of age.Images shovongoing hypomyelinatigmpale globe and putamen decrease in volufogether withprogressive reduction in
brain volume and formation of prominent cortical sulci and ventricle enlarggivémbm et al. 2009)

To studythis pathologydifferentin vivo models were created. The first wasJayil et al. (2005)a

homozygous mouse model of AGC1 deficiency (Arélein which gene trapping techniques inddice
6



formation of atruncated protein, through the presence of premature stop codon at exighefltBe
SLC25A120ene in SVJ129/C57BLmice This model showed up no embryonic lethality but after
birth, the Aralar” mice had growth retardpwer lifespantremors and motor coordination defects,
along with hypomyelination. In additiom vivoandin vitro extracted neuronal cultures demonstrated
an impairment of NAA production, suggesting a possible role of AGC1 carriehifomtetabolite
synthesis in the central nervosgstem(Jalil et al. 2005) This, in turn, could hamper the myelin
formation, since acetyl moieties derived from NAgke generally used for myelin lipids synthesis
One clear example is trgalactocerebrosigehe main myelin precursor, also saeduced in the
AGC1I" mouse(Jalil et al. 2005)A quite similar model was obtained also by Saketal.,(2010),

in which stop codon was inserted at exon 1, creating a fully inactive protein. Likewise, this model
showed up growth retardation, tremors and shorter lifespan. In addition, neuronal and myelin
abnormalities were identifieith vivo but also inin vitro Oligodendrocyte Precursor Cells (OPCs) in
which AGC1 was silenced. This reinforces the hypothesis of AGC1 involvement in aty@iin
which can be hamperatt only through neuronal NAA synthesis defg@atrustegui, Pardo, and

del Arco 2007; Jalil et al. 2005; Ramos et al. 2014)t alsovia OPCs/oligodendrocyse
developmentahlterationspponcarriermutations(Sakurai et al. 2010)

Defects regarding glial and neural cell precursors were also identified in Petall|§2019) mouse

model of AGC1 deficiency. They performed same gene trapping techniques but on different exon and
genetic backgroundC57BL6/N), which firstly caused the embryonic mortality of homozygous
AGC1 mice. Thus, AGCY were used and characterizedhich better resembles pathophysiological
characteristics of patients with partial AGClloss Thi s mouse didndét show
behavioural alteratisrespect to wileype ones, but proliferation and differentiation defects were
detected on neuronal and oligodendrocyte precursor ealflsreduced Olig2 positive cel{Petralla

et al. 2019) This stresses the role of glial and neuronal crosstalk in the study of this pathology
suggesting a more complex pathogenetic mechanism, not only regarding the altered AGC1 activity

in neuronal cells

2.2 AGC1 carrier in Central Nervous System

As ATP-Mg/Pi transportersAGCsareCalciumbinding Mitochondrial Carriex(CaMCs)consisting
of three distinct domains: INC-terminal and an intermembrane ofiae Gterminal domain hasix
transmembranalphahelices, whereashydrophilic N-terminal contairs several EFhand maotifs, in
the intermembrane spaciat are thesite for the Cadependent regulatio(PebayPeyroula and
Brandolin 2004)However, of this site, @ the first three Efmotifs are responsible for the carrier

activity, inducing-upon Calcium bindinga conformationathange in the other domains that allows
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the passage of solutesisteadthe remainingnotifs are involvedin the dimerization procesand

channel opening/closingrig. 2.2;Thangaratnarajah, Ruprecht, and K&@jilL4; Palmieri et al. 2001
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Figure 2

Fig. 2.2 General structures of mitochondrial carriers. AGE)lis the only dimefKuniji et al. 2020)

SLC25A123ene belongs to the SLC25 family, together BLC25A13 Indeed, two distinct isoforms
of this carrier exist, AGC1 and AGC2, with different expression pattern 7Gu8% sequence
homology(L. Palmieri et al. 2001; Amoedo et al. 201®he first AGC1/Aralaris main expressed
in excitable tissug (skeletal muscles ancentralnervous systein the second, AGC2/Citrin, was
found inliver, kidney,and hear{del Arco and Satrustegui 1998; F. Palmieri 20&8¢n though they
perform same functions. Despite thusctionalsimilarity, mutationsonthe two genes cause different
pathologiesthe demyelinatingAGC1 deficiencyfor SLC25A12gene andhe adulonset type 2
citrullinemia (CTLN2) for SLC25A13 which in more severe cases can manifest andomatal
intrahepatic cholestasis (NiCCDJhese diseases are characterized by ammoniaigndliine high
levels in blood, which caussonfusion,hyperactivity,pancreatis, hepaticsteatosisand comatose
statein adults. While in infants enlargel liver, with low blood sugarare presentalong with
bilirubinemiaand cirrhosis, buin this casethe diseas¢éends to disappear with growth or evolves
into T-2 citrullinemia(Amoedo et al. 2016; Kuniji et al. 2020)

Functionally speakingAGCstransport anolecule of aspartate from mitochondridaritermembrane
spacein exchange of one molecule of glutamatelone proton(F. Palmieri 2013)In CNS, it was
mainly found the AGC1soform, especially in neuronsndeed, neuronaspartateoncereache the
cytosoli t 6 s ¢ o nAcetyl-Aspadatet(MAA)NDYN-acetyltransferas§ Asp-NAT), whichadds

a molecule of AcetylCoA. Then, throughtrans axonaltransport, NAA is delivered to
oligodendrocytesvia Na'-dependenthigh-affinity dicarboxylate transporter (NADC3Here, it
undergoes another chemical reaction by Aspartoacylase (ASPA), vdgeherates aspartate and

acetate. This last will be used by cells to produce fatty acids and complexdigsential for myelin



synthesigUrenjak et al. 1993; Wiame et al. 2016)pr this reason, the correct functioning of this

carrieris crucialto maintain the myelination process in CNS.

In addition, AGC1lbelong to the MalateAspartate Shuttle (MAS)It6 sne of the most important
shuttles in cells that allows to balance the NADH levels between mitochondrial matrix and cytoplasm.
|l t6s composed by two carriers, AGC1 and OGC (
mitochondrial enzymesglutamate oxaloacetate transaminases (GOT) 1 and 2, and malate
dehydrogenases (MDH) 1 aBdrespectivelySincethe mitochondrial membrane is impermeable to
NADH/NAD™*, a coordinatedactivity among all thesglayersis essential to transfer the reducing
equivalentsproduced by glycolysis in the cytosol, to the mitochondrias ensures the proper redox
balance within the cell impditant not onlyto speed up glycolysis in cytoplasm and OXPHOS
(oxidative phosphorylation) in mitochondria, but also for many other cell functions, as signal
transduction and protection against oxidative st(Egs 2.3;Broeks et al. 2021; Pardo et al. 2p22

For this reason, alterations upon AGE@kpression or function can hamper differémblogical

pathways.
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a precursor of myelin lipids in oligodendrocy(@sahlin et al. 2015)
2.3Neurogenesisembryonic and adult

Neurogenesis is the procegswhich multipotent Neural Stem Cells (N§@anform different brain

cellsi neuronal glial or ependymalin fact, NSCscan divide, maintaining their stemness (self
renewal or symmetric division) or differentiate irddferentneural lineages (asymmetric division),
forming the specific progenitors which then, migrate and maturatapletely. In mammals,
neurogenesimainly happeaduring embryonic developmemyenthought her e 6r e s ome n

niches alsan adult brain(Pino et al. 2017)

During embryonic development, three layers of cells constitute the basis for all tissues and organs

formation: ectoderm, endoderm and mesoderm. From the outer or more dorsal layer, ectoderm, CNS
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will be formed. Indeedthe neural plate, a thickening of ectoderm, starts to invaganatging the
neural tube, through neurulation process. Its growth proceeds caudally and rostrally, forming spinal
cord and three brain vesiclé®re, mid and hindbrainyespectively(de Lahunta, Glass, and Kent
2016) Within wall of neural tube,the pseudostratified neuroepitheliumconstituted of
neuroectodermal cell$orms the ventricular zone (VZ). This is th@imary embryonic neurogenic
niche, from which CNS develops, also postnatdllyis layer will give rise tall neuronal and glial
progenitors and cell$ollowing symmetrical and asymmetrical divisions, in a series of growth and
differentiation processetSilbereis et al. 2016; Darnell and Gilbert 2Q01%pecifically, at the
beginning their divisions are symmetric to ensure an abundant pool of stesfaredlelfrenewal,

but then, they start to restrict their stemness, following a specific commitment of differentiation, upon
presence/absence of different stimiii. ninth embryonic day (in mice) or-& gestation week (in
humans), NSCs statb become Radial Glial Cells (R& which have many astrocyspecific
markers. Indeedhey express Glial Fibrillar Acidic Protein (GFARjstrocytespecific glutamate
transporter (GLAST)Brain Lipid-Binding Protein (BLBP), and Tenascin C (T®). However,
similarly to NSCs, theyave an apicabasal polarity, with long processes, extended from VZ, where
their cell bodies reside, to pial and neocortical surface. In addiiepmaintaintheir multipotency

and expresblestinmarker(A. R. Kriegstein and Go6tz 2003; Beattie and Hippenmeyer 20hé&se
characteristicallow to perform amplification-maintaining apool of RGCs but also asymmetric
division, whichproduces a new RG but aldeC (Intermediate Progenitor CellJhese last express
pro-neuralgenes, Neurog2 and Pax6, highlighting a neuronal commitamehtifferentiation, and
generally migrate along RG processes, towards a region, tRéebcular ZongSVZ), which will
become a new neurogenic nidie Kriegstein and AlvareBuylla 2009) Depending on localization,

time andmorphogens exposition, RG can produce different neuronas fi{mechstim et al. 2008)
which then migratehroughan insideout mechanism, to form 6 layers of corteSpecifically, the

cells in thedeepettayersare the first to be produced ahave the highestbility to produce all other
6-layers cell types, whereas the most extearal theyounger anchavea more reduced spectrum
(Noctor, Mart2nez Cerdefo, and Kriegst.®©nca 200
arrived in their position, all neurons start to crgatetions and express adhesion molectdeseate
functional unit(Darnell and Gilbert 2017)

At the end of neuronal productioRGCscandetach from VZand move toward cortex/subcortical
regions, wheractivation of astrocytic genes (GFAP, Nfiajluce differentiation into astrocytesith
multipolar morphologywhereasothers remain there, in an undifferentiated stateliferating in

CNS( Fig. 2. 4,; Noctor, Mart3nez Cerdefo, and Kr
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Fig. 2.4 Cortical developmen¥/Z, ventricular zone; NESC, neuroepithelial stem cell; ISVZ, inner subventricular zone; OSVZ, outer
subventricular zone; 1Z, intermediate zone; SP, subplate; CP, cortical plate; MZ, marginal zone; IPC, intermediate medfenitor
VRG, ventricular radiaglia; tRG, truncated radial glia; oRG, outer radial ghimwakowski et al. 2016)

Beside previous knowledgealso adult brain has neurogenic niches, in two distinct areas: the Dentate
Gyrus (DG) and Sulventricular ZoneFrom first regionresidenRGCscan originthe dentate gyrus
granule cells,starting from asymmetric division, whichenerates daughter celvith a high
proliferative capacity. Upon migration frormub granularzone to thegranule cell layer, they
completely differentiate into granule neuror(@ygy. 2.5; Cope and Gould 20)9These obtained
neurons are mainly involved memory and learning systerttsumar et al. 2019)

stages of adult neurogenesis

molecular layer
}granule cell layer
}subgranular zone

radlal glla

| =—> progenllcr r il = neuroblast _'granule neurcn—’ granule fieuron

Fig. 2.5 Adult neurogenesis in Dentate Gyr&ésom Radial Glial cells tanature granule neuron, through neurob{&sipe and Gould
2019)

A

For what concerningeurogenesim SVZ,i t 6s t hought t o b eolfaetsngelnt i al
circuitries (Kumar et al. 2019; Bergmann et al., 2018re resident NS€ -called B1 cells are
placed within lateral ventricles wakind maintain some characteristics of astrocytes: GEARST
and BLBP e&pressionalongsidecontacs with blood vesselsbut, as RGCshey can be quiescent or
actively proliferating. In this case, theypress Nestin, arahn give rise to TAC (TransAmplifying
Cells, or type C cells)in turn, TACs symmetricallydivide to generate neuroblasts (type A cells),

which migrate tdhe olfactory bull(Fig. 2.6; Lim and AlvarezBuylla 2016)
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Fig. 2.6 Neurogenesif lateral ventricles (LV). B1 cells (light blue) act SCs, giving rise to TAC (C cells; green). The turn,
originateyoung neurons (A cells; redLerebrospinafluid (CSF, blue arrows); Choroid Plexus (CP; bluEpendymal Cells (E/E2

cells); mature neurons (N; orange); astrocytes pale blue Obernier and AlvareBuylla 2019)

The B1 cellscan origindifferent types of interneurons depending on their location, but they can also
give rise to gliatellsi oligodendrocytes and astrocy(€bernier and AlvareBuylla 2019) Indeed,

clue of their multipotencyas identified firstly byMenn et al. (2006jogether with ability to produce
oligodendrocytes or astrocytes, after brain inj(liym and AlvarezBuylla 2016) This suggests a

role of these cells during brain trauma anpossible use for regenerative medickar. this reason,

SVZ neurogenesiand B1 cells are more studied than DG neurogenic process, also thanks to their
ease to manipulation, artle possibility tocreatein vitro cultures(Obernier and AlvareBuylla

2019) One clear example are the neurospheres. Theftaateng 3D culture of NSCs and neural
progenitorsat different differentiation stagemainly derived by SVZ of micé&rkeynolds and Weiss

in 1992 were the first to discover and descriimurospheres as a pool of neural stem ¢alsned

2009) Theymaintainin vitro their stemness, with a high proliferative capacity, when plating with
mitogens (EGF and FGBE), in suspension. Instead, upon passage on adhesive matrixes (as
fibronectin), they start to differentiate andginate neuron, oligodendrocytes or astrocykeg. @.7;

Gi | Perot2an et al. 2013)

Fig. 2.7 Neurospheres culture, obtained from SVZ. The Image was acquired through optical microscopy ad 40X objective
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Since they better resembile vivo physiological environment, mimicking the extracellular matrix
components and maintaining theitemness, neurospheres are widely use to study proliferation,
differentiation andself-renewal processes of NSGich applicatiosspan from study of molecules
and treatment on neurogenic niches, throogsic analysis of proliferation/differentiation process

in pathological conditions, to cell replacement therapy, overcoming the ethicaliraited

availability of fetaltissuesderivingcells(Jensen and Parmar 2006)

2.40ligodendrogenesis

Despite the central role of neurons in the studyasf’/ous system,awadaysyesearcherare starting
draw attention to glial cells, too. Indeed, within CNS, they are as important as neurons, for the correct
functioningof all biological processes. Even though at preliminary stagesh has been discovered
about glial cellproduction, and particularly oligodendrogenesis.

Oligodendrocytes are cells of CNS responsible for myelin formation and axgedihation.This
ensuresnotjustthe correctelectricimpulses propagation and speed, but also metabolic and trophic
support to neuron@ntontseva and Bondar 202Dligodendrocytes production statately respect

to neuronal and astrocytic ones, durfimal stages of embryonic development arttey are fully
generated after birth, postnatalfiialatesta, Hartfuss, and Go6tz 2008)I derive from OPG
(Oligodendrocyte Precursor Cells) which give rise from RD@on SonicHedgehog (Shh)
expressiona morphogenic transcription factaith the highest concentration in the ventral area
(Rowitch and Kriegstein 2010)he OPCs arsmall uni/bipolar cét, expressing NG2 (proteoglycan)
and P DGF R Wheriyeddroavth éattar teceptor alpha), in addition to SOXDR antigen,
Oligl, Olig2 (basic helixloopi helix transcription facto)sand Nkx2.2(homeodomain transcription
factor, Amaral et al. 2016; Fancy, Zhao, and Franklin 2004ey populate the brain parenchyma
with myelinating OLdollowing specific waves of OPCs production and differentiation, namely,three
along the entireCNS developmentA first one occurs during E12,5 in mice, starting from ventral
area, thersecond and third waves arise from caudal and cortical regions, aftefikfaly et al.
2014) At the beginning of oligodendrogenes3?Csgenerally divideproducing two OLsto create
excess of cells, which then, upon competitiongimwth factorsgsPDGRU ;  -IL, Gi§ulin Growth
Factorl andFGF2, Fibroblast Growth Factet) are reduced throughpoptosigAntontseva and
Bondar 2021)Instead since OPCgersistalsothroughout adulthogdn mature brain their division
gives rise totwo OPCs or one OPC and one OL, reducing db#éity to produce myelinating
oligodendrocyteg¢Nishiyama et al. 2021Yhe presence of OPCs in adults allows thengelination

process after brain trauma or injubut also for myelin turnovdElbaz and Popko 2019)
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Thank to their high migratorability, OPCs move towards all developing brain regions, where
differentiate into mature OLand thischaracteristids maintaired also during adulthood, where
quiescent OPCstart to migrate upospecific stimuli to induce remyelinatioithis migration is
guided by different types of stimullsai et al. 2016)intrinsic, asthe proteoglycan NG2, which is
essentiato induce cell polarization and changes in soma morphology foripatimn and migration
(Biname et al. 2013)ut dso, PDGF-U Its active form is composed as homo/heterodimers of A and
B chains wherethe PDGFA is mainlyreleased by neurons and astrocytes, whereas HDfEdM
endothelial cells. To exert their different functiottsey bindto PDGFRU a n d -B, BDrGcEIR
surface andontrols many differerttiological pathways, as migration but also proliferaieruttiger

et al. 1999; Sugimoto et al. 2001)

After reaching their site in brain parenchyma, OR&i form cell cycle and start to differentiate,
mainly through the activity of T@x ( Tr ansf or mi ng Gr o WhichcasEadect o r
involved two diff-er amtd - d&dd Mhad rcshindd BEFadtiRtes,
causing theSMAD2/3 stimulation. This, in turn, induseexpression otyclin-dependent kinase
inhibitors(p15, p21 and p3J7via Fox01 and Spl. The activity of these C8kngs to repression of
the pro-mitotic transcription factgrc-Myc, which immediately stops the proliferatigRalazuelos,
Klingener, and Aguirre 2014f hi s suggest an opposite action
insteads a potent mitogerand their welcontrolled balance in OPCs maturati@utta et al. 2014)

To complete differentiation, Oligl and MRFnscription factorare expressed atldeyactivatethe
myelin gensand mature OLs markers, as MAG (Meylin Associated Glycoproteir,(Proteolipid
Protein) and CNPasAfter that, myelinating OLsan wrap around axons and create the myelin sheet

(Barateiro and Fernandes 2014)

Since OLs persist in adult brain, the regulatio®©&Csproliferation and differentiation nestb be
tightly controlled and balanced. Alterations upon them can indagere defects in terms of brain
development and myelinatiomhus, different types of stimuli, intrinsic and extringiegulate these

processes.

2.4.1 External Stimuli

Among the external stimylive find ligands and molecules expressed by axons, which guides the
myelination, thus OPCs differentiation and maturatiGlear examples are Lingly Jagged, which
interact with Notch receptor osligodendrocytes precursors surface, inhibiting cell maturation
addition, also the Wht{satenincanonical pathwayvas found to have complex role in OPCs
maturation, since itactivity, together with its effectorbcf4/Tcf712, generally are downregulated in

mature OLs, suggesting a possible regulatory mecatmemrsproliferatioEmery 2010; Fancy, Zhao,
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and Franklin 2004)Also, the neuronal activity can induce cell cycle exit and OPCs maturation to
allow the so-called adaptive myelinatigmyelination of a specific active neural circ¢imaral et

al. 2016) This happenghrough electrical activity which causes an initially increase of OPC
proliferation, followed by alteration of the
sign ofdifferentiation.Upon this chang@PCsstart toexpressnyelin genes, as Myelin Basic Protein
(MBP) and myelinat€Gibson et al. 2014 hisrelation between axons and OPCs is possible through
expression of ionotropic glutamate receptors on their suréspecially AMPA even though not
throughan allor-nothing mechanispbut maturation requires other stimuli to be indu@éighiyama

et al. 2021)

2.4.2 Internal stimuli

Among the internal stimuli that control the correct timing for proliferation and differentiation of
OPCs,we can identify different categories of main players. The most known and important are the
transcription factors (TFs). The first acting on brain progenitors to induce oligodendroglial
commitment is Olig2 (Emery 2010) This basic helixoop-helix transcription factor igresent
throughout the entire oligodendrogliiheage andis essential to induce expression of many
downstream OLs markers, &digl, Nkx2.2, Sox1PpAscll, YY1, and Tcf4El Waly et al. 2014)
Specifically, Olig2 and Nkx2.2 concomitant expressiopiv®tal for differentiationFig. 2.8, Elbaz

and Popko 2019 he homeobox and Sox family members TFs as Nkx2.2 angl Sand 10 are all
expressed during oligodendrogenesis, even ththeyhpecification of OLs lineage isesponsibility

restricted onlyto Olig2andjust in some casg asn Olig2-null mice,compensated by OligtEl Waly

et al. 2014)
Oligodendrocyte Pre-myelinating Myelinating
progenitor oligodendrocyte Wit oligodendrocyte
Lingo-1
Jagged1 / / PSA-NCAM
depolanzatlon ‘ 4= Y/ Gpri7 ligand?
PDG l( - i Ly J_
' Neurotransmmers : —
ATP/Adenosme ) |
__' | =
Axon r/ A ;J ; Neure'gulim
- ( /] laminins
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’ Y miR-219 | .@
|
@. @X™"
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Fig. 2.8Maturation of OPCs to myelinating oligodendrocytes. This process is tightly regulated by many transcription factorsghat work
synergisticallyEmery 2010)
Also, micro-RNAs are involved i©OPCs maturatigmmainly speeding up the differentiation of OPCs,

by inhibiting PDGREJ  a n d. Zh&aekab (2010ndeed proved tha in vitro and inDicer-deficient
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mice, mir219 and mi338 allowed OPE€ differentiation, rescuing the myelination defecks.
contrast, mi#7a was discovered ialigodendrocyte precursoend its ablation could impatheir

specification with a reduction in their poétom NSCs during brain developmefiZhao et al. 2012)
2.4.2.1 Epigenetic regulation of OPCs proliferation and differentiation

Amonginternalstimuli that control OPCs fate decision and maturagpigenetic modifications hold

a central role They are persistent DNA changedjich modify genes expression without affecting
the nucleotides sequenc€ogether with microRNAsthey include chromatin remodelers, DNA
methylationand histones modification&ince theirplasticity, they allow to NS€and OPGs to
maturate and differentiate depending on environmental ¢Besy, Wang, and Lu 2020)ndeed,
previous stues and from literaturegpigeneticmodificationstake part in OP{OL development
especially controlling the timing of specific gereegressior(Tianeet al, 2019. Notably, different
proteins are responsible of these modifications: HATS, histone acetyltransferaseaudthic acetyl
groupsto histonetails, induce relaxation in the chromatin structure, forming eébehromatin
CBP/p30Q0 GNAT and MYS are the three major classes of HATs. InstddDACs, histone
deacetylases, remove Hgechemical groupsreating a more closed structure of chromatin, called
heterochromatitfKouzarides 2007)Among them, wdind class | (13), class Il (47, 9 and 10) and

IV (11). Different stages of differentiatian OPCs and OLs are characterizedspgcificchromatin
structure given their distincheedslIn details, OPCsawhich are proliferative cells witla high levels

of RNA transcription, require a more open chromatin, to allows gene accessitalityiting
especially HATs proteins ocell cycle genesbut also on aroup of transcriptional inhibitorsaag
Id2/4, Hes1/5)In this way, these latter chiock the transcription of differentiatiesssociatedenes
with three different mechanismrecruiting repressive complex constituted by HDACs on promoter
of myelin genesor to promoter of activators of myelin gene transcriptmmin addition through
proteinprotein interaction, they can sequestrtitese transcriptional activators. The result is the
inhibition of differentiation process and a high level of prolifera{Fig. 2.9a; Berry, Wang, and Lu
2020; Hernandez and Casaccia 201%2)ring differentiation, an opposite trend occurs, with
formation of heterochromatin, due to higher activity of HDACs, especiallypmmoters of
transcriptional inhibitors, that thus are represdadcontrast HATs recruitmenton myelin genes
allows expression of main proteins and enzymes involved in myelindtogether with inhibition

of cell cycle genes, these orchestrated evgrast OPCs differentiation (Fig. 28 Hernandez and
Casaccia 2015a)
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Fig. 2.9Roles of HATs and HDACs igenes regulation durirgPCsmaintenance (a) ardifferentiation (h Hernandez and Casaccia
2015)

This temporal controlled window is essential to ensure the cdmeicty of OPC proliferation and
maturation andestify the crucial role of HDCAs in this process. Inded®CA inhibition through
tricostatinA preventssuppression of transcriptional inhibitors, affecting tHe r@aturation process
(Conway et al. 2012)Similarly, in Neural Progenitors Cells, gremature repression of these
deacetylases can induce myelin gene expression, upon thyroid hormone tr€@astaiéBranco et
al. 2014) Crucialrole of HDAC on OPC differentiatiorould also be exerted througbn-histone
dependent activity, as protein deacetylation involving transcription fa€ftase et al.,2019. A

clear examplés OLIG1 (found by Daiet al 2015)which, uponHDAC-mediateddeacgylation,c a n 6 t
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interact with D2. Consequently, gnters in the nucleus and promotes OPC differentidtiqrarallel,
HDAC1 and 2 can alsoreate a repressive complex whieting on 1d2/4 and Hes5 promater

blocks their expression and all@myelin gene expressidiiiu and Casaccia 2010)

Similarly, histone methylatiomakes part in OPC maturatiofihis modification can exert a positive
or negative effects on gene expression, given that H3K4me3nerally associated with gene
transcription, whereas H3K9me3 is mainly represgiBerry, Wang, and Lu 2020)Enzymes
responsible for this modification are the histone methyltransferaskese pharmacological
inhibition suggested possible role of these proteimsOL commitmentIndeedjt was found by Liu
et al, that a timely regulation of histone methylation is essential for transition fr8@skd OLs,
through OPC stage. Particularli#3K27me3 acts early on neural stem cells itenge gene for
neuronal lineage, allowing oligodendroglial commitmentbsequently, H3KOme®presses genes
encoding ion channels angeurotransmittersignals for the complete maturation of OPC to
oligodendrocytegLiu et al. 2015)

Another class of HDACs are sirtuins. hare NAD-dependenteacetylasevhich have a plethora

of functional roles, fronDNA stress repair, cell metabolisamdcell cycle progressiariThere were
identified 7 distinct types of sirtuinsyhich differ for their N and @erminal, essential for
activators/inhibitors binding but aldor their subcellular localization. Indeed, sirtuiBs4 and 5
residein the mitochondria; sirtus1, 6 and 7 are nuclear; whereas the 2 is cytoplas(@arafa et

al. 2016) Especially for thosesubtypes localized in the nucleus, sirtuins can exert effects also on
histone modificationsacting on OPC/OL maturatioianet al.,suggestd that SIRT1 is crucial for
oligodendrocytdifferentiation(Yan et al. 2022put its inhibition can alley OPCs pool expansion
without detrimental effects on their differentiati(lrozorovski et al. 2019; Rafalski et al. 2013a)
Instead, SIRT2 cansupport OPC differentiation, by reprasgithe PD GF U remcepto
oligodendroglial cell lindYan et al. 2022)This result was confirmed alfy Hisahara et al. (2021)
which prove the negative effects of SIRT1 and 2 over differentiation, upon their-koack in a
mouse modelHere,oligodendrocytes presentedore branchednd numerous processes , with an
upregulation of Melin Basic Protein.

Overall,all these data suggesicentral role of epigenetic modifications in agitle progression but

a lotis to beknown about their regulatian OPC/OL maturation process.

2.50ligodendrocytes myelination and metabolism

Once become mature, oligodendrocytes start wrapping around axons and royesditeéMitew et
al., 2014. This isa higHy organizednmulti-lamellar structure, constituted by cytoplasmatic exterssion

of OLs thatare organized in segmentsterspersed witmodes of Ranvier These gaps in myelin
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sheath allow the saltatory conduction of the action potepbglsoncentrating theoltagegated Na
channels(LopezMuguruza and Matute 2023; Montani 202Myelin structure issimilar to
membr ane composition but with some pecarddi ar it
lipids, with a high percentage oftholesterol, phospholipidethanolaminephosphatide and
phosphatidylcholineand glycolipidggalactosyl ceramide and sulfat)Jd&he acyl tails of the latter

allow the formation of a compastructure while cholesterol and phospholipids amangedat high
concentrations regions callépid rafts,crucial formyelin fluidity, but also to guide proteins at their
specific locationgPoitelon, Kopec, and Belin 2020; Montani 202hdeed, anothdtey compound

forming myelin sheath are the proteimdichhave structural and functional rol€oteomic analysis

reveals a plethora of different proteins, but half of teemprisesMBP (Myelin Basic Protein) and

PLP (Proteolipid proteinSoldan and Pirko 2012Thefirst one is gprotein withhighly disordered
structurewithak ey rol e in formation of compact wmyel.
where it binds negatively charged lipids, throwgdéctrostatic interactions, and allsadhesion of

the multi layers ofmyelin, creating a solid and compact sheathtably, rodents lacking faviBP

gene are characterized by loss of compact myelin, nedhction of myelin sheath thickness, also in
Peripheral Nervous Syste(@Boggs 2006) PLP instead is dighly hydrophobictransmembrane

protein which upon translation in endoplasmic retic
conjugated withmyelin lipids, to constitute lipids rafthus, it hasstructural role, compacting the
myelinl ayer s, but i tds al s o The mesbirhpor@amt iOLsprolitetatioe r ¢ e
and developmentonsidering thatluplications/deletions d?LP genein animal model$ring toloss

of oligodendrocytes via apoptosgiGreer and Lees 2002ptherkey proteins of myelin layers are
CNPaseZ',3-Cyclic Nucleotide 3'Phosphodiesteraytcalized on myelin cytoplasmatic siddAG

(Myelin Associated Glycoproteimvhich allows the identification of myelinated/unmyelinated axons

by oligodendrocytes processasd lastly, MOG (Myelin Oligodendrocyte Glycoproteingssential

for the structural integrity of myeli(Fig. 2.10;Laule et al. 200)(
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Fig. 210 Structure of myelin sheath arouaglon, and its internal compositieonstitutedmainly by different proteins diged into
themulti lipidic layers(Laule et al. 2007)

To achievecomplete OLs differentiation and myelination, a variety of morphologicaktmdtural
changes are essentidlowever, these are highly energy demanding modifications, which require
tightly controlled metabolismindeed, any alterations regarding lipids and proteins metabolism can
affectthe correct myelin formation, causing hypomyelination and leukodystrophies (abnormalities of
white matter in CNSMontani 2021) Since thegreatcost that myelination and myelin turnover
require,OLs were found to have a high energy demandthisdmakes them more susceptible to
energy deprivatiofRosko et al. 2019Notably, brain bioenergetics was only recently found to be
crucial in neurodegenerative disorders pathophysiology and a lot is still unknown abounoral
cellsmetabolism

Brain is the most energgemanding organ of our bodgnd glucose igs major carbon sourcétd s
generally catabolizethroughoxidativeglycolysis, which converts it into gluco€ephosphate. This

then carfollow different destinationghe glycolytic pathway, the pentose phosphate pati{RB{P)

or stoedas glycogenJust with the first two metabolic routes, glucase beconverted to acetyl

CoA, via pyruvate formatiori-rom the cytoplasmn presence of oxygeacetytCoA enters the TCA

cycle in mitochondria, where, througfADH and FADH: generation, can feed the electron transport
chain and creates ATP. This is the oxidative phosphorylation patf@wayHOS) a moreefficient

way to produce energin the cellthan glycolysis which instead is mainly useidh anaerobic
conditions An exceptionaretumourcells which preferentially use glycolysis, even in presence of

oxygen(Warburg Effect; Fig. 2.11\arine and Colognato 2022
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Fig. 2.11 OPCs/OLs glucose metabolisran follow different destinations, from PPP to glycolysiecessary for energy but also
macromolecules production, as proteins and ligérine and Colognato 2022)

Preferences for one of these metabolic pathways depends on different parafinsterthe
differentiation stage of OLs. Indeed, it was nateattreatment withrotenone ifthibitor of complex

| of electron transport chain) which interferes with OXPH@8uced the viability of differentiating
oligodendrocytes, while matuf@lLs seemed not affected. It was clear that OPCs anthgedinating

OLs use oxidative phosphorylation for ATP production, whereas Olofigindendrocytes derived

from adult tissues prefer glycolygisT e p a v | e. Thud, me2abaicIshift is essentad affecs

the differentiation of OPCsIndeed during hypoglycaemic condition®©Ls just reduce their energy

state, using glycolysis and blocking the myelin formatiorfavour survival until nutrients level
increass. Instead, OPCs require more ATP to sustain their physiological functions, thus, under
nutrients de preacldawmetabolicstatehaadygenerally differentiate or (Narine

and Colognato 2022; Rosko et al. 20I®)e ability of mature OLs to achieve their energy demand

just through glycolysis relies on usage of alternative source of energy, as lactate. This can be produced
from NADH and pyruvate, through reaction catalysed by Lactate Dehydrogenase (LDH) and used fo
acetylCoA and ATP production. In parallel, lactate could be also exported through Monocarboxylate
Transporters (MCTs) to axonwhere it acts as trophic support for neurdbeyer and Rinholm

2021) This metaboliteis not only vital formyelin formation, supporting remyelination upon
Cuprizoneinduceddemyelinating lesions, but it can also h€@pCs differentiation and cell cycle
(Ichiharaet al.,2017).

From glycolytic reactiongglucose caalso bedirected to Pentose Phosphate Pathwdayiosynthetic
pathway whichd o e s n 6 t p.Almodt AC1%% oAdluPose entering OLs ¢®nveyed towards
this pathway, with the production of glutathione (protects myelin from reactive oxygen species)
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pyruvate for acetyCoA productionbut alsoNADPH for nucleotides and lipidsynthesis For this
reason, altered PPP enzymexpression were detected dhseases involving oligodendrocytes
defects as Multiple SclerosiAmaral et al. 2016)

Another metabolic process branching from glycolysis is the Hexosamine Pathiwraygh this
route, fructose6-phosphate is converted intaridine diphosphate {dcetylglucosamine, a key
moleculeto produceglycoproteins, glycolipids and proteoglycaf®r this reason, alterations its
enzymes camffectmyelin composition, in which glycosylated molecules are abundant and crucial

for its compositonl Tepav| evi | 2021)
25.1 Fatty acids synthesis pathway

Among all metabolic routethe fatty acidFA) and myelin lipidsynthesis pathwaplays a vital role
in OLs, since it sustains the myelination and remyelination proceskegations of lipid metabolism
can affect especially myelin structure and compostii@pezMuguruza and Matute 2023)

Fatty acids synthesis an anabolic pathwayccurring in the cytoplasmyhich extendsthrough a
series of decarboxylation reactions, an atka chain. Indeed, in physiological conditiods] P-
Citrate Lyase (ACLY) converts citrateto acetytCoA, which is thercarboxylateto malonytCoA
by AcetytCoA Carboxylase (ACC). After this reaction, maloi@dA and acetylCoA areused to
create palntic acids, viathe ratelimiting enzyme,FASN (Fatty Acids $nthaseN), uponserial
condensation reactiorfer the elongations of the acyl chainhis lipid is then subjected to other
desaturatios and condensatianto create complex lipidsas phospholipidssphingolipids(Garcia
Corrales et al. 2021)

This metabolic pathway isghtly regulated by SREBHSterol Regulatory Binding Proteingmily
proteins which includes SREBP1, with two isoforms (la spleen and intestingnd 1c(in liver,
skeletal muscleandbrain), and SREBPZEDberlé et al. 2004 hey arebasic helixloop-helix/leucine
Zippertranscription fact@ which, upon maturation, entesgithin the nucleus where they can bind
DNA through recognition of SRESterol Regulatory Elementsgquenceand allow transcription of
their target gene#&boveoverlapping functionshared among aoforms, a peculiar specificity was
also identified for each of thenMainly SREBPL1 is responsible for transcriptiongehesnvolved

in FA synthesis pathways FASN and ACC. Insteé&®REBP2regulates expression pfoteins as
HMG-CoA reductase(3-Hydroxy-3-MethylGlutarytCoA), essential for cholesterol production
(Monnerie et al. 2017)As already saidio be functionally active, SREBPs need to be cleaved and
released into the nucleus. Indedkese proteins are attached to Endoplasmic Reticulum (ER),
anchored through SCAP (SREBP Activating Protein) bindiiings is a sensor of sterol levels which
upondepletion of steroldransports SREBP to Golgi apparatus, wherari®lLS2protease$Site 1/2
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Proteaseshduced two proteolytic cleavages. Theskease the Nerminal of the protein, which can
translocate into the nucleus.addition, also isulin concentration acts on SREBP activation, through
the activity of In$G protein (Insulin Induced Gene), partner of SCAP for SREBP retention in the ER
(Fig. 2.12;Eberlé et al. 2004)
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Fig. 2.12 Maturation and translocation of SREBP from ER to nuc{&lxerlé et al. 2004)

Many ot her proteins are involved in SREBP t
MTORC1, which through its Raptor subunganhelp the cleavage of this Teromoting SREBP
activation (Dimas et al. 2019; Narine and Colognato 2022y the contrary, Sirtuin 6, a NAD
dependent histone deacetylase, belonging to sirtuins faexgrtsa negative action on SREBP.
Specifically, this deacetylasean reduce its transcription but also actAMPK, which, through
phosphorylabn, blocks SREBPmaturation proced&lhanati et al. 2013)

Over its role in controlling lipids metabolism, SREBP is a crucial pratsa forOLs maturation.
Alterations of itsproteolytic cleavage, upon use of S1P inhibitor, were found to afiestth
processesa peculiar element in OLs differentiation, together with myelin composition and SREBP
targets, as ACC and FASNonnerie et al. 2017)nhibition of SREBP targets o we ver donodt
OLs maturation procesdhis is the case of FASKhe ratelimiting enzyme inpalmitateproduction,

whose role ide novoFA synthesis was analysed Bymas et al. (2019)Upon induction of FASN
depletion in a mouse model, they discovered no alterations on OLs proliferation and differentiation,

but defects on myelin composition and stability of myelinated axons.

An dternative use of lipidss to fuel cells in case of carbohydrates deprivation, as energy storage,
providing acetylCoA (LépezMuguruza and Matute 2023ndeed, upon their catabolisthrough
F A -okidation they are cleaved to reconstitute ac&lglA moleculeswhich, in the mitochondria
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can feed the oxidativehosphorylationBogie et al.,2020. Cells can relyon substitute sources of
acetylCoA, for energy productioandreplenishment of acetyl groupsol, for proteins acetylation

and myelin lipids synthesis.

N-acetytaspartate can resemble an essefuiaht of acetytCoA and lipids for myelin production.
Indeed, enzyme Aspadoylase(ASPA) can convert it into aspartaémdacetate. The amino acid is

then directedo malateaspartattAGC1 shuttle for the correct transport ofeducing equivalents
between cytosol and mitochondria, that ensures aGaty/ATP production through OXPHOS
(Rosko et al. 2019)The acetate insteathn be convertedirectly into acetydCoA by Acetyl-CoA
Synthetasd ACSS) with addition of coenzymé& (Webster and Arsena, 1963 his enzyme is a
SREBRtargetprotein,with two different isoforms, the first of whicfRCSS1)mainly expressed in

brain with cytoplasmatic and nuclear localizatidespecially during poshatal period,it allows
acetyation of histonefproteins and myelin formations using NAA-derived acetyl moieties
(Ariyannur et al. 2010a; Moffett et al. 2007)

Acetyl-CoA and ATP can also be obtained from ketone bodies (&B$pranchedhain amino acids
(BCAAS). Thefirst represent a crucial source of energy for brain, especially during development and
for fatty acids synthesis required for myelin. Ketonesimstermediatecompound f f at ty ac
oxidation occurring inliver, namelyb-hydroxybutyrate(Bhb), acetoacetatAcAc) and acetone,
produced especially during prolonged fasting or exercises. Upon these conditions, their blood levels
are quadruplicated, allowing a more efficient transport through MQWsno Carboxylde
Transportersand entrance within the cells. Heghb can be convertedack to AcAcand in turn

into acetoacetyCoA andacetylCoA, through ketolysiswhich replenishes the TCA cycle or acetate

for myelin lipids synthesi¢ Tepav | evi | 2 0 2 1.;Sincé #984Keper etaak (1984) . , 2
shown the capacity of acetoacetate, as glucose, to sustain myelin lipids metaestismially in
oligodendrocytes culturesor their versatile roles in cgbathways, mncreasig KBs concentrations
becomes a reliable therapeutic approach for many types of diseesgeurodegenerative and
demyelinating one@Newman and Verdin 2017; Jensen et al., 20PBis can beachievedollowing
ketogenic diet, with low carbohydrates levels, which was already seen to exert beneficial effects on
myelination of mice model of Pelizaeus Merzbacher disease (leukodystrophy) and in AGC1
deficiencypatientsDahlin et al.2015) In this latter case, KBs could compensate the lack of acetate
groups derived from catabolism ofétetylaspartate, which is reduced in AGC1 deficiency patients
(Dahlin et al. 2015)

In parallel, KBs and acetylCoA can beobtained by BCAAY leucine(Leu), isoleucine(lle) and
valine (Val). These amino acidsatabolism starts in extt@epatic tissues, with transamination

reaction especially in brain, where they can fuel the ae€yA pool but alssupport glutamine
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production,donating nitrogen groupg&perringer, Addington, and Hutson 2017h)st the first two
reactions aregn commonin their degadative pathways: i) transamination vimancheechan
aminotransferase isozymes (BCATSs) éhoxidative decarboxylatioby brancheet h a iketo atid
dehydrogenase complex (BCKD@fter, thatleucine can give rise to acetoacetate and aCai,
thus through ketogeniccatabolism Instead, aline, as glucogenic AA, can be converted just into
succinytCoA; whereassoleucine is both keto and glucogenic, since it can produce dedyand
succinytCoA (Fig. 2.13 Sperringer, Addington, and Hutson 2017a; Bixel and Hamprecht)1995
These metabolites can be directed towards TCA cyckypply OXPHOSor usedor myelin lipids

synthesis.
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Fig. 2.13 Catabolism of leucine, isoleucine and valine. Theyaesncheechain amino acids, whose initial transamination reaction

occurs in extréhepatic tissues, especially brain, where thaye different biological role&acharyP. Christensen2018)
2.6 Crosstalk betweenepigenetics and metabolism

Among others, Oligodendrocyte Precursor Celland Oligodendrocytes are weltknown
environmentakensor cells. This mean that they can easily adaptrttetabolic and transcriptional
landscape to external clues, as neuronal actiahemical and mechanical stimulime but
particularly, to nutrients and metabolites availabilifipansu et al, 202). These indeecave
functional roles outside the most common energy productisacting as signalling molecules
control epigenetic landscape for cell fate decisimetabolically drivendifferentiationand anti
inflammatory response@Newman and Verdin 2017Metaboloepigenetics studiekig interplay
betweermrmetabolism an@pigenetidgene expression regulatiomhich possesses a central roleaih
these cell pathwayqZijun Wang et al. 2018)Indeed, alterations upon nutrients/metabolites

availability or productionthus, alteration at the metabolic routesin affectgene transcription,
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which, as we alreadyasvin chapter 2.4.2,1is crucialalsofor OPC/OLs maturation. This epigenetic
alterations in turn could affect the metabolic assausing defects in OL functions, as myelin
formation and trophic support to axaf@hen et al. 2008)

Metaboloepigenetics relies mostly drfferent types of metabolites, &8P, S-adenyl methionine
(SAM), flavin adenine dinucleotide (FAD#cetytCoA, nicotinamide adenindinucleotide (NAD)

a n dketthlutarate( {G). These compounds work as cofactors/substratemany epigenetic
enzymes, regulating the chromatin architect8#M for example is source of methyl groups, which
are essential for DNA/histone methylatigenerally associate silenced regionsandits deprivation
could lead to hypomethylatiprausing disturbances glfuripotency and differentiatiofLiu and
Casaccia 2010; Zijun Wang et al. 2018)

Another importantnetaboliteis NAD, which is crucial forATP production through OXPHOSub

also regulates the activity of many NAd2pendenproteins.Among them, we findDNA repair
signalling proteinP o | y -riBdSePpolymerases (PARRP$r DNA repair and metabolism control
and sirtuins. The latteas already discussed, are a class of deacetylases that can also targst histon
acetylation as SIRT1 and .6This reinforcesNAD role in epigenetic modulatioand induction
towards pathological conditions in case of NADH/NADJisbalance or altered sirtuins
expressio/activity. Indeed,abnormal levels of NAD ofack of sirtuins could induceaberrant
glycolytic activation and tumorigenesis, whiiperacetylatiomf histonest (Zijun Wang et al. 2018;
Chakrabarty and Chandel 2021; Russell et al. 20B@wever, the most studied and known
metabolite is acetyCoA. Beside fuelling the TCA cycle for ATP producti@Narine and Colognato
2022) andreplenishing acetyl grougsool for lipids synthesigGarcia Corrales et al. 2021) can
regulate the levels of proteins and histone acetylalidm.e r tev@distenct pools of acetyCoA in

the cells: one nuclear/cytoplasmatic and another mitochontkthlasalready discussedhrough
catabolism ofmany compounsl ketone bodies, citrate, acetaedsome amino acidf epav | evi |
2021; Sperringer, Addington, and Hutson 2017a; Harris et al. 2005; Webster and Arsend,HE363)
availability can regulate histone modificationghich could affecstem cell pluripotencygell fate
decisionandmaturation procegyan der Knaap and Verrijzer 2016; Chakrabarty and Chandel 2021;

Hernandez and Casaccia 2015b)

At the crossroad betweenetabolisnimetabolites avéability andepigenetianodificationgenzymes

activity,t her eds a cent r anitocliondgoaln etldedvetknbwnii p cwé t bfo tt b e O
the cell, by hosting the @dtron transport chain and many enzymes involved in OXPHQ@BATP
produdion (Chakrabarty and Chandel 202Hpwever given its involvement icellular metabolism,

it was hypothesizednaadditionalrole of this organelle into regulation of nuclear epigenokest

evidence of mitochondrialuclear mutual influencevas obtained byelsite et al. (2002)which
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identified aberrant DNA methylation upon mtDNA mutations, in cancer cells. These effects were

counteractedoy correctingthese alteratianin mitochondrial DNA suggesting a crucial role of

mitochondria in controllingepigenetic modificationsNowadays, we clearly know that an

anterograderegulation from nucleyscontrols the biogenesis and activity of mitochondrial

accordingly to cell needsvhereas aetrograde response from mitochondria can modify theggene

expression based on environmental factorghis complex process is called mitonuclear

communication and i

tsé6s the r esponsi(Mdtlaineh,or

Quirés, and Auwerx 2017Even though a lot is to be knovabout it, histone acetylation and DNA

methylation regulation by mitochondrial were deeply discussed and analysed by different research

groups.An example is theole ofthe oneC metabolisnof mitochondriawhich fuelsthe folate and

methionine cycle in the cytoplasfor SAM productiomrandconsequentidDNA/histone methylation

(Ormazabal et al. 2015)Is0, acetydCoA levels are tightly regulated by this organefs.already

discussed, within mitochondria occumnsost

of the processs for acetylfCoA production,thus,

alterations of its levels could hamper the histone acetyldigacktylationbalance,which is

extremely important, especially farell maturation. This mayoccurw h e n

condition which reducsthe acetylCoA concentrationrepressing the gene transcription and protein

t herebds

synthesigMenzies et al. 2016)Therefore, mdulation of cell metabolism could alter aceGoA

production, as in the case of TIGAR depletion, an endogenous inhibitor of glycolysis,duhiich

neural differentiationof NSCs can downregulate the ACLY enzymes,

reducing ac€igh

formation This in turn hamper acetylation adifferentiation genes, a&FAP, affecting cells

maturation Fig. 2.14 Zhou et al. 2019)
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Overall, these results suggestole of mitochondria regulation on epigenome, Witkirinvolvement

in the pathogenesis of many neurodegenarainitochondrial and demyelinating diseaf@s et al.
2021; Xu et al. 2021; Bolsterli et al. 2022)hus, possible approachasning to rebalancéhese
metabolites alterations and mitochondrial dysfunctiongganeing more and more intere§taloric
restriction, fasting, fasing-mimicking dietand the ketogenic diet are the most known and applied
methodgTaormina et al. 2019)

2.6.1 Ketogenic diet

Ketogernc diet(KD) isisocaloricregimen with low carbohydrates and high fat intaldsch induces
changes from glycolytic -onedtieanlusagéBdstarli et al. 2628)t o g et
Nowaday s, -establiShedreatment® thérapyrefractory epepsies(Murugan and Boison
2020; D N b e kThigappraadh aim2t®poduce ketone bodies, avoid usage of garmbse
favourOXPHOS and mitochondrial ATP productigmathway(Qu et al. 2021)As mentioned before,
the KBs compriseb-hydroxybutyrate and acetoacetatehich have been seen to exert effects on
different biological pathwaysFirstly, they can control and regulat®ltagedependent calcium
channe$ of pyramidal cells, reducing the excitability of hippocampBkb, particularly, has anti
seizure effect probablthrough reduction othe ATP production from glucose amesulting in
hyperpolarisation of neuronfAugustin et al. 2018)Ketones could alsact as antioxidant,
counteracting cell deatind reducing oxidative stre@sndad et al. 2022; Qu et al. 202However,
they mostlyaffect mitochondrial activitand dynamics=rom literaturethey wereadentifiedincrease

in bioenergeticpathways (TCA cycle, FA oxidation, ketolysiand reduction of mitochondrial
fission, wth beneficial effects on mitochondrial elongati@md clearance omorphological
aberrations iimice brain ad muscles, upon Bhb supplementati¢@si et al. 2021)

A late finding about KBs is their role as epigenetic modifierdeed they can produce and increase
acetylCoA mitochondrial pool, through their catabolisimcreasing the level of histone acetylation
(Xie et al. 2016) Additionally, Bhb can also be used for specific lysine {p@stslational
modi f i c at ihyanoxybutggéatioh, which dccur on histone3/Kbhb) but also on proteins
and enzymes, even though a little is known about this. Instead, it was studied that Bhb concentration
guides the Kbhi{fRuan and Crawford 201&8ndBhb treatmenttan counteract the reduced levels of
H3-Kbhb in depressive miceameliorating their behaviourthrough antidepressant and
neuroprotective effecthen, Miao, and Xu 2017l parallel, an HIAC class | inhibitory activity
was also testified for BhifNewman and Verdin 2017Ayith increase in histone acetylation of
prefrontal cortex neuraa a mouse model @utism spectrum disordefed with KD (Fig. 2.15;Qin,

Ma, and Yan 2022)
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Fig. 2.15Bhb and AcAc catabolism within the cell and their major role in biological patliRénezLiébana et al. 2020)

Given all these roles of ketone bodies and BKD, was also propose@ds a treatmentor

mitochondrialdiseass, characterized byMalate Aspartate Shuttle defects, as AGC1 Deficiency

(Bolsterli et al. 2022)In 2015, Dahlin et al. (2015)administered KDto a 6years old AGC1

deficiency patientwith a final composition of 4:1 (fat : carbohydrates and proteim$Yhey observed

a clear improvement of motor skills (movements of legs, astag, sit and interact with external

environment)twenty months after the start of the treatmérgether wittdisappearancef seizures

within few days upon carbohydrates removwaladdition, MRI scaralso confirmedan ameliorating

of total myelination (Fig. 2.16).

Age: 8 mo 5yrs 10 mo 6 yrs 7 mo
Tx: - - 6 mo

Fig.2.16Axi al and coronal MRI scans of the pati,evihtdifisutidnofavhita bef or

mattersignp as wel | as overall r ed u c Dahknret aloX015y ol ume of the brainds
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Uponthis casethe KD was followed bytherpatients affecte{Bolsterli et al. 2022)even though it
doegepréesenadef i nitive cure for the disease and
Many hypothesestave however begoroposed to explain the recovery of epileptogenic seizures and
hypomyelinationTogether with th&Bs antrinflammatory andntioxidanteffects the major change
could be induced at metabolic level. Indeed, reduced glucose concentegtton carbohydrate
restriction, causereduction of NADH production through glycolytic pathway. Thi#i speed up
NADH formation from FA oxidation and amino ids catabolism, but these processes are less
efficientthan glycolysis, provoking decreasen NADH/NAD * ratio. This in turninduceshe NAD-
dependent Malate Dehydrogenase (MDHpxidase malate to oxalaceta@nd this reaction allows

the release of a molecule of NADMore oxalacetate is present, more is converted to aspertaee
cytosol. This will compensatahe reduced efflux of Asp from mitochondri@aused by AGC1
mutationsand it can be used fenergy metabolisn\-acetytaspartate formatio(for myelin lipids
synthesislandas nitrogen donors for the de novo glutamate production in astrq®dbsn et al.
2015) These beneficial effects were also found for the solely administration of Bhb in AGC1
deficiency mouse modelin which neuronal metabolism and hypomyelination recovery were
detected, evemithout depletion of glucose and carbohydraf@érezLiébana et al. 2020)This
clarifiessomeinterestingmolecular mechanisms that could take part to the ameliorative effectsof KB
on AGC1 deficiencyathology while othersas involvement of other cell types in KEemain to be

investigated.
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3.AIM

The AGC1 deficiency is an ultnare demyelinating disorder, characterizedhypomyelination,
psychmotor and growth defectsygether with cerebral atropliyibom et al. 2009; Falk et al. 2014)

|l t 6s mai nl y c a &lCe8x1erye, whichteracbdiesofar Aspairt@&itamate Carrier

1, a mitochondrial carrier whicnables the transport of the aspartate towards cytoplasm. for N
acetylaspartate production. This resembles the main source of acetate for oligodendrocyte myelin
lipids synthesisnd the reduceNAA concentratiorseenn AGC1 deficiency patientsould explain

the hypomyelination detected by MRI scans of their bfZatil et al. 2005; Sakurai et al. 2010)
Previous analysis from our grodietected a proliferation and differentiation el of twoin vitro
models of the pathology: GNeu cellsjmmortalizedmurine OPCs in which AGC1 downregulation
was induced upon shRN¢éarrying plasmid, which leads 80-40% reduction of the carrier activity.
The second instead are neurospheres, 3D mixed pool of neural stgmderiling from sub
ventricular zone omouse model of the disease, where gene trapping technique allodeldtien

of one allele ofSLC25A13ene(Petralla et al. 2019)his proliferation and differentiatiodefects
were linked to alterations of the majsignalling pathways involved, as PDGER a n d-b Ifi GF
addition, following analysis on transcriptional and epigeratidscape of these models highlighted
an aberrant gene expression regulatmayse by altered epigenetic modifications and epigenetic
enzymes levels and activitiefhese could probably affect the major transcription factwtose
expression was seen altered Olig2,c-Myc, REST, involved in proliferation and differentiation
process, leading to thHailure in myelin lipids synthesis and hypomyelinati®oeta et al. 2021)
Therefore theaims of the present study are different. Firstly, we try to uthrawea transcriptomic
epigenomi@and metabolomic point of view, tlkensequences of AGC1 downregulation in our model
of OPCs. For this purpose, RNgeq ATAC-segand targeted metabolomic analysis weeeformed
andin vitro validationthrough reatime PCR, Western Blot and Immunofluorescence analysis
done for all those proteins and enzymes of major inteégestondly, giverthe potential therapeutic
effects of ketogenic diet’ketone bodies on AGCL1 deficiency pathophysi¢ajylin et al. 2015;
PérezLiebana et al. 2020)e performed sypgementations witlketone bodiesbthydroxybutyrate,
acetoacetaje and branchedhain amino acidsl€ucine, isoleucine and valipealone or in
combination®n Oli-Neu and neurospheres modéisom this analysis, we woulthderstand if these
compounds carevert the proliferation and differentiation defects detected previously, compensating
the epigenetitnetabolic alterations. Indeed, througkBs and BCAAs catabolism, we try to
counteracthe lack of all those metabolites that we saduced during the metabolic analysiad

that are known to control epigenetic modificati@msl cell metabolism(primarily, acetytCoA and

NAD; Wang et al. 2018)To assess this, proliferation analysis through Live¢fge Oli-Neu) and
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Incucyte(for neurospheresinaging tools were performeahd the most promising concentrations for
eachcompoundvasscreened. Subsequentiye tested thenoste f f ect i ve compounds
ability to also recovethe differentiation defects of thege vitro models This was donghrough
immunofluorescence analysis, with specific lineage markémdifferentiation, as CNPase, Olig2
(OL/OPC commitment) GFAP (astrocyte) Doublecortin DCX, neurongl and Nestin(stemness
marker) At varying degrees, all compounds seemed to be effeatipmliferative and differentiative
point of view Since the involvement of epigenetic modifications in regulation of proliferation and
differentiation processeswe try to understand if thébeneficial effects exerted by e
supplementations canatch with an amelioratingpigenetic landscape, analysing the major affected
histone modifications; acetylation and methylation.si\was done through Western Blot analysis, at
two distinct timepoints tosee if the treatmentsind the epigenie improvementsare preceding or
following the proliferation/differentiatiorrecovery At the end, preliminary analysis @noliferation

was also conducted dweural Progenitorsderiving from induced Pluripotent Stem Celtd AGC1

deficiency patients, tmlentify possible similar alterations in the humawitro model of the disease.
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4. MATERIALS and METHODS

4.1 Cell cultures
4.1.10li-Neu

Oli-Neu cells aremmortalizedmouse Oligodendrocyte Precursor Cells (OR@y] gift from Dr.
Jacqueline Trotter, University of Mainz, Germany which a partial silencing of AGGdarrier was
performed using a shRN to create a stablen vitro model of AGC1 deficiencyAs previously
describedPetralla et al. 2019jhe cells were transfected using Lipofectan#@60 reagent (Thermo
Fisher) and a pLKOpure DNA plasmid SigmaAldrich) with a scrambled control sequence or an
AGCl1 targeting sequencagainsSLC25A1eneTheclonewhi ch bett er r esembl
phenotype (AGClcarrierreductionup to 40%), was selected through Western Biatlysis of AGC1
expression profile and used for following experiments.

The cellsweremaintainedn poly-L-lysine (SigmaAldrich, St Louis, MO, USA) coated Petri dishes

at 37C and 5% CQ in SATO mediumconstituted by DMEM High Glucose medium to which we
added 2 mM glutamine, 1Qug/ml insulin, 5.5ug/ml transferrin, 38.72M sodium selenite (insulin
transferrinsodium selenite 100X supplement Thermo Fisher Scientific, WaltMassachusetts,

USA), 100 uM putrescine, 520nM, L-thyroxine, 500nM triiodo-L-thyronine (T3), 200nM
progesterone, 2Bg/ml gentamycin (all from SigmaAldrich), and 1% heaihactivated Horse Serum

(HS; SigmaAldrich). To selecandmaintainthe stable cloned pg/ml puromycin (SigmaAldrich)

is addedn culture mediun{Trotteret al.,1989)

For the passage, celleeredetachedising0.01% trypsin 0.02% EDTAHBSS (SigmaAldrich) for

3 minutes at 3C, then inactiated byan equal volume dDMEM High Glucosemediumplus 10%

Horse SerumAfter collection, cellswerec ent ri fugat ed famrthe pelet veas 10

resuspended in complete mediwwauntedand plate on dishesfor experiments.
4.1.2Neurospheres

Neurospheresre tridimensionalmixed pool of Neural Stem Cells(NSCs) deriving from Sub
Ventricular Zone (SVZ) of 8nonths oldmale mice (Mus musculds wild type (AGC1*) and
heterozygou$AGC1™) for SLC25A12,generatedhrough gendrapping technique by the Texas A
& M Institute for Genomic Medicine (Houston, Texas, USBpecifically, a premature stop codon
was insertedthrough homologous recombinatidmetween exon 2 and 3 of AGC1 mRN&eating
aninactiveform of the protein. This modelercomes the lethality issues derivofghehomozygus
mouse-whose pups generally dikiring embryoni@age andshows a reduction up to 50% of AGC1
carrier activity(Petralla et al. 2019Mice health and physical state was periodically controlled by
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veterinariangind technicianom the University of Bologna, aragproval for all animal experiments

was granted by a regional bioethical committee (under Protocol number 3/79/2014), in full
compliance with both Italian and European Community legislation (Directive 2010/63/EU) about the
utilization of researchanimals, and in accordance with the guidelines outlined in the ARRIVE
Reporting Guidelined-ollowing this, measures were taken to stabilize the cell line, thus eliminating
the need for additional experiments involving animals.

Theanimalswerebred withad libitumaccess to food and water, in 12M@ur lightdark cycle at 20

°C = 2 °C and set humidityfpr their mental and physical webeing, appropriateenvironmental
enrichments werplacedin the cageswhere no more than 4 mice were hosted together.

For neurospheres culture preparation, m{@&C1”* and AGC1"") were anesthetized through
intraperitoneal injection of 1Mg/kg xylazinefollowed by cervical dislocationThe brain collected

in PBS, was therut above optic chiasm arttle lateral ventriclesand their respective anterior
periventricular regionsvas dissciatedmechanicallyiliHan k 6 s Bal anced Salt S
mg/ml HEPES, 0.5.ng/ml NaHCOS3, 0.9ng/ml glucose, 0.5% penicillin/streptomycif)hen tissue

is transferred in d5mlitubea nd cent r i f ug e.Tdeazymatcallyredetsingddhetn r p m
cells, the pellet isesuspended in papain solution (h@/m EDTA, 0.66mg/nh Papain, 0.2ng/m

cysteine in HBSS) anglacedat 37°C for 20min taking care to shakevery % . Ti sferthee was
di ssoci ated adding HBSS &MEM F12(Gibco Lifa Bechnolo@es, i n
Waltham, MA, USA)was used to inhibit the papain reactiand sample werecentrifuged at 1000

rpm for 3 Tissuereleased cells were then plattbNMEM-F12 supplemented withrAM glutamine,

10 pg/ml insulin, 20ng/ml Epidermal Growth Factor (EGF; PeproTech EC, London, UKhg2@l
Fibroblast Growth Facte2 (FGF2; PeproTech), 1% N2 (ThermoFisher Scientific, Waltham, MA,
USA), 1% B27 (ThermoFisher), 1tits/ml penicillin and 1Qug streptomycin.

After 5/7 days, the single cells becoB@ spheres which can be passedilecting them from Petri

di sh and centrifuge at 10 0waspenomedTo dissosidte to T h e n
single cells, the spheres pellgas resuspended in Accutas&ufogene Srl, Roma, Italyfpr 56 at

37°C. The reactiorwas stopped adding DMENF12 and after centrifugation, celisere count and

plate for experimentsn complete medium.

Otherwise o plate intact spheres, we collected them aftérdays of growth, centrifugated at 1000
rpm for 506, wathselpalat wawthean hesuBpBrified anrcaimplete mediwouiat them

with Trypan Blue. Suitablenumber of spheres were platedn Matrigetcoated (STEMCELL

Technologieydishes, to allow complete adhesion and differentiation for 4/7 days.
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4.2 Supplementatiors

On differentin vitro models of AGC1 deficiency, we performed supplementatidi&etone bodies
(KBs, b-hydroxybutyrate and Acetoacetase)dBranchedChain Amino Acids (Leucine, Isoleucine
and Valine all from SigmaAldrich) to try to balance the metabolites alteratidiweeconcentrations
were firstly tested on proliferation assgynainly Livecyte PhaseFocus and Incuc®@ Live-Cell
Analysis Systeni Sartorius AG); then,we chosethe most promising concentrations, in ternpaf
proliferative effects, and test theto assesdifferentiation and histone modificatioremalysis

Specifically:

Compound Concentrations

2,5mM
b-hydroxybutyratgBhb) 5mM
10 mM

0,5 mM
Acetoacetat¢AcAc) 1 mM
1,5mM

Bhb 2,5 + AcAc 0,5
b-hydroxybutyrate + Acetoacetate Bhb 5 +AcAc 1
Bhb 10 + AcAc 1,5

200 mg/I
Leucine(Leu) 400 mg/l
800 mg/I

200 mg/I
Isoleucine(lle) 400 mg/I
800 mg/I

200 mg/l
Valine (Val) 400 mg/l
800 mg/I

aa200Leu 200 + lle 200 + Val 200
Amino Acids (aa) aa400Leu 400 + lle 400 + Val 400
aa800:Leu 800 + lle 800 + Val 800

Table. 1 Table ofsupplementationsompounds and concentrations.

4.3 Livecyte proliferation analysis

To assess the effects of ketdmadies and branche@hain amino acids on prolif@ran of Oli-Neu
cells and IPS&lerived NSG, we use the Livecyte PhaseFocu$hiough collaboration with CRBA,
Centro diRicerca Biomedica Applicata, Bologna, Italfhis is dive-imaging instrument thatllows
to performdifferentcellular assaynonitoring thecells without disrupting their viabilityalso for long

time, since thdensis put within an incubatorwhere temperature and humidity are controlliésl.
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high sensitivitydepends on theamerawhich is able to detegbhase and not optical images, thus
improving theoverallquality.

For the experiment@x10°Oli-Neu cells/welwereplated in 9émultiwells coated withpoly-L-lysine.
After 24 hours from plating, theyere treated using ketone bodies andbwancheechain amino
acids, at different concentratioii$able 1) and put within the instrument for recordirnigor our
purposetheanalysishas beeset to acquire one image per well every hémr72 hoursoverall To
measurehe cell proliferationdifferences among all experimental growye useas parametethe

cell countsof eachcondition testedn quadrupled.

4.4 Incucyte proliferation analysis

The same proliferation analysigjith ketone bodies and/or amino acids supplementations, was
performed also on neurospheres, but sinceltree dimensionaland suspended nature this cell
culture we uselncuCyte S3 LiveCell Analysis System (Sartorius AG, through collaboration with
CRBA, Centro di Ricerca Biomedica Applicata, Bologna, Itdly}. 6 s -cedl anhlysis sy/sterthat,

as for LiveCyte, allows redlme monitoring of cell culturesyithout need of fluorescent label or
dyes The entire instrument is set within imcubator, which controls temperature and humiditye
difference with the previous one, is that thalti-well with cellsstands still, while the lens moves
along the plate and take brightfield images of each. well

For these experiment§x10°single cells-after neurspheres dissociationvere platedn complete
medium, adding specific compounds (Tali)e.The analysis has been set to last 7 days (time interval
necessary for the complete formation of spheags)) the device takes @amage every 24 hoursf
each condition, tested in quadrupled.

The physiological growth from single cells to intact spharekides an initial phase in which single
cells number increaseuntilit reaches plateau From thisstep the spheres sizghanges, increasing
their dimension. Since this complexipnd to considerthe spontaneous tendency of AGE1
neurosphereso differentiate, adhering at the bottom of the watld forming branche$o assess
proliferative effects oSupplementationsye chose three different parameters

1 Brightfield Object Count: number of objects per image,;

1 Brightfield Object Total Area: total area of object in the image;

1 Brightfield Object Average Eccentricity: average eccentricity of abgect in the
image, ranges from 0 to 1 (O means that the object can be considered as a perfect sphere,
while 1 represented an elongated and branched shape

The first two parameters were analysed in the first four days of growth, in wiicbspherekave

the major alterations in term of number and dimensiwithout the interference of branches
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formation whereas the third waccounted for the entire analysis time, to distinguish the variations

in shape among all experimental groups.

4.5 Western Blot

For Western Blot analysig)l samplesrom Oli-neu or differentiated neurospheres wesdected in

lysis buffer (50 mM Tris pH 7.4, 1 mM EDTA, 1% SDS, t0Oml protease and phosphatase
inhibitors\and after 56 sonication with Branson 250
5 seconds rest between each pulse) at 10 % power output, they were quantified through Lowry protein
quantification methodand standard calibration curmeade bybovine serum albumin (BSA, 1.5
mg/ml). All samples were quantified in duplicats follow 2ul of sample +doubledistilled water
(ddH20) to afinal volume of 200ul. Then,to each samples we add&dnL of solution | (98%
solution A; 2% Na2CO3 in 0.1N NaOH; 1% solution B: 0.5% CuSO4; 1% solution C; 1% Na
tartrate); after incubation d@&t RT, 100ul of solution Il (50% Folin reagent and 50% ddH20; all
reagents were from Siga#ldrich) were added, and samples weogtexedand incubated 3iat RT.
Absorbance was read at 700 nBing aspectrophotometer

Following the quantification, w load an equal amount of protein Witk Loading buffer (1M Tris

HCI pH 6.8, 20% sodium dodecsgulphate 0.4ul/ml glycerol, 2g/l bromophenol blue and 2M
dithiothreitol; all from SigmaAldrich) on SDSPAGE (Sodium Dodecyl Sulphatdolyacrylamide

Gel Electrophoresis)ransferonto a nitrocellulose membrane (GE Healthcare Life Sciences, Little
Chalfont, UK)was performedeeping the equipment in ice. Subsequentty}specific sites were
blocked 1h at RT with PBS 0.1% Twegf (SigmaAldrich) and 5%non-fat dried milk (Bio-Rad).
Membranes wer then incubated with primary antibody overnight at 4°C. The nexiveayyashed
three time the membranes wiitl% Tweer20/PBS + 5% dried milk, membrants 10, and then
theywere incubated with the specific HR¥econdary antibody (horseradish peroxidase conjugated)
906at RT. Following 3 washes in 0.1% Twe2@/PBS labelledproteins were visualized by using
ClarityTM Western ECL Substrate (Enhandédemiluminescenc¢eBio-Rad) and detected through
Bio-Rad Image Lab software with ChemiDBc MP imaging sytem (Version 6.0.0;
RRID:SCR_014210).
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Antibody Company Dilution
Santa Cruz Biotechnology;
AGC1/Aralarl mouse monoclonal IgG Cat# se271056, RRID: AB_10608837 1/1000
) ) ] ] Millipore;
Anti -acetytHistone H3rabbit polyclonal antibody
Cat# 06599,RRID:AB_2115283 1/1000
) Cell Signalling Technology
CNPaserabbit monoclonal 1gG
Cat# 5664, RRID:AB_10705455 1/1000
Santa Cruz Biotechnology;
GAPDH mouse monoclonal IgG
Cat# se€32233, RRID:AB_627679 1/20000
. Dakopatts;
GFAP rabbitlgG
Cat#sc33673, RRID:AB_627673 1/1000
. ) Santa Cruz Biotechnology
Histone H3rabbit polyclonal IgG
Cat# s€10809, RRID:AB_2115276 1/1000
) Santa Cruz Biotechnology
OLIG2 rabbit polyclonal 1IgG
Cat# se48817, RRID:AB_2157550 1/1000
MBL International ;
Pan-Met-H3
Cat# LSA4069, RRID:AB_591306 1/1000
_ ) Abcam;
Anti-NG2 rabbit polyclonal 1gG
Cat# ab83178, RRID:AB_10672215 1/500
. ] Santa Cruz Biotechnology
PDGFRU (C-20) rabbit polyclonal IgG
Cat# se338, RRID:AB_631064 1/1000
) Cell Signalling Technology,
ACSS1rabbitpolyclonal IgG
Cat# 3658, RRID:AB_2222710 1/1000
] Proteintech;
FASN rabbit polyclonal 1IgG
Cat# 10624-AP, RRID:AB_2100801 1/1000
Novus
SREBP1mouse monoclonal
Cat# NB606582, RRID:AB_10001575 1/1000
. ] JacksonimmunoResearch Labs
Goat anti-Rabbit
Cat# 111035144, RRID:AB_230739 1/5000
) JacksonimmunoResearch Labs
Goat anti-Mouse
Cat# 115035146, RRID:AB_2307392 1/5000

Table. 2 Primary and secondary antibodies used for Western Blot analysis

4.6 Immunofluorescenceand BrdU Analysis

For immunofluorescence analysis, -Qleu cells were plated on glass coverslips previously coated
with poly-L-lysine, whereagtactspheres on glass wilMatrigel coating. Firstlysamples were fixed

3 0 30 parmehbiliweattse ltedl chembirainte, thves iz Svith
PBST (PBS + 0.1% Triton) were done and théatkedl1h in Blocking Buffer (PB$.1% Triton +

5% normal goat serum), to reduce aspecific sites bindiimg glasses were then incubated overnight

with PFA 4% for
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at 4°C with primary antibodies in PBSX1% + 2% normal goat serum. The following day, three
washes with PBST allows to remove primary antibodies excess. $aemles weréncubated 2

hours at RT witlsecondary fluorescent antibodiesthe darkAf t er t hree steps of
one in PBSHoechst33258 (2 ug/ml, Sigm&ldrich) nuclei staining was donfor 5 min the
coverslips were then mountedth Ultracruz Aqueous Mounting Medium with DAP$anta Cruz,

cat. no. s€24941)and stored at°C in dark Fluorescencsignals were thedetectedising the Nikon

EZ-C1 confocal microscope. Images were acquired from multiple (aBeastdomly selected fields

of the slide and using the 60X -@bjective.For neurospheresye useZ-st ack at 5112 st
thicknessandthe 3D image reconstruction wasrformed with FiJi ImageJ software, specifically the
Z-project plugin (RRID:SCR_002285).

BrdU (5-bromo2'-deoxyuridine) is a thymidine analogsed to quantifphase %f cell cyclg thus

crucial to quantify cell proliferation Indeed,during DNA replication, if BrdU is present in the
medium, cells can incorporate this analog in the DNA sequence, rather than Thymidine. Then, an
ant-BrdU antibody specific for BrdU, allows the detectiofihus we plated OhlNeu cells @ poly-

L-lysine coated glass coverslips and left them growth for three days, adding on the first and third days
the BrdU (10 pM) to the mediunThe NPCs from iPS instead were plated on Matrageltedglass
coverslips and Bid added to the medium upaells adhesion. In this case, the experiment lasts 24
hours.The samples were then fixed with PFA 4% and after a wash with PBS, theynaeaated

for 30 min at RT with HCI 2NFollowing three washes with PBS of about 10 min each, we proceed
with the same protol of other immunofluorescence analysis. The same was done for intact spheres
plated onMatrigelcoated glass coverslips and left to grow for 4 days, adding on first and third days
the BrdU (10 pM) to the medium. For Brdyiantification 4 random fields werehosenn the glass

and total nuclei stained with DAPI and BrdU positive nuclei were countedmBasuremenias

expressed as rataf BrdU positive/DAPI stained cells
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Antibody Company Dilution

) Cell Signalling Technology
CNPaserabbit monoclonal 1gG

Cat# 5664, RRID:AB_10705455 1/1000
. ] ) . Abcam;
Anti-Doublecortin rabbit polyclonabntibody
Cat# ab18723, RRID:AB_732011 1/500
: Dakopatts;
GFAP rabbitlgG
Cat# se33673, RRID:AB_627673 1/500
. ] Abcam;
Anti-NG2 rabbit polyclonal 19G
Cat# ab83178, RRID:AB_10672215 1/500
] Santa Cruz Biotechnology
OLIG2 rabbit polyclonal 1gG
Cat# se48817, RRID:AB_2157550 1/500
. Abcam;
Nestin mouse monoclonal
Cat# ab6142, RRIAB_305313 1/500

SantaCruz Biotechnology,
Cat# se21704, RRID:AB_628289 1/500

SSEA44 mouse monoclonal

Cell Signalling Technology

ACSS1rabbit polyclonal IgG
Cat# 3658, RRID:AB_2222710 1/500

] Proteintech;
FASN rabbit polyclonal 1IgG

Cat# 10624-AP, RRID:AB_2100801 1/500
Novus
SREBP1mouse monoclonal
Cat# NB606582, RRID:AB_10001575 1/500
) ) Abcam;
Ki67 rabbit polyclonal
Cat# ab16667, RRID:AB_302459 1/500
Abcam;
BrdU rat monoclonal
Cat# ab6326, RRID:AB_ 305426 1/500
Abcam;
Goat anti-Rabbit Alexa 488
Cat# ab150078, RRID:AB_ 2722519 1/1000
) Abcam;
Goat anti-Rat Alexa 488
Cat# ab150157, RRID:AB2722511 1/1000
Abcam;
Goat anti-Mouse Alexa 488
Cat# ab150113, RRID:AB_ 2576208 1/1000

Table. 3 Primary and secondary antibodies used for immunofluorescence analysis

4.7 DNA extraction and PCR

For genomic DNA extractiornwe plate OkNeu cells on polL-lysine coated dishes and when they

were confluent, we harvested them and weadhe cell pellet twice with sterile PBS. Then, we
resuspended the pelletsaitable volume okysis Buffer (Tris-HCI pH:8,00 NaCl 1200 mM EDTA

20 mM; SDS 0,86; SigmaAldrich), and after Béanson @50idigital tsaniben (3 wi t F

pulses of 2 seconds each, with 5 seconds rest between each pulse) at 10 % power output, we addec
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proteinase K (0,2 mg/Eymo Researchand incubated overnight &6 °C. The next day, wadded
PhenolChloroformisoamyl alcohol (PGI100el ) and centri fuged at maxi
temperature (RT)Then we saved thaqueoussupernatat and added 106l of pure chloroform

mi xed vigorously and centr i f twreahdatbecendnwesavead 1 0
the supernatant in a tube witkel of glycogen 20 mg/l, SigmaAldrich). Here, we added 1/10 of
aqueousolume of sodium acetate (3 M, pH:5&)d 2,5 times of ethanol 10086d vortex to allow
complete precipitation. After 3 hours20°C,wes pi n at full speed at 4A
the pellet with colcethanol75%. Following discard of supernatant, the pellet is left to dngl then
resuspended in a suitalelumeof milliQ water.For DNA quantification, we used NanoDrop 2000
(ThermaFisher Scientific). Values of ratios A260/A280, index of protein contamination respectively,

wasalso evaluated. The purified DNA was storee2at°C forPCR.

Forthe reaction mix, 50 ng of DNA were used, witbrward and revexr primer (1&M, Invitrogen),

50 mMMgCI2, 10X PCR Buffer minus Mg 10 mM dNTPs mixandTagDNA polymeraseg U/el).
For the blanks, we aed water instead of sample®ve set the Biometra T3000 Thermocycler
(Biometra, South San Francisco, CA, U&A3pecificannealingemperaturéor each pair of primers

that we would amplify

Gene Pri mei3d)(5606

ATPAF2 F: TATCCTGCTGAGAGTCCCATTC
R: GGCTTTGAGATAAACCTGGACC

FASN F: CCAGAGGGTGGTTGTTAGAAAG
R: TCAACTCACTGGCAGAAGAGAA

GAPDH F: AGGGTGGTGAAGCAGGCATC

R: CGAACGTGGAAGAGTGGGAG

IMIDA4 F: ATGGTAACCTGCCCTATGATGT
R: GGGTAACTTCAGTATGTCCTCG

RAIL F: CCAGAATCTTCACGCTTACCAG
R: TTTGTGAGGTGATGGTCTTGGA

SNAP47 F: GAAGACCACATTTCGACTAGGC
R: AGCGTGGCTTCTCATTTCTCTCT

SREBP1 F: TTGTTTGCGATGTCTCCAGAAG
R: TGGCCAATGGACTACTAGTGTT

TRIM11 F: GCCATCTCTCATTCTACAGTGC
R: GGATACTGATAGACGTCCGACT

Table. 4 Sequences of primers used for PCR
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The termocycleprogrammenas:

Step Temp Time Note
1 95° C 30"
2 95° C 10"

3 58-60° C 30"

4 65°C 1 Go to 2, for 35 cycles
5 65°C 5'
6 4°C b

Table. 5 Amplification cycles

After amplification, PCR product@nd blanksvere loaded 02% agaros€SigmaAldrich) gelwith
Gelred EMD Millipore Corp) a n d aft e80 V, 3ve d@letecedthe bands using WV

transilluminator Biorad Image Lab software with Chemil®cMP imagingsystem)

4.8 RNA extraction and RealTime PCR

To extract RNA, 1x1(® Oli-Neu cells were plated 060 mm coated dishand let grown until
confluence. Then, they were collected using 1 mFBi Reagent (TRl Reagent RNA Isolation
Reagent; Sigmaldrich) and after addin@00 ¢l of Chloroform (SigmaAldrich), samples were
incubated at room temperat(dR® 0QBT)t6 &lowsphabed 6 AL
division. The upperqueouphase containing RNA, wasaved and RNA was precipitatdding 500

el of isopropanol (Sigma&ldrich). After incubationalRT f or 206, another <cel
done of 1200y 1 O 6 . Ehé pelet wAsGhen washed one time withanol75%, and pelletvas

left to dry and then resuspended in milliQ watérfe quantified the nucleic acids by NanoDrop 2000
(ThermoFisher Scientific).Values of ratios A260/A280 and A260/A230, indexes of protein and
organic solvents contamination respectively, were also evaluated. The purified RNA was stored at
80 °C for RNAseq analysis and retro transcription/teaé PCR.

For neurospheresye followed the same protocol for RNA extractiarsing 1x16 single cells,
obtained afteiAccutasedissociation Just an additional step with a Branson 250 digital sonifier (3
pulses of 2 seconds each, with 5 seconds rest between each pulse) at 10 % power output, was
introducedo allow the complete release of nucleic acader TRIReagenmechanical dissociation

of cells
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The RNAsamples were then rettanscribedFirstly, 1 eg of Oli-Neu cells/neurospheres RNA, 10X
Reaction Buffer with MgGland 1 U ofDNasel RNAseFree (1U/%l) in a final volume of 1@l in
DEPGtreated water were used IDNasetreatmentall from ThermeFisher Scientific)The reaction
occurredin aBiometra T3000 Thermocycler for 8at 37 °C; subsequentlg, following incubation

with 1el of EDTA (to inhibit the reactionat 65 °Cfor 106 was done Thus, all genomic DNA
contaminations were removedfter that, theReverse Transcription mix (2X RT Reaction Mix,
2,5%1/1egRNA RT Enzyme Mix; Thermd-isher Scientific) wapreparedor each purifiedsamples

and they weréncubated itheTher mocycl er (25 AC x 10'Y 50 AC
At the end, to remove all RNA contaminatidnem cDNA sampleslel per sample of E. coli RNase

H was adde@ndincubaedat 37 °C x 2@

For Real Time PCRwe used40 ng of cDNA previously retretranscribed together with0.8eM

primer mix (drawn with Primer 3, Tab®) and 1@| RealTime Mix containingSYBR-green (Bio

Rad). Blank sample had water instead of cDNBAPDH was usedas endogenous control. All
samples were loaded in a Multimode Plate Reader EnSpire (Perkin Elmer, Milan, Italy) and Real
Ti me program was selected (95 AC x 90" Y 40
60 A C x 6R03) Y 94.5 A C
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Gene Pri mei39$) (56
ACSS1 F: AAGATTTCTGTGATGACGCTGG
R: TCTGGGAAAGTGATGAGGAGAC
ATPAE? F: TATCCTGCTGAGAGTCCCATTC
R: GGCTTTGAGATAAACCTGGACC
CHODL F: TTCCGAAACTGGTACACTGATG
R: GGGATGGAAATGGTCACCTTAC
FASN F: CCAGAGGGTGGTTGTTAGAAAG
R: TCAACTCACTGGCAGAAGAGAA
GAPDH F: AGGGTGGTGAAGCAGGCATC
R: CGAACGTGGAAGAGTGGGAG
IMIDA4 F: ATGGTAACCTGCCCTATGATGT
R: GGGTAACTTCAGTATGTCCTCG
ME2 F: TCTGAGGAGGTGTCAGTGAAGA
R: AGAGAGAGTGCATAGACCGGAA
NATSL F: TGCCATGCTGCACAACTACT
R: AGATACTCAGTGACCCGAAGTC
RAIL F: CCAGAATCTTCACGCTTACCAG
R: TTTGTGAGGTGATGGTCTTGGA
F: AGCTAGGTCGATTCCTGCATAG
SLC25A13 R: GAAGTGCAAGATTCTAGGCGAA
SNAP47 F: GAAGACCACATTTCGACTAGGC
R: AGCGTGGCTTCTCATTTCTCTCT
SREBP1 F: TTGTTTGCGATGTCTCCAGAAG
R: TGGCCAATGGACTACTAGTGTT
SREBP?2 F: GGACAGTGATGTGGACTTGAAA
R: GGGATAAGGTAACTGAGACTCG
TRIM11 F: GCCATCTCTCATTCTACAGTGC
R: GGATACTGATAGACGTCCGACT

Table. 6 Sequences of primers used for R€ahe PCR

4.9 RNA-seq

For the sequencingnalysis, we collected samplas described in the paragraph 4.8. Theasent
to IGATech Technology Services Srl (Udine, UD Itafpy the data processing amaahalysis.The
group ofour collaboratorprofessor Federico M. GiorgUniversity of Bologna, Italy)anaysedthe
data obtained followed a specific RNg&q pipeline, as described in Balboni, Baleihal.,(2024).
Briefly, three samples of control and sSiAGC1 -Qlkeu cells were processed agdantified for

transcriptsoé expressi on tbasedmodératret al.rAdOLAUSING0 .

Mus musculudranscriptome (cDNA from genome build GRCm3%he differential expression
analysis was performed usiDiESeq2(Love et al. 2020and dter BenjaminitHochberg correctign

p-valuesassociatedo Log2FoldChange < 0.05 were considered significamMloreover,through
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Gene Ste Enrichment Analyl&SEA), it was possible to analyse gene expression at the level of

gene set, ando single gene.

4.10ATAC -seq

ATAC-seq allows to identifithe genomiaegions that havepen chromatin conformation or are
bound tohistonesFor ATAC-seq analysisfour replicates for control and siAGC1 @\leu living

cells were directly sent t&enomix4.ife Srl (Salerno, NA, Italy)for the data processing.he
bioinformatic group ofProfessoiGiorgi handledthe data analysis following specific protocol to
identify regions(called peakspf the genome with an enrichment of sequenced reads compared to the
background, using MAC2fter the countingf the peaks, a matrix was creafedDESeq2 to model

differential chromatin accessibilityetween control and siAGC1 cells

4.11Quantitative metabolites concentratiors

Through collaboratio with the group of professor Laura Mercolini (University of Bologna, Italy),
from cell media, it was possible to quantityrough semiautomated microextraction by packed
sorbent (MEPS) and liguidchromatographyandem mass spectrometry AMS/MS), the
concentrations of specifigolar metabolitesADP, AMP, Citrate, Fumarate, GSSG;Asparagine,
L-Malate, Lactate, NAA, alphketoisocaproic acid, alpHeetoisovaleric acid, CTP, GSH, GTP,
Isoleucine, Laspartate, iglutamate, Leucine,-@xyglutarate, kalanine, Oxalacetate, Pyruvate,
Succinate, ValineThe protocol was deeply discussed and describe@Pratti et al. 2023)In
summary,clearrup and preconcentration was performgae-treatingsamples Then, LCMS/MS
analysis was carried out under multiple reaction monitoring (MRM) conditions and positive/negative
electrospray ionization (ESI+, E$lpolarity switching modeThe metabolite levels, reported as
ng/mL in cell media, was calculatdxy group ofProfessorGiorgi, throughthe Rlimma package
(Ritchie et al. 2015)esultingp-valuescorrected using the Benjamiriochberg metho{Benjamini
2010)

Other set ometabolitesnamely NADH/NAD, was instead measured on-®léu cells pellet, from
three distinct replicates triplicate, atMetabolomics Core Technology PlatformCentre for
Organismal StudiegUniversity of Heidelberg Germany) For these, cellsvere pated and after
reaching confluency, they were harvested using trypsin reaction and, after two washes with PBS, cells

were counted and pellet immediatélgzen to preserve all those extremely lalietabolites.
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4.12 iPSCGderived Neural Progenitor Cells

Human Induced Pluripotent Stem Cells (hiPSC) were obtained through reprogramming of human
adult somatic cells, with foutranscriptionfactors: Oct4, Sox2, Klf4 and-lyc (Takahashi and
Yamanaka 2006)For this preliminary study, three lines of control healthy t | #broblastd
deriving iPS (C MS, C ATCC, C TESSA) and two f
line is coming from AGC4deficient fibroblasts (from an Indian male patient affected by AGC1
deficiency, AGC1 M101). This line was kindly provet by Professor Stewart Anderson (Children's
Hospital of Philadelphia, Upenn School of Medicine) and characterizedShyCa5A12mutation
(c.1058G>A), with reduction of AGC1 protein agty of about 85%Falk et al. 2014)The second

instead is derived from a second German patient (AGC1 2MC), with a mutation in splicing site,
causing production of truncated AGC1 protein and no AGC1 expression in fibroblasts. il5Ethe

lines werekindly donated byur collaboratorDr. Massimo LasorsdBIOM CNR Bari).

They weremaintainedin mTeSR1 (Basal Medium + 5X Supplement, STEMCELL Technologies,
Cambri dge, UK) -2%632 Ildihydioéhloride M(RH®/ROCK pathway inhibitor,
STEMCELL Technologies) and penicilkstreptomycin (10 units/ml penicillin and 10 pg
streptomycin/ml Sigm&ldrich) on Matrigetcoated dishes. Every day, half of medium volume was
changed, buY-27632 dihydrochloridevas oy added when cells are thawed or passed. For passage,
the medium was removed, andniL of Accutase(Aurogene Srl, Roma, Itg) was added and
incubated for & 46 at 37 AC, unt il compl ete detachmen
adding equal volume ahTeSRland <cel |l s centrifugated for 50
resuspended iimTeSR1complete medium and plated on dishwhere previously Matrigel

polymerizedfor at least 1 hoyrat 37°C.

Since iPS can be peogrammednto theoretically all types of cells, we differentiate all lines into
Neural ProgenitorCells (NPCs), which better mimic the human pathophysiology. Tanetocolfor
differentiation (Choi et al. 2017)passed through the step of Embryoid Bodies (Efheres of
undifferentiated cells that, morphologically, resemble a gadtadasuspended iPS cell aggregates
Here, the iPS are detached as previodsbcribed but plated on ulttew adhesior{Corning) culture
plates withoutMatrigel, for 3-4 days using N\B27 mediumDMEM F-12 (StemCell) + Neurobasal
(Invitrogen) in proportion 1:1Fibroblast Growth Facte?2 (FGF210 ng/ml,PeproTech); Epidermal
Growth Factor (EGF10 ng/ml,PeproTech N2 supplement (1%, Thermo Fisher); B27 supplement
(2%, Thermo Fisher)Penicillin-Streptomycin (1%, SigmAldrich); L-Glutamine (2 mM, Sigma
Aldrich). Only for the first passage we adde®Y7 6 32 di hy dr o @ftet E® foimdtien, ( 1 0
we passed them as single cells and then plateldairigelcoated dishes, but usitfgMEM-F12
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differentiation mediumDMEM F-12 (StemCe) Fibroblast Growth Facte2 (FGF210 ng/ml,
PeproTech); Epidermal Growth Factor (EGB; ng/ml,PeproTeclh N2 supplement (1%, Thermo
Fisher); B27 supplementi%, Thermo Fisher)Bovine serum albumin (BSA, 50 pg/nbigma
Aldrich); Penicillin-Streptomycin 1%, SigmaAldrich); L-Glutamine (2 mM, Sigm&ldrich). Only
for the first passage we addeekY7 6 32 di hydrochl oride (10 &M).

4.13 Statistical Analysis

All results wereanalyzedoy using Studerg ttestor ondtwo-way ANOVA, followed by Bonferroni
posthoc comparison testlepending on the experime®tatistical analysis was performed by using
the GraphPad Prisd software (GraphPad Prism, San Diego, CA, U8RID:SCR_002798 P-
values< 0.05 were considered statistically significaRtr theLivecyte proliferation analysisto
analyzethe differences among the growth curwes, used KruskaWallis and ManAWhitneytest,
followed by Bonferroni correctiori his wasa mandatory choicgince the big dataset created by the
instrumend i dnoét al |l ow tswhtsticaltoas. of traditional
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5. RESULTS

5.1 RNA-seq andin vitro analysis reveals alterations of fatty acids synthesis pathways

in OPCs and neurospheres AGC#ileficiency models
FromPetralla et al. (2019) and Poeta et al. (2@2dnks, we highlighteghrofounddefectsregarding
the proliferation and differentiation processes of iowritro models of AG1 deficiency However,
no bioinformatic analysis wereperformed to unravel the molecular basis of these alterations.
Transcriptomensteadcould give us clues to unravel theain affected genes/pathways in AGC1
deficiency throughRNA-seq analysisThus, we collectedhree control and three silenced samples
of Oli-Neu cells sent tolGATech Technology Services Srl (Udine, UD ItaBndthe outputwas
analysed by laboratory éfrofessoiGiorgi (University of Bologna, Italy)Subsequentlyto validate
the results in oum vitro models, reatime PCR, Western Blot and Immunofluorescence analysis
were doneon a small and specific set tfanscriptgproteins among the more interesting and
correlated with the pathology
From RNAseqdifferential expression analysi$ was detected clear alteration of trangptomein
SIAGC10li-Neu cellsrelated to the different genotype, which causes downregulation of 3béut
genesand upregulation o#413(Fig. 5.1a). Thisdemonstratsthe prdound effect ofAGC1silencing
Some of thee genesverethenseleced toverify their alteratios alsoat transcript levie in the Oli-
Neumodel, using reatlime PCR This first result suppastthe validity of theranscriptomic analysjs
confirming theRNA-seq datg4Fig. 5.2 g)
Subsequentlyas explained in BalbonBabini et al (2024), the laboratory ofProfessorGiorgi
conducted a pathway enrichment analysis to identifyitigaired cellular pathways using the
Molecular Signature Database (MSigDb)mong othersconcerning cell adhesigo motility and
neural differentiation, several genasolvedin fatty acids and myelin lipids synthesis pathway were
found to be alteredFig. 5.1 b. This data isalso in linewith the hypomyelination seen in AGC1
deficiency patient§Wibom et al. 2009)Among all genes identified, we fourBREBR (Sterol
Regulatory Binding Protein 1)a master regulator ofatty acids biosynthetic pathwayrhis
transcription factorupon increase in stelevels, is activatedoy SCAP1 SREBP Cleavage
Activating Protein ] protein through aproteolytic cleavageand t entersthe nucleus where it
recognizesspecific DNA sequencegalled SRE andallows transcription of many proteins and
enzymes responsible for fatty acids synth@skserlé et al. 2004)This transcription factowasseen
downregulatedn siAGC1 OliNeu cells suggesting a possiblg/stegulation of the entire pathway,
confirmed also by the concomitantly downregulation &ASN (Fatty Acids Synthase )N This

e n z y nesponsibleof the ratelimiting step infatty acidsbiosyntheticpathway the production of
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palmitate from acetyCoA and malonylCoA (Dimas et al. 2019)From the literatureFASN and
SREBP1ldownregulationaffects the myelination andremyelinationprocessescausingabnormal
myelin formation and compositiaand interferes with late oligodendrocytes maturatidimas et al.
2019; Monnerie et al. 2017)

Similarly, SREBP2vas seedownregulatd.  thésécendsoform of SREBP 1butwhosefunctions
are mainly involved in cholesterol synthesisan essential component ofembrane and myelin
(Camargo, Smit, and Verheijen 2009hus, hypomyelination visible in AGC1 deficiency patients
could originatefrom abnormal production of building blocks of membmaard myelin sheath, the

fatty acids and lipids.
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Differential expression in siAgc1 OliNeu cells
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Fig. 5.1Bioinformatic analysison RNA-seq dataset/olcano plot ofsiAGCL vs control OlNeu (a) with major altered genes and
Transcripts Per Million (TPMs) heatmap of mainly altered genes involved in myelination (b)

All these datavere alsatested inin vitro analysis In Fig. 5.2.g real time PCRof siAGCL1 cells
showed downregulation REBPland2 i data also confirmedat protein levelsfor SREBP1,
through Western BloFig.5.2a, d and g- respect to control oneln addition, FASN, which seems

not altered at transcript lev@tig. 5.2 ), is less expressed in silenced cells respect to the control one
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(Fig. 5.2a and b)This confirmsan overall alteration of fatty acids and cholesterol synthesis pathway,
involving their main players.

Quite in contrast with these resullSCSS1(Acetyl-CoA Synthetas 1) responsible for acetyCoA
production from acetate, was upregulated at transcript level in SiIAGC1 cells respect to control one
both in RNA-seq and reaime PCR dataKig. 5.1b, Fig.5.2 g. It could becontradictorybecause

this prokin transcription is directiinducedby SREBP1 however recentlyLuong et al. (2000)
highlighted just a partial control of theanscription factor ver ACSS1.Nonethelessat protein level

(Fig. 5.2 aand);siAGClcellsainbt show any s isgfACSSlabuadariceTlasl t er a
result could be in line with partialusage of this biosyhetic pathwayoy the cells, which in normal

conditiors, preferentiallyobtain acetylCoA from citrate, via ATRCitrate Lyase (ACLY Wellen and
Thompson 2012)
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To identify if similar alteration on fatty acids and myelin lipids synthesis were also present in
neurospheresderiving from AGC1 deficiency mouse model, we extendeditheitro analysis
focused on theseanscripts and protesiio the3D AGC1 deficiencymodel(Fig.5.3) Neurospheres
are a pool of neural stem cells which can potentially give rise neuroml, astrocytic and
oligodendroglialprogenitors mimicking betterthe pathghysiological environmentfahe disease.
Thus,we performedeattime PCR, Western Blot and Immunofluorescence on the same subset of
genes and proteins.

Concerning the transcript leyehost ofthe data for reatime PCRin heterozygous spheregere
consistent withthe resultsof the RNAseq and on OINeu cells,confirming the presence of
overlapping characterissbetweerthese two models for the study of AGC1 deficie(feyy. 5.3 .
The fact that neurospheres are a mixed podheneural precursors could explain téferent
results obtained for some genssice potentiallyeachcell type could contributedifferently to the
enzymatic and protein set.

As for Oli-Neu cells, we perforntBWestern Blot and Immunofluorescence analgsisnajor playes

of fatty acids an@cetytCoA synthesigpathway: SREBP1, FASN and ACS@g. 5.3a,b, c,d and

€). Regarding SREBP1 similarly to the reatime PCR resuli a reduction in the expressiaf
AGC1' spheresvas deéected(Fig. 5.3 a, d and)ecorroborating a possible dysregeid controlof
fatty acids synthesi In parallel, its secongoform, SREBP2was seen downregulated, at transcript
level, highlighting cholesterol synthesis alteratidoo (Eberlé et al. 2004Fig. 5.3 g) However,
FASN and ACSSkhowed an upregulation of about-80% in heterozygous neurosphetésough
Western Blotnalysis respect to wiledype onesSimilar results were also obtained at transcript level
(Fig.5.34a, b, c and g)These data could lexplainedby the heterogenous pool méurospheres and
the celtspecific enzymes present in this model. In additigmegulatiorof FASN could be explained
by an increase in HDAC®xpressionseen in heterozygous spher@oeta et al. 2021)This
deacetylase is indeedsponsibldor FASN protection againstts turnover(Lin et al. 2016)
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Overall, these results confirm that AGCL1 silencing indwesverall transcriptomedysregulation

Of main interest was the alterations involving tagy acids and acetfCoA synthesis pathways)

both AGC1 deficiency models. Lipidae essential for myelin formation ngtquire acetyl groups,

from acetylCoA, to be formed. Similarly, acetyl groups can be used for histone and proteins

acetylation, which controls thousands of cell processes. Thus, availability of this metabolite can affect

many biologicalfunctions, ranging from myelination faroliferation and differentiation regulation
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of OPCs and NSCs, through epigenetic modificati@isakrabarty and Chandel 2021; Zijun Wang
et al. 2018)

5.2 ATAC -seq confirms the altered epigenetic landscape of SIAGC1 Nieu cells

From (Poeta et al. 202]1)the presence oéltered epigenetic regulation of proliferation and
differentiation processes was well assessed iAN@li model of AGC1 deficiencyEpigenetic
modifications are extremely important for transcription factors and gecesssibility sincehe
chromatin stateegulates and influences transcriptiozor this reason, in collaboration with the
laboratory of Professor Giorgi (University of Bologna), we decided to perform A¥&G on 4
replicates of control and siAGQQIi-Neu samples. This analysis enables to study the epigenetic
landscape and chromatin remodelling, identifying the open and histamel regions, in terms of
promoter accessibilityGrandi et al. 2022)This would help us to: i) identify if averall altered
epigenetic landscape @esent upon AGC1 silencing, in our model; inderstand whether the
up/downregulation of transcripts, detectbdoughRNAse(, arenduced by epigenetic mechanisms

especiallyfor thosegenes involved ifiatty acids and myelin lipids synthegiathway
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Differential accessibility LFCs in siAgc1 vs control
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Fig. 5.4Volcano plot of peaks counts deriving from ATAS€q in siAGCL1 vs control GNeu cell samples (a) and PCR validation of
target genes identifie@sdownregulatedn RNA-seq andvithin closed chromatin regions from ATAS2q (b) and their blanks (c)

From thedifferential accessibilityanalysis(Fig. 5.4 3, Gi o romiorg discoveeed) 217 peaks
(where peak meanggions of the genome where sequenced resgidt enrichedompared to the
backgroundl upregulated thus, more opein and 387 downregulateédmore closed in siAGC1,
respect to control sampleshis firstly, confirms the presence of an altered epigenetic profile in
silencedcell line. However,more interesting was the fact that some of the genes found statistically
less accessible in ATAGeq analysis, were also less expressed, in term of transcript, in thadNA

asTrimll, Atpaf2 SrebflandRail To provethat theseexpression variationsere correlated to an
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altered epigenetic mechanism and not to a genome rearrangement, as a deletion caused by shRNA
insertion, we performed a PCRsing specific primers for these genes that we also tested with real
time PCR previously (paragraphlh.Since no deletion was detected by the PCR on genomic DNA

of control and siAGC1 cellsF{g. 5.4 b and ; we can stat that strong downregulatmithese
specifical transcriptss caused by an altered epigenetic mechangnctetheir closed chromatin

peaks overlap witthe lociof downregulatedenes

In general, $encing of AGC1 seems to affecin Oli-Neu cells, theepigeneticregulationof many

different biological pathways, as proliferation, differentiation but also mgginhesis.

5.3Metabolic and epigenetic alterations in AGC1 deficiency models

AGC1 carrier is extremely important for cell bioenergeatitowing i through the MlateAspartate
Shuttlei the correct passagacross mitochondrial membrarad metaboliteswhich feed the TCA
cycle andacetylCoA pool (Broeks et al. 2021)Since his involvement of AGC1 carrier in cell
metabolismwe decided to verify the concentration of different metabolites iN&li cells through
a targete@pproachWe chose among metabolites involved in many diffea@atbolic and catabolic
pathways, as TCA cycle intermediates, amino abidsalso nucleosides artie metabolic species
transported bAGCLlitsdf (aspartate, glutamate and NAA&prthesequantificationthree replicates
of cell pellesand cell medidcontrol and siAGC1yvere collected and through collabtion with the
laboratory of Professor MercolifUniversity of Bologna, Italy)analysed viaVIEPSLC-MS/MS
approachProtti et al. 2023)As expectedand in line withpatient®data(Wibom et al.2009; Dahlin
et al. 2015; Falk et al. 2014iAGC1 cells and media showed up reduced levels of aspartate and N
acetylaspartateAlso, a higher release of lactate in the media of sSiAGCINeli was detected,
suggesting an increase in pyruvab@version into this metabolite, rather than entering the TCA cycle
for energy production. This is clear indexaomore glycolytic phenotype of these céN&arine and
Colognato 2022)In addition,manyamino acidgas L-asparagine, iaspartate, tglutamine and L
glutamate) sened less abundant in silenced cells, respect to control orggsS(bia and Yo These
are essential amino acids which controls different biological reactiogijtasnatergic transmission
and proliferation, for glutaminéglutamate(Xin et al. 2019; Bott et al. 2015)The latter is also
involved in OPCs motility and indtion of differentiation(Spitzer et al. 201@ndits synthesis starts
from 2-oxoglutarate, which is indeed less concentrated in silenced i@sfsect to control onelmn
addition,we also detectedlack ofbranched chain amino acidsleucine andsoleucinein siAGC1
Oli-Neu These amino acids aessential, among others, for the replenishment of aGetjl pool of
cell (Sperringer, Addington, and Hutson 201, #sgmpering many fysiological functionsin which

this signalling molecules is involvg@ietrocola et al. 2015)n addition, their alterationsas in the
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case of Maple @up Urine Diseasecan affect myelinatiooc ausi ng abnor mal iti es

white matter(Schonberger et al. 2004hese metaboliabundancesariations are tightly linked to
the oneof transcripts, obtained from RNgeq and this relationship is weknown in literature
(Cavicchioli et al. 2022)estifyinga strong link between transcriptome and metabolome

For other types of metabolites, we sémee cellsamplesin triplicates (control and siAGC1jo
Metabolomics Core Technology Platior(Germany) that performed a similaiechnique using
LC/MS-MS approach From ths analysis Fig. 5.5 ¢ and J CoenzymeA (CoA) is significantly
increased in SIAGC1 ONeu respect to control one, but not the ac€gh, suggesting a possible
lack of acetylgroups to support the complete synthesisnore generally a disrupting metabolism,
affecting PHD (pyruvate dehydrogenase, which converts pyruvate into -@mety] hampering
OXPHOS(Shurubor et al. 20205imilarly, silenced cellexhibitedan increase in NAD levebut
not in NADH- as expectedsince the role of AGC1 carrier in MA®ssential to keep balanced the
reducing equivalentsatio, within cell compartment&Broeks et al. 2021)

Overall, these results suggestlear dysregulated metabolic profile in silenced cells, respect to the

control oneuponAGC1 silencing.
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Following thediscoveryof NAD*/NADH levels alteration, we decided to investigatpecificclass

of proteins/histonesleacetylase, the sirtuins. This choice wesdeconsideredhe centralrole of
AGCL1 in controlling NAD/NADH balancethrough Mahte Aspartate Shuttlebut alsothe NAD-
dependent activity dfirtuins(Mei et al. 2016)Indeed, we hypothesized that AGC1 silencing could

hamper the MASunctionand in generalthe cell bioenergeticseading to metalies variations
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These metaboblis contribute to thecorrect functioning omanyenzymesandproteins as sirtuing
histoneacetyltransferase (HAT) and deacetylase (HDAC). For these last, previous analysis from our
laboratory(Poeta et al. 202BIreadydetected variations expression and activity, fdrothin vitro
modek of AGC1 deficiency, spporting the presence of an altered epigenetic profile, deriving from
metabolic disturbances, which affects proliferation and differentiation mechan{Posta et al.
2021) Thus,similarly, we moved toanalyzethe expressiotevelsof sirtuins (specifically, sirtuin 1,
phosphesirtuin 1,sirtuin 2, 3, 5, 6 and 7 throughWesternBlot analysis This would confirm the
tight link between metaboliseconcentrations and epigenetic modifications, whiichffected, could
induce harmful effects in transcription regulation of many biological pathways.

FromFig. 56, Oli-neusiAGC1 showed an upregulation giftuins 3 and 5responsibldor glucose
metabolism, causing inase in aerobic glycolysi@viei et al. 2016) In parallel,a slightbut not
statisticalincreaseof SIRT1 phosphorylatedorm, respect to control onewaspresent in silenced
Oli-Neu cells This would have effects on lipid metabolism, since this sirtuin directly controls the
degradation of SREBPMValker et al. 2010put also the oligodendroglial commitmenue to its

role in OPCs specificatiofRafalski et al. 2013bBirtuin 2, surprisinglyis not expressed in this cell
model, both in control and silenced cells.

59



Oli-Neu Oli-Neu
Control siAGCl1 Control siAGCl1
SIRT1 M 120 KDa SIRTS M e 5 kDs

PSIRT] s e [ 120 k00 SIRT6 | #e s | 2k

SIRT3 28 KDa SIRT7 —— B | 45 KDa
GAPDH | s e [ 3ikDa
b
3 control oli-neu 200
200~ mm siAGC1 oli-neu
= L 150
5 X 1501 ga
‘E o 5<
< © 100~
S © 100+ I om0
0w - >
> E o X
=% s50- R
0 0 !

controlloli-neu SiAGC1 oli-neu control oli-neu  siAGC1 oli-neu

200 200+
5 = 150+ 5 g 150 -
£3 £
S £ 1004 I S O 1004
7] 4 w ©
> 6 > E
S 4 504 % 50-
0 T 0 T
control oli-neu  siAGC1 oli-neu control oli-neu  siAGC1 oli-neu
200 = 200 -
5 E 150 * 5 E 150 -
£% £ ——
8 O 1004 8 O 1004
n o™ 7
> k= > k=
<X ot ™
T 50+ " 50+
0 1 0 I
control oli-neu  siAGC1 oli-neu control oli-neu  siAGC1 oli-neu

Fig. 5.6Western blot and relative densitometriesiaiuin 1, phosphorylated, 3, 5, 6 e 7 (d)) expression in in OINeu cells; GAPDH

was used for endogenous normalization. Values are meannt.of at least 3 independent experiments; *** P <0.001, ** P <0.01, *
P <0.05, compared to control @iie u ; Sttesdtent 6 s t

60



Comparably WesternBlot wasperformedon neurospheres lysate assess sirtuins abundances. In
this modelFig.5.7), heterozygouspheres showeaapregulatiorof phosphorylated sirtuin. Instead,

a reduction of about 560 % of all sirtuin 2isoformswas detected.Two of theseisoforms have
histone deacetylase activifRack et al. 2014a}hus their downregulation could explain the altered
epigenetic profile seen in the AGCL1 heterozygous sphktesnwhile,sirtuin 6 was upregulateh
heterozygous sphereBhis sirtuin is responsiblat three distinct levelsf SREBP1 inhibition, thus,
its upregulationwidely correlated witlthedownregulation oSREBP1, described befofElhanati et

al. 2013)

Sirtuins represent a clear bridge betwesgtabolism and epigenetias HATs and HDAGCssince
their dependence ometabolites concentrationand their role-among othersin epigenetic
modifications; thus, alterations regarding these enzymes highlight a possible dysregulation of

metabobmeand epigeame responsible for many defects that we already detected in these models.
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54 BCAAs and KBs supplementations improve proliferation in AGC1 deficiency

models
Since the defects orepigenetic modifications seems to be induced by abmal metabolites
concentrationswe try to compensat¢hese deficits of bothn vitro AGC1 models performing
supplementation with compounds that couldeplenishthe cells with those metaboliteseth
lack/exceedasacetyl groups (for histone/protein acetylation) and N@&@ sirtuins activity) In this
way, the inal goal was tanvestigate if single or mixed compouncdsuld recover the proliferative
and differentiative defectsf silenced OliNeu cellsand heterozygous neurosphe(@stralla et al.
2019; Poeta et al. 2023yorking on themetabolic/epigenetic alteratioriBhese compounds mainly
constitute the key macromoleculaisthe ketogenic diets ketone bodig&Bs) and brancheghain
amino acid§BCAAs). Indeed, nowadays, this diet has brought some psychomotanyelahation
improvement in AGC1 deficiency patiex{Dahlin et al. 2015)even though a controlled regimen and
lowered side effecta r eeadsy to reach-or this purposesupplementations witkBs and BCAAs

were done on OlNeu cells and neurospherés identify the most promising compounds.

For the proproliferative effects of supplementations on -@&u cells, we use the LiveCyte
PhaseFocut monitor the cell growth, during tim@2 hours) From the cell count, the instrument
givesback growthcurves of the single tested conditiparsalysed througkruskalWallis and Mann
Whytney test, followed by Bonferroni correction

Upona prolonged exercise or following a ketogenic diet, our body stapgsothuceketone bodies

( fydroxybutyrate and Acetoacetate) and their levels in blood stream incfbayeare essential
since they can be used, especially Bhb, as alterngtiwsefuel by brain( Tepav | e.vi |
Concerningtheir supplementationshree distinct concentrations were analysacseeded OlNeu
cells, for b-hydroxybutyratgBhb 2,5; 5 and 10 mMand aceteacetatg/AcAc 0,5; 1; 1,5 mM).In
addition to better mimic the ketogenic diet effects, mixtodtwo compmunds were also tested.

From Fig. 5.8we firstly confirm the presence of loweroliferation rateof SiIAGC1 cells (red line)
respect to the control one (black [jnaccordingly to data frorRetralla et al. (2019)n proliferation.
Interestingly most of the concentration$ias induceal a recovery in this defect, increasing the
proliferation of SIAGC1 at least respect to the untreated silenced control. Specifically, for Bhb, the
most promising concentrations was 10 mihich enhanced the proliferation over the control Oli
Neu curve(Fig. 5.8a). Whereas for AcAdFig. 5.8 b) the intermediate concentratieeemed more
effective. Regarding theombinations between two compounds, just the with the lowest
concentrations of botfBhb: 5 mM + AcAc: 0,5 mMFig. 5.8 ¢ increased theroliferation. This
effectcould be explained bynancrement otell oxidativephosphorylation, which could accumulate

reactive oxygen species, harmful for cells integipdreyev, Kushnareva, and Starkov 2005)
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Fig. 5.8 Growth analysis of Olnheu cells with Livecyte PhaseFocus and their relativalpes. Weplate 2000 cells per well and let
spontaneously growth for 3 days, with batalroxybutyrateBhb 2,57 57 10 mM, a) acetoacetatd¢Ac 0,57 1- 1,5 mM, b) or their
combinations Bhb 2,5 mM +AcAc 0,5 mMi Bhb5 mM +AcAc 1 mMi Bhb10 mM +AcAc 1,5 mM, c). Images were acquired
every hour. N=3 + s.e.nKruskalWallis test, ManAVhitney test and Bonferroni correction were performed

Similarly, we testean Oli-Neu cells three different concentratid¢260; 400; 800 mg/Ipf branchee
chain amino acid¢§BCAAS). leucine, isoleucine and valine, alone and in combinati®hsse
compounds werehosensince their essential role in brain metaboli&perringer, Addington, and
Hutson 2017a)indeed, BCAAsareessentiabmino acidswhosetransaminatiomeactions occurs in
extrahepatic tissues, such as CNsBipportingenergy production and proliferatiothrough their
catabolismwhich allow to classily them into two categories: ketogenic and gluconeogémithe
first crelausige,andsokeucingsiace they could be converted into ketone bqodrethe
second, valine but also isoleucine, which can give rise to different TCA cycle intermediates, as
succinytCoA (Sperringer, Addington, and Hutson 2017a; Bixel and Hamprecht 1995)
LiveCyte analysiof BCAAs supplementationéFig. 5.9 revealeda general increment of siAGC1
proliferation upon addition 000 mg/l of leucinga) and isoleucingb). Valine supplementations

instead resultegtatisticallysignificant respect to untreated siAGC1 céiisd line)alreadyat 200
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mg/l, probably due to thieigher concentration of this amino acid in #88GC1 media, as discovered
through LGMS/MS quantification (paragraph 5.2Zfor the combinations of the three different
BCAAs (Fig. 5.9 d) only the one with lowest concentrations of all thred hanodesteffect on
SIAGC1 proliferation(p=0,005).Also in this case, we can hypothesize an increase @ididaemia
induced byhigher concentrations of BCAAas cause for thelower proliferative pacéSperringer,
Addington, and Hutson 20176)verall,the supplementations increased the proliferation rate, at least

respecto untreated siAGC1 cells, especidity single compoundgested
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Fig. 5.9 Growth analysis of Olheu cells with Livecyte PhaseFocus and their relativalpes. We plate 2000 cells per well and let
spontaneously growth for 3 days, with Leucine (Leu 2@@0i 800 mg/l, a) Isoleucine (lle 200400- 800 mg/I, b), Valine (200
40071 800 mg/l, ¢) or their combinations (aa20€u 200 Hle 200 +Val 2007 aa400Leu 400 +lle 400 +Val 4007 aa800Leu 800 +

lle 800 +Val 800, d). Images were acquired every hour. N=3 + s.KnmaskatWallis test, ManAWhitney test and Bonfeoni
correction were performed

To determinavhetherKBs and BCAAs supplementations would have same-proliferative effects
on heterozygous neurosphereg used the Incucyte S3 system to monitor7 days the growth

from single cell to complete spheres. Indeed, as already demonstRegdlla et al. 2019)
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heterozygous neurospheres showed a reduced proliferati@vounr of a premature differentiation

To counteract this tendency, we pthex10 singlecells per well in suspensiorand treatedvith
ketone bodiesr branched chain amino acids, following the same concentrations already useéd for Oli
Neu cellsFor the analysis of this 3D model, thirametersvereconsideredhn distinct time phases
object count per image (couaof the cells in each wellXotal area of objestin the image and the
average eccentricitthbw much the object could be considered as a sphere). Specifically, the first
two parameters weranalyseduntil the fourth dayIn this time interval indeed her eds t he
proliferation of sphereswhich increase their number and their sizhe eccentricity insteadas
calculated along the entire analysis interval (severs)dd@his parameteenablesto know if the
spheregmaintain their roundness or insteadart to differentiataupon attaching to the well and
forming branches and ramificati@nT hissituation generallpccursfor heterozygous spherashich

-after the fourth daytend to adhere and spontaneously differentiate, creasitaylike shapewhich
increassthe eccentricity parameter valugor this reason, the total area was set"atay, otherwise

the branched shapacquired from this day bAGC1*" sphereswould affect the analysis of this
parameter.

In details, as shown iRig. 510/5.13, untreatecheterozygous spheresoliferate more slowly, with

a peak in their number at-tygelode, whiehynstead rédch tise pahlo e s 1
at the second day and then, start to increase theiff$izes.11/5.14)becomindarger than AGCY-

, Whereas theinumber slightly decreaseConcerning eccentricityFig. 5.125.15, heterozygous
neurospheres showedlues near to 1, especially after tfeay, when they start to acquiseanched
shape Meanwhile, wildtype ones tentb have a more uniform round shape, with eccentricity values
around0,471 0,5.

Ketone bodies supplementations wetiunteractd this trend,speeding up the proliferation of
spheresRegardinghe object count, we saw modest results from AcAc at ImM and Bhb at 2,5 mM,
and none from the combinations of both ketofteg. 5.10, a, b and cMore impressive data were
insteadobtained for the object area, wittcamplete recoverespect taintreated AGC1+/spheres

for acetoacetate (h M)  amydroxybutyrate (2,5M), but also their combination (Bhb 2,5 mM+
AcAc 0,5 mM Fig. 5.1)). This increase in size is also accompaniedlight decrease in eccentrigity

even though not statistically significant (Fig12.
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Fig. 5.10 Growth analysis of neurospheres through the analysis of the object count of the brightfield object in the image. Single
neurospheres were plated (5000 per well) and let spontaneously growth for 7 daystalitydroxybutyrate Bhb 2,57 57 10 mM,

a) acetoacetaté\CAc 0,57 1- 1,5 mM, b) or their combination8fib2,5 mM +AcAc 0,5 mMi Bhb5 mM +AcAc 1 mMi Bhb10

mM + AcAc 1,5 mM, c). Images were acquired every 24h. N=3 * s.e.nvalyes <0,005 compared to AGCIneurospheres; *-p

values <0,005 compared to C AGCheurosphereswo-way ANOVADunnett 6s mul t i(pB oen fceormguaoriifsso np ¢
comparison test)
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Fig. 5.11Growth analysis of neurospheres through the analysis of total af¢eof the brightfield object in the image (Area?um
Single neurosphere were plated (5000 per well) and let spontaneously growth for 7 days vhittdllmetgbutyrate Bhb 2,57 57 10
mM, a) acetoacetatéd¢Ac 0,57 1- 1,5 mM, b) or their combination8fib 2,5 mM +AcAc 0,5 mMi Bhb5 mM +AcAc 1 mMT
Bhb10 mM +AcAc 1,5 mM, c). Images were acquired every 24h. N=3 + s.e.Avalyes <0,005 compared to AGCIneurospheres;

* p-values <0,005 compared to C AGCheurosphereswo-way ANOVAD u n n e tlttplé sompatsontest Bonf er r-oni 0s
hoc comparison test)
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Fig. 5.12Growth analysis of neurospheres through the analysis of the average of the eccentricity of the brightfield object ia.the imag
Single neurosphere were plated (5000 per well)leinspbontaneously growth for 7 days with bbyalroxybutyrate Bhb 2,57 57 10

mM, a) acetoacetatéd¢Ac 0,57 1- 1,5 mM, b) or their combination8fb 2,5 mM +AcAc 0,5 mMi Bhb5 mM +AcAc 1 mMi

Bhb10 mM +AcAc 1,5 mM, c). Images were acquired every 24h. N=3 * s.e.Avalues <0,005 compared to AGCIneurospheres;

* p-values <0,005 compared to C AG€heurosphereswo-way ANOVADunnet t 6s mul t i(pHoen fceormpoanrii6sso n
hoc comparison test)

As reported byFig. 5.135.14, alsoBCAAs have effect of neurospheres proliferation. Specifically,
leucine and isoleucine at 800 moptreasd the object numbemith peak of proliferation before the

4™ day. Valine instead allowesimilar incrementbut at lower concentration (200 mgfig. 5.13c).

More pronouncedesults werefound for the total arealndeed, same concentrations of BCAAs
induced acomplete recover of this parameterrespect tountreatedAGC1*" but alsowild-type
spheregFig. 5.14 a, b and cfor the combinations, trene withall BCAAs at 200 mg/hadeffects

on total area, respect to untreasptheregFig. 5.14 d) whereas modesésultwas obtainean their
number(Fig.5 13d). This is probably due to the possible acidification of medium indbg@desence

of all amino acids at high concentratiof®espect to eccentricity, no significant alterations were
detected upon amino acids supplementatiasshown by Fig. 5.15 (a, b, c andidwever moren-
depthanalysiswould beconducted for differentiation analysia the following chapter

Overall, these results suggespositive effects of ketone bodies and branettfedn amino acids on

proliferation of neurospheres, especially regarding #iee andotal area
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Fig. 5.13 Growth analysis of neurospheres through the analysis of the object count of the brightfield object in the image. Single

neurospheres were plated (5000 per well) and let spontaneously growth for 7 days with Leucine {I4002@00 mg/l, a) Isoleucine
(lle 20071 400- 800 mg/l, b), Valine (200 40071 800 mg/l, c) or their combinations (aa2068u 200 Hle 200 +Val 2007 aa400 leu
400 +lle 400 +Val 4007 aa800Leu 800 Hle 800 +Val 800, d). Images were acquired every 24h. N=3 * s.e.rvaiyes <0,005
compared to AGCT' neurospheres; *-palues <0,005 compared to C AGCheurosphereswo-way ANOVADunnett 6s

comparisontegt Bo n f e r r-tmocomparisqn test)t
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Fig. 5.14Growth analysis of neurospheres throughahelysis of total of the area of the brightfield object in the image (Aréa um
Single neurosphere were plated (5000 per well) and let spontaneously growth for 7 days with Leucine {L4@020800 mg/l, a)
Isoleucine (lle 200 400- 800 mg/l, b), Valine (200 4007 800 mg/l, c) or their combinations (aa20€u 200 Hle 200 +Val 2007

aa400Leu 400 Hle 400 +Val 4007 aa800Leu 800 Hle 800 +Val 800, d). Images were acquired every 24h. N=3 + s.e.nvalyes

<0,005 compared to AGCt neurosphegs; * pvalues <0,005 compared to C AGEheurospheregywo-way ANOVADunnett ds

multiple comparisontegt Bo n f e r r-tmaconiparisqn test)t
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Fig. 5.15Growth analysis of neurospheres through the analysis of the average of the eccentricity of the brightfield object ia.the imag
Single neurosphere were plated (5000 per well) and let spontaneously growth for 7 days with Leucine {L40020800 mg/l, &
Isoleucine (lle 200 400- 800 mg/I, b), Valine (200 40071 800 mg!/l, c) or their combinations (aa206€u 200 Hle 200 +Val 2007

aa400Leu 400 Hle 400 +Val 4007 aa800Leu 800 Hle 800 +Val 800, d). Images were acquired every 24h. N=3 + s.e.nvalyes

<0,005 compared to AGC/t neurospheres; *-palues <0,005 compared to C AGEheurosphereswo-way ANOVADunnett 0s
multiple comparisontegt Bo n f e r r-tmacondparisqn test)t

55 BCAAsand KBssupplementations restore the differentiation defects seen in Ol
Neu and neurospheres AGC1 deficiency models

As for proliferation,AGC1 deficiency models show differentiation defects,dasonstrated by
Petralla et al. 2019)Specifically, Oli-Neu silenced cellhave a more mature phenotype, with
upregulation of CNPasenaturespecific oligodendrocytemarker (Barateiro and Fernandes 2014)
anddownregulation of NG2, marker of OP@&nd Olig2, a TF essential for OR@ecificationduring

early neurodevelopmental stad€s Zhou, Choi, and Anderson 200lk) summary, these alterations
suggest a disrupted cell cycle progression and maturation iim thitso model.

Similarly, heterozygous neurospheres display a strong premature differentiation, with a spontaneous
tendency to differentiate, respect to wilgppe onesMore in details, they present an increase in
Doublecortin (DCX) andslial Fibrillary Acidic Protein (GFAP) marker of neuronal and astrocytic

lineage respectively whereas Nestin, marker of stemneasd Qig2, marker of OPCsare
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downregulated@Petralla et al. 2019; Poeta et al. 202Hus, a more mature phenotype with tendency

to generate mainly neuronal and astrocytalls affect this 3D model of AGC1 deficiency.
Differentiation defects at levels of OPCs and NSCs could be harmful, hampering the physiological
timing of cells expansion andhaturation which bring to formation of ufunctional network in
developing brainThus, a welbalancednechanism of proliferation and differentiation is essential.
For these reasons, we would test if fre-proliferative effects of ketone bodies aBCAAs
supplementationsmduce a recoverglsoof the differentiation defect3.o evaluatet, we performed
immunofluorescence analysissing specific markarof proliferation and differentiatiorOnly the

most promising concentration in term of goliferative effect were chosen for the differentiation

analysis and tested.

For Oli-Neu cells,we verified if ketone bodies and branchathin amino acids alter the expression
of CNPaseNG2and Qig2 but alsoBrdU incorporationat 72 hours after the start of the treatment
The mostmpressive resultipon supplementatiorngas obtained for CNPasgdeed,both Bhb(10

mM) and AcAc(1mM) reduced the marker expression in silenced cells, respecttteated ones
(Fig. 5.16 a)Likewise amino acids difleucine and isoleucine at 400 mg/l, valine at 200 nkggd.

5.16 c) just the combination of all BCAAs brought a smaller decre@spect to silenced untreated
cells No significant alterations respect to C siAGC1-N&u were detected for NGEig 5.16 b and

d) and Qig2 (Fig. 5.17 a and ¢)with all compounds, suggesting a possible recovery of mature
phenotype but ndhecomplete restoration of OPC statusjrasontrolcells

BrdU incorporation insteatvas done to confirm the Livecyte proliferation analysier all the
compoundsKig. 5.17 b and)dwe saw aincrease inBrdU signalyi t h st ati sti eal s
hydroxybutyrateleucine and combinations afi amino acids at 200 mg/I.

Taken together, these resuftesmonstrate a strong influence of ketone bodies and brawctlagd
amino acids supplementation over OPCs differentiation, waffects on maturespecific

oligodendrocyte marker.
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Fig. 5.16lmmunofluorescence analysis of Meu differentiation. Confocal microscopy images of-Réu differentiation markers:
CNPase (red, a and c¢) and NG2 (red, b and d), with ketone bodies and bremaiheaimino acids supplementations, after 72 h from
treatmat. Nuclei were labelled with DAPI (blue). Scale bar: 20 um; N=4. Images of thdédliwere obtained with the Nikon EZ
C1 confocal microscope with the 6@¥%jective,and 4 different fields were acquired aamthlyzedValues are expressedrasio of %
fluorescence intensity of CNPase or NG2-¥afues <0,005 compared to C contddi-Neu; * p-values <0,005 compared to C siAGC1
Oli-Neu,two-way ANOVA ( B o rhboecomparisontést) post
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Fig. 5.17Immunofluorescence analysis of @leu differentiation and proliferation. Confocal microscopy images and analysis of Oli

Neu differentiation and proliferation markers: OLIG2 (red, a and c) and BrdU (green, b and d) with ketone bodies anddirainched
amino acids supplementations, after 72 h from treatment. Nuclei were labelled with DAPI (blue). Scale bar: 20 um; N=4. Images of
the OliNeu were obtained with the Nikon BZ1 confocal microscope with the 60X objective, and 4 different fields wepeirad

and analyzed. Values are expressedhtis of OLIG2' or BrdU* cells/total cells. # walues <0,005 compared to C con@i-Neu; *

p-values <0,005 compared to C siAGOli-Neu,two-way A NOVA ( B o nhboecomparisont@st) pos't
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Same analysis on differentiati@tatewas performed on neospheregleft differentiate in adhesion

on Matrigel, for seven days§ince neural stem celftentiallycan give rise to all neurdiheage,
different markers of specific commitmemtere analysed: DCX, GFAP and Olig2 addition, Nestin

was used as marker for stemness, to assess the undifferentiated statgpbeths; and BrdUo
confirm the Incucyte proliferation analysis.

As reported irFig. 5.18 ketone bodies supplementatiansreased Nestin expression, with a peak
for acetoacetate at 1 mMhereasno statistical significance for combinatiafi KBs, respect to
untreated AGCY spheresConcomitantly, with increase in stemness, we detected a reduction in
GFAP and DCXespecially for AcAqFig. 5.18 ¢c and eHowever, it seems th#tesecompounds
canodt exert effects o n vandtiongndtig? expgression levgld. 5.181 ne a
d). We tried to analyse if a possililecrement on Olig2 marker was induced at precocious stage of
differentiation,plating the spheres only for four days, but also in this nasggnificant results were
obtained upon KBs supplementationgFig. 5.19a). For BrdU analysisinstead the spheres were
plated and let differentiate for 4 days, to bettémic the resuland analysisbtained by the Incucyte
(paragraph 5.3)n generalBrdU incorporationconfirmed the increment gdroliferation of Bhb and

AcAc in AGC1"" spheres, respect to untreated heterozygous(6igess.19 b)
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Fig. 5.18Immunofluorescence analysis of neurospheres differentiation. Confocal microscopy images of neurospheres differentiation
markers: Nestin (green, b), DCX (red, c), GFAP (red, e) and OLIG2 (red, d), with ketone bodies supplementations, afrenY days
treament. Nuclei were labelled with DAPI (blue). Scale bar: 20 um; N=4. Images of the neurospheres were obtained with the Nikon
EZ-C1 confocal microscope with the 60X objective and 4 different fields were acquireahalyded Values are expressed rasio

of % fluorescence intensity of antibodies.#alues <0,005 compared to C AGE1* p-values <0,005 compared to C AGEltwo-

way ANOVA ( Bo rhbcecomparisontésts) po st
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