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Abstrakt

Neurodegenerativni choroby jsou nelécitelnd onemocnéni, pii kterych dochézi
k odumirani bunék centralni nervové soustavy, coz vede k naruseni spravného fungovani
mozku a pozdéji i ke smrti pacienta. Jednim ze slibnych terapeutickych piistupti je bunécéna
terapie prostfednictvim transplantace nervovych kmenovych bunék. Tyto kmenové buiky
sekreci proteini pozitivné ovlivituji regeneraci poskozené tkang, piipadné mohou samy
diferencovat do neuroni ¢i gliovych buné€k, a funkéné tak nahradit odumftelé buiiky. Protoze
soucasné protokoly pro diferenciaci nervovych kmenovych bunék poskytuji heterogenni
bunécné populace, je nutné 1épe pochopit mechanismy, které celou diferenciaci nervovych
kmenovych bunék reguluji. Zcela zasadni je pak charakterizace bun€k urCenych pro
transplantaci, zejména urceni jejich proliferacniho a diferenciacniho potencidlu. Jednim
z faktorti ovliviiyjicich Gi€innost bunééné terapie je nacasovani jejiho podéani. Hledani vhodnych
biomarkert, které by reflektovaly rozvoj choroby, je proto klicové nejen pro spravné
nacasovani transplantace bunék, ale také pro sledovani ti¢innosti terapie. Tato disertacni prace
se zamétuje na podrobnou charakterizaci lidskych nervovych kmenovych bunék v pribéhu
in vitro diferenciace a na regulaci buné¢nych drah, ktera ji doprovazi. V prvni asti prace je
popsan vyvoj cilené metody zalozené na hmotnostni spektrometrii, tzv. selected reaction
monitoring (SRM), pro citlivou detekci proteinovych markerti vybranych bunéénych typt.
Diky ptfesné kvantifikaci nékolika markeri pro kazdy sledovany bunéény typ je mozné
monitorovat diferenciaci celé bunééné populace. Tato metoda tak miiZze najit uplatnéni pro
rutinni analyzy bunék ¢i pro hodnoceni efektivity diferenciacniho protokolu. Ve druhé casti
prace je popsana analyza diferenciace nervovych kmenovych bunck s vyuzitim hmotnostné-
spektrometrické metody sequential window acquisition of all theoretical mass spectra
(SWATH-MS). Vysledky této analyzy, doplnéné o analyzu sekretomu pomoci multiplexni
protilatkové metody, ukazaly na vyznamnou regulaci specifickych signalnich drah béhem
diferenciace nervovych kmenovych bunék. V in vitro podminkach byla potvrzena regulace
signalnich drah Hypoxia-inducible factor 1 (HIF-1), Interleukin-6, Vascular endothelial growth
factor (VEGF) a Wnt. Tyto vzajemné provdzané drahy pozitivné reguluji expresi genu
kodujiciho protein VEGF-A. Navazujici experimenty prokéazaly, Ze proliferaci a piezivani
diferencujicich nervovych kmenovych bunék specificky stimuluje isoforma VEGF121. Pfidani
VEGF121 k transplantovanym bunikam by tak mohlo zvysit efekt bunééné terapie. Posledni
¢asti prace je prehledova studie publikovanych proteomickych dat ziskanych analyzami vzorkt
pacientll a experimentalnich modeli s Huntingtonovou chorobou, ktera umoznila identifikovat

nové potencidlni biomarkery pro sledovani rozvoje této neurodegenerativni choroby.

Kli¢ova slova: neuralni diferenciace, nervova kmenova buiika, Huntingtonova choroba,

proteomika, vaskuldrni endotelovy riistovy faktor



Abstract

Neurodegenerative diseases are incurable disorders associated with the loss of cells in
the central nervous system. The neural cell loss severely affects brain functions which
ultimately results in a patient's death. Cell-based therapy using neural stem cells represents
a promising strategy. These neural stem cells are expected to stimulate the regeneration of
damaged tissue either by protein secretion or through the direct replacement by cells that
differentiate into neurons or glial cells upon transplantation. However, current protocols for
neural stem cell differentiation yield heterogeneous cell populations so a better understanding
of regulatory mechanisms is required. It is crucial to determine the proliferation and
differentiation potential to fully characterise the cells intended for transplantation. One of the
key factors driving the efficacy of cell therapy is the timing of its administration to the patient.
Thus, a search for suitable biomarkers that would assess the development of the disease is
essential not only for the precise timing of transplantation but also for monitoring cell therapy
outcomes. This dissertation thesis provides a detailed study of human neural stem cells during
in vitro differentiation, aiming to uncover the pathways that regulate this process. The first part
of the thesis describes the development of a targeted mass spectrometry method based on
selected reaction monitoring (SRM) that allows the sensitive quantification of protein markers
of specific cell populations. Due to the precise quantification of several markers for each
analysed cell type, it is possible to monitor the differentiation of the entire cell population. This
method can be used for routine cell characterisation or an assessment of the differentiation
protocol. The second part of the thesis presents the results of a proteome study focused on the
differentiation of neural stem cells. Using the mass spectrometry-based method called
sequential window acquisition of all theoretical mass spectra (SWATH-MS) together with
a multiplex antibody method, a significant regulation of specific signalling pathways has been
revealed during neural stem cell differentiation. In in vifro conditions, this regulation included
the signalling pathways Hypoxia-inducible factor 1 (HIF-1), Wnt, Interleukin-6 and Vascular
endothelial growth factor (VEGF). Such pathways are highly interconnected and positively
regulate the expression of the gene encoding the VEGF-A protein. Further experiments
demonstrated that the proliferation and survival of spontaneously differentiating neural stem
cells is specifically stimulated by the VEGF121 isoform. The supplementation with VEGF121
should be tested to verify its effect on cell replacement therapy. The last part of this thesis
reviews published proteomic data obtained from analyses of samples from patients and
experimental models with Huntington's disease, providing a list of new potential biomarkers

for monitoring the progression of this neurodegenerative disease.

Key words: neural differentiation, neural stem cell, Huntington disease, proteomics, vascular
endothelial growth factor
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Seznam pouzitych zkratek

ALPL Alkaline phosphatase, tissue-nonspecific isozyme
ALS amyotroficka lateralni skleroza

ATPSF1A ATP synthase subunit alfa, mitochondrial
ATPSF1B ATP synthase subunit beta, mitochondrial

BDNF Brain-derived neurotrophic factor

BMP bone morphogenetic proteins

BSA bovine serum albumin

CAG cytosin-adenin-guanin

CASP3 Caspase-3

cDNA complementary deoxyribonucleic acid

CD9 CD?9 antigen

CNP 2'.3'-cyclic-nucleotide 3'-phosphodiesterase

CNS centralni nervovy systém

CRIPTO Protein Cripto

CRP C-reactive protein

CXCLI1 Growth-regulated alpha protein
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Uvod

Centralni nervova soustava (CNS), zahrnujici mozek a michu, zajiStuje kognitivni
a behavioralni funkce, tedy vnimani vnéjsich i vnitinich podnétl (pfijem signala z periferniho
nervového systému), jejich zpracovani (vcetné vysoce komplexnich déji jako jsou pamét,
uceni Ci emoce) a reakce na né (napf. regulace svalstva vedouci k pohybu — vcetné feci,
hormondlni regulace organti atd.).! S ohledem na tyto kli¢ové funkce predstavuje jakékoliv
naruSeni CNS zavazny, Casto i zivot ohrozujici stav. Jiz v roce 2006 publikovala Svétova
zdravotnicka organizace (WHO) souhrnnou zpravu, ve které uvadi, Zze témef jedna miliarda
sveétoveé populace byla postizena nékterou z neurologickych poruch (napft. epilepsii, mozkovou
mrtvici, mozkomi$nim poranénim, infekci CNS nebo Alzheimerovou ¢i Parkinsonovou
chorobou). Vzhledem ke starnouci populaci ve vyspélych zemich ma podle statistickych
projekci WHO pocet osob s neurologickym onemocnénim nartistat.” Studie zdravotnich dat
z let 1990-2021 poté prokazala, Ze neurologickym onemocnénim trpi vice nez tfi miliardy osob,
tedy zhruba kazdy tieti ¢loveék. Neurologické poruchy jsou tak celosvétove nejcastéjsi pricinou
nemoci a zdravotniho postizeni a protoze pocéty pacientli a naklady na 1é¢bu budou i nadale
nariistat, predstavuji zasadni zdravotni, socidlni i ekonomicky problém.>

Zcela nezbytné pro vyvoj a funkce nervové soustavy jsou nervové kmenové bunky
(NSC, z angl. neural stem cells) a jejich diferenciace do neuronii a gliovych bunék. Studium
biologie NSC a jejich diferenciace, zejména signalnich drah a bunécnych procest, které
reguluji, je pro pochopeni vyvoje a onemocnéni nervové soustavy klicové. NSC a z nich
odvozené buriky nachazi uplatnéni také v bun&ené terapii neurologickych onemocnéni.*> Cilem
bunécné transplantace je regenerace poskozené tkané sekreci urCitych proteini nebo piimo
nahrazenim pos$kozenych & odumftelych bunék.* Soucasné protokoly pro diferenciaci NSC
in vitro v8ak poskytuji heterogenni populace bunék v riizné fazi diferenciace.® Velkou snahou
je ziskat 1épe definovanou bunécnou populaci s moznosti ovlivnit jeji proliferaci a diferenciacni
potencial, aby nedoslo k nekontrolovanému bun&énému déleni a vzniku nadoru.”® Studium
mechanismi regulujicich diferenciaci NSC a podrobna charakterizace bun¢k jsou proto klicové
pro dalsi krok vpfed ke klinickému vyuziti téchto bun€k v regenerativni terapii nejen
neurodegenerativnich onemocnéni.

V ramci disertacni prace jsem se zamétil na vyvoj vhodného postupu pro analyzu NSC,
zejmeéna optimalizaci méfeni pomoci hmotnostni spektrometrie (MS) a vyhodnoceni ziskanych
dat.’ Tento postup jsem nasledné pouzil pro podrobnou charakterizaci a analyzu buné&ného

proteomu a sekretomu NSC v pribshu jejich diferenciace v in vitro podminkach.®!°
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V zévérecné casti mé disertacni prace jsem se veénoval hledani potencialnich biomarkera
rozvoje HD pomoci metaanalyzy publikovanych proteomickych analyz zaméfenych na
pochopeni mechanismli rozvoje tohoto neurodegenerativniho onemocnéni u pacientl

i experimentalnich zvifecich modeld.!!

1. Kmenové bunky

Kmenové buiiky jsou zcela zdsadni pfi vyvoji jedince v embryondlni a fetalni fazi, ale
svoji nepostradatelnou roli maji i postnatalné a v dospélém organismu. Jsou to nediferencované
bunky, jejichz typickou vlastnosti je schopnost dvojiho druhu bunécného déleni: 1) symetrické
déleni, pfi kterém dochazi k namnozeni plvodnich kmenovych bunck (proliferace —
sebeobnova) a 2) asymetrické de€leni, pfi kterém vznikd dcefind bunka, ktera bude dale
diferencovat do ur¢itého bunééného typu.'?

Kmenové buitkky mizeme rozlisit na zakladé toho, do kolika ¢i jakych bunéénych typi
mohou dale diferencovat. Totipotentni kmenové buitkky mohou diferencovat do jakéhokoliv
bunécného typu. Prikladem totipotentni buiiky je zygota, ptipadné z ni vznikajici blastomery.
V pribéhu embryonalniho vyvoje se totipotence bunck brzy zmeéni na pluripotenci (cca 4. den
vyvoje embrya). Pluripotentni kmenové bunky mohou diferencovat do vSech bunéénych typt,
s vyjimkou bunék odvozenych z trofoblastu. Multipotentni kmenové bunky maji mensi
diferenciacni potencial nez pluripotentni kmenové buiiky, piesto mohou dat vzniknout vétsing
bunék urcité zarodecné vrstvy/tkané. Oligopotentni kmenové bunky maji svilij diferenciaéni
potencial omezeny jen na nékolik bunécnych typl. Nejvice specializovanym typem jsou
unipotentni kmenové bunky, které mohou diferencovat pouze do jediného bunécného typu. Jak

je patrné, v priib&hu vyvoje se s pribyvajici specializaci diferenciaéni potencial snizuje.'?

1.1 Embryonalni kmenové buiiky a indukované pluripotentni kmenové bunky

Embryondlni kmenové buiiky (ESC, z angl. embryonic stem cells) jsou pfitomny pouze
béhem Casného vyvoje embrya, konkrétné ve stadiu blastocysty, kde tvofi vnitini bunétnou
hmotu (ICM, z angl. inner cell mass). ESC mohou diferencovat do bunék vsech tii zarode¢nych
vrstev  (ektoderm, mezoderm a entoderm), ale nemohou déit vzniknout buikdm
extraembryonalnich tkdni odvozenym z trofoektodermu (trofoblastu).!>! Izolace a kultivace

1415 3 pozdéji i u €loveka'®!”. Zasadni byla prace Reubinoffa

ESC byla nejprve popsana u mysi
a kolektivu, ktefi dokazali, ze je mozné ESC v in vitro podminkéch diferencovat do nervovych

bunék, véetné zralych neurond.'®
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Indukované pluripotentni kmenové bunky (iPSC, z angl. induced pluripotent stem cells)
jsou reprogramované (puvodné diferencované) buiikky odvozené z fibroblastl, u kterych byla
uméle navozena pluripotence indukovanou expresi Ctyf transkripcnich faktord: KLF4
(Krueppel-like factor 4), OCT4 (Octamer-binding protein 4, znamy také jako POUSF1 — POU
domain, class 5, transcription factor 1), MYC (Proto-oncogene c-Myc) a SOX2 (Transcription
factor SOX-2). Takto ptipravené iPSC maji obdobné vlastnosti jako ESC, napt. morfologii,
genovou expresi, bunééné-specifické markery, proliferaci a diferencia¢ni potencial — mohou
diferencovat do vsech tfi zarodeénych vrstev.!*?

Pro identifikaci ESC a iPSC se Casto sleduje pfitomnost nebo zvysena hladina proteint:
CD9 (CD9 antigen), THY1 (Thy-1 membrane glycoprotein), ALPL (Alkaline phosphatase,
tissue-nonspecific isozyme) a HLA (HLA class I histocompatibility antigen), pfipadné zvySena
exprese genu kodujicich proteiny: CRIPTO (Protein Cripto), DNMT3B (DNA (cytosine-5)-
methyltransferase 3B), GABRB3 (Gamma-aminobutyric acid receptor subunit beta-3), GDF3
(Growth/differentiation factor 3), NANOG (Homeobox protein NANOG) & OCT4.?! Pfestoze
exprese zadného zpouzivanych markerd neni pfimym dikazem pluripotence, pro
charakterizaci diferencia¢niho potencialu ESC a iPSC se nejvice pouzivaji transkripéni faktory
NANOG, OCT4 a SOX2. Problematicka je specifita nékterych vySe uvedenych markert (napf.
CRIPTO, CD9 ¢i SOX2), jejichz hladina v buiikéch diferencovanych z ESC sice obvykle klesa,

piesto jsou viak exprimované a detekovatelné i v jinych bunéénych typech.?>?

1.2 Nervové kmenové buiiky

Oznaceni NSC je synonymem pro nervove progenitorové buitky (NPC, z angl. neural
progenitor cells), nékdy také oznaCované jako nervové prekurzorové builkky (NPC, z angl.
neural precursor cells). Jsou to multipotentni kmenové buiiky CNS a jejich d€leni miZe probihat
symetricky, s cilem namnoZeni bunék, nebo asymetricky, kdy vznika dcefina bunka, ktera bude
dale diferencovat do uréitého typu glii nebo neuronii.>* V priibéhu embryonélniho vyvoje
rozliSujeme vice typtt NPC, a proto se v literatufe nékdy pouziva oznaceni NSC specificky pro
NPC v mozku s ukonéenym embryonalnim vyvojem, respektive v mozku dospélého jedince.?
Zkratka NPC se také pouziva k oznaceni neuronélnich prekurzorovych bunék (z angl. neuronal
precusor cells), tedy buné€k, které jsou jiz preduréeny k diferenciaci do neuronti, nikoliv do
gliovych bun&k.?® V rdmci této prace jsou terminy NSC a NPC pouzivany jako synonyma pro
oznaCeni multipotentnich buné¢k schopnych proliferace a diferenciace do rtznych typt
astrocytil, oligodendrocytii ¢i neuront. Oznaceni neurondlni prekurzorové bunky je pouzivano

v nezkracené formé.
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Proteinovym markerem, ktery je exprimovan ziejm¢é ve vSech NSC (b&hem
embryonalniho vyvoje i v dospélém mozku) je SOX2.%” Jak bylo zjisténo na mysim modelu,
jeho pfitomnost je charakteristickd pro multipotentni NSC se schopnosti sebeobnovy.?’
Transkripéni faktor SOX2 hraje vyznamnou roli pii udrzovani pluripotence v ESC?® a iPSC'*°,
V NSC jeho hladina klesa, ziistava ale klicova pro regulaci transkripce ptiblizn€¢ 1300 genii.
Asi u poloviny genti piisobi SOX2 jako aktivator (zejména pro geny kodujici dalsi transkripéni
faktory), zatimco u druhé poloviny slouzi jako represor transkripce (zejména pro geny kodujici

proteiny spojené s bunéénym cyklem a mitdzou).?’

1.2.1 Neuroepitelidlni buniky
V priibéhu raného vyvoje embrya obratlovct diferencuji z ektodermu neuroepitelidlni

bunky, které béhem procesu neurulace vytvareji neuralni trubici — zaklad budouci CNS. Tyto
builkky jsou primarni NSC, znichz nasledné vznikaji vSechny neurony, astrocyty
a oligodendrocyty v CNS. Neuroepitelidlni builkky maji charakteristické rysy epitelialnich
buné¢k, zejména polarizaci buiiky na apikdlni a bazalni (bazolateralni) ¢asti membrany oddélené
t&snymi spoji (angl. tight junctions) a adheznimi spoji (angl. adherens junctions).*® Apikalni
Casti neuroepitelidlnich bunc¢k ohranicuji lumen neurdlni trubice (ventrikularni systém —
budouci mozkové komory naplnéné mozkomisnim mokem) a bazalni ¢asti membrany jsou
v kontaktu s bazdlni laminou.*! S polarizaci buiiky v ramci apikalng-bazalni osy souvisi také
interkinetickd migrace jadra (INM, z angl. interkinetic nuclear migration). Pfi INM dochézi
v prubéhu bunééného cyklu k periodickym pohybim jadra (a spolu snim 1 velké Casti
celkového objemu buiiky — soma), kdy jadro putuje bazalnim smérem béhem G1 faze, v S fazi
je pobliZ bazélni ¢asti membrany, nasledné putuje apikaln€ béhem G2 faze a béhem mitozy je
jadro lokalizovano vzdy pobliZ apikdlni membrany.*>** Tento pohyb jadra je zasadni pro
asymetrickém déleni neuroepitelidlnich bunék.*

Neuroepitelidlni buiiky jsou (podobné jako ESC) snadno identifikovatelné podle jejich
specifické lokalizace ve vyvijejicim se embryu — tvoii jedinou vrstvu bunék okolo ventrikulu
a maji charakteristickou morfologii epitelu (polarizace na apikélni a bazolateralni ¢4st buiky).*°
Mezi proteinové markery neuroepitelialnich buné&k patii NES (Nestin)*°, PROM1 (Prominin-1,
lokalizovany do apikalni membrany)*®, HES1, HES3 a HESS5 (Transcription factor
HES-1/HES-3/HES-5)*, SOX2%7, a proteiny vytvatejici tésné spoje, napt. OCLN (Occludin)?®,
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1.2.2 Radialni glie

S probihajici neurogenezi se z neuroepitelidlnich bunék stavaji radidlni glie. Z ptivodné
jedné vrstvy neuroepitelidlnich bunék okolo ventrikulu (tzv. ventrikularni zéna, VZ) se
v prubéhu embryondlniho vyvoje diky proliferaci a diferenciaci radialnich glii stane mozkova
kiira slozena z mnoha bun&énych vrstev (Obr. 1).3° Né&které radialni glie projdou asymetrickym
bunéénym délenim, pii kterém vznikaji tzv. stiedné pokrocilé progenitorové bunky (IPC,
z angl. intermediate progenitor cells).’ Protoze tyto IPC jsou lokalizovany baziln& vidi
oznacovany jako bazalni progenitorové buiiky.*> Tyto neuronélni prekurzorové buiiky migruji
bazaln¢ od radidlnich glii a vytvafi tzv. subventrikularni zénu (SVZ), kde konecnym
symetrickym bun&énym délenim kazdé IPC vzniknou dva neurony.*>* V priib&hu vyvoje
mozkové kiiry n¢které radialni glie ztraci spojeni apikalni ¢asti s ventrikulem, avSak ziistavaji
dale spojené s bazalni laminou.** ProtoZe se tyto buriky zkracuji, a tim se aktivné pohybuji
bazilnim smérem (vn&j§i Cast SVZ), oznaluji se jako vn&jsi radidlni glie®’, které dale
diferencuji do astrocytii ¢i neuront.**> Radialni glie, které zlistavaji v kontaktu svoji apikélni
membranou s ventrikulem, ale ztraci spojeni s bazalni laminou, mohou dale diferencovat do
astrocyttl, oligodendrocytii ¢i ependymovych bungk (Obr. 1).4

Radialni glie vykazuji nékteré typické znaky neuroepitelidlnich buné¢k, napt. bunécnou
polarizaci a INM (na rozdil od neuroepitelialnich bun¢k se vSak jadro nepohybuje po celé délce
buniky). Nemaji vSak tésné spoje a mimo neuront jsou schopné diferenciace také do astrocytl
a oligodendrocyti. Oproti neuroepitelidlnim buiikdm je vSak jejich diferenciacni potencial
ziejme omezeny a urcité radialni glie jsou schopné diferenciace pouze do neuronti, zatimco jiné
diferencuji do astrocyti ¢i do oligodenrocyti.>

Pro identifikaci radialnich glii se pouzivaji n€které markery shodné s neuroepitelidlnimi
bufikami, napiiklad zvySena hladina proteinit NES*** HES1, HES3 a HES5%¢ ¢i SOX2%,
Odlisit radialni glie od neuroepitelidlnich bunék je mozné na zakladé snizené hladiny proteinti
t&snych spojii (napt. OCLN)*® a naopak zvysené hladiny proteind specifickych pro astrocyty
nebo oligodendrocyty, napf. GLAST (Excitatory amino acid transporter 1)* a OLIG2
(Oligodendrocyte transcription factor 2)*?. Mezi dal§i proteiny se zvySenou hladinou
v radidlnich gliich patii FABP7 (Fatty acid-binding protein, brain, diive oznacovany zkratkou
BLBP)*%, GFAP (Glial fibrillary acidic protein)*’, GLUL (Glutamine synthetase)*®, PAX6
(Paired box protein Pax-6)*, VIM (Vimentin)** a WT1 (Wilms tumor protein)*.
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Obr. 1: Embryonalni vyvoj lidského mozku a mozkové kiiry mezi 4. a 38. gestatnim
tydnem. Radidlni glie nejprve svym symetrickym délenim okolo ventrikulu vytvoii
ventrikuldrni zénu (VZ). Okolo patého gestaéniho tydne (GT) se radidlni glie zacinaji délit
nesymetricky a vznikaji tak neurony, a také stfedné pokrocilé progenitorové bunky, které
migruji bazaln¢ od radidlnich glii a davaji vzniknout subventrikularni zon¢ (SVZ), kde nakonec
diferencuji do neuronti. S ristem mozkové kiliry ¢ast radidlnich glii ztraci kontakt své apikalni
membrany s ventrikulem a stanou se znich vnéjsi radialni glie, které déale diferencuji do
astrocytll a oligodendrocyt. Radidlni glie v oblasti VZ postupné vSechny diferencuji do
neurontl, astrocytil, oligodendrocytli nebo ependymovych buné&k. Pevzato a upraveno podle **

1.2.3 NSC v dospélém mozku
CNS dospélych savci byla v minulosti obecné vnimana jako tkan s minimalni

plasticitou ¢i schopnosti sebeobnovy. Zatimco pfi embryondlnim vyvoji je vSe do jisté miry
synchronizovano v ¢ase i prostoru (neuroepitelidlni buniky i radialni glie jsou nejprve v jedné,
respektive v nékolika malo vrstvach bunék), u NSC v dospélém mozku takovato synchronizace
(regulace jejich bunééného déleni, respektive proliferace nebo diferenciace) neni mozna.>
Experimenty na potkanech (prvni byly publikovany jiz vroce 1912) vSak ukézaly, ze
i v dosp&lém mozku jsou pritomny délici se buriky.’'>? Piitomnost NSC a schopnost jejich

diferenciace v dospélém mozku déle potvrdily experimenty na mySich, které prokazaly
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probihajici neurogenezi.”®> Dal§i studie ukazaly, Ze neurogeneze v dosp&lém mozku neni
vyjimkou pouze u savcl, ale obecné probihd u vSech nizsich (ryby a obojzivelnici) i vyssich
(plazi, ptaci a savci) obratlovci. >’

V dospélém mozku savcl bylo popsano nékolik oblasti, kde jsou pfitomny NSC se
schopnosti diferenciace. Prvnim popsanym mistem byla SVZ okolo lateralnich stén mozkovych
komor (ventrikull), kde v prubéhu Zzivota vznikaji neurondlni prekurzorové bunky, které
migruji do oblasti ¢ichového bulbu (bulbus olfactorius), kde dale diferencuji do neuront
(Obr. 2).%%° Mimo neurondlnich prekurzorovych bunék miizeme na zakladé morfologie
a exprese urcitych proteinii rozlisit v SVZ dalsi bunécéné typy — NSC a dvé populace astrocytt
(z toho pouze jedna je mitoticky aktivni).® Navazujici studie ukazala, Ze astrocyty
v oblasti SVZ dospélého mozku maji stale vyznamny diferenciacni potencial. Tyto astrocyty
jsou schopny dalsi proliferace a navratu do stavu NSC, ale 1 diferenciace do neuronalnich
prekurzorovych bunék a neuront.®! Jini autofi na zdkladé metaanalyzy dostupnych dat usuzuji,
ze nejde o pravé astrocyty s vlastnostmi NSC, ale spise o NSC, kter¢ sdili nékteré spolecné rysy
s astrocyty, podobné jako je tomu v ptipadé astrocytd a radialnich glii.%?

Johansson a kolektiv ukézali, Ze ependymové bunky tvofici sténu mozkovych komor
pod SVZ jsou NSC, ze kterych vznikaji neuronalni prekurzorové buiiky (ziejmé pii prichodu
ptes SVZ). Podle autorti jsou pravé ependymové buiky, a ne buiky v SVZ, zdrojem
neuronalnich prekurzorovych bunck dale diferencujicich do neurond cichového bulbu.
V piipadé poranéni michy navic mohou tyto ependymové buiiky diferencovat do astrocyti,
které v mist& poranéni vytvoii gliovou jizvu.% Jak je patrné z vyse uvedenych praci, buiiky
v oblasti SVZ a jejim blizkém okoli maji vyznamnou plasticitu a diferenciacni potencial, které
jsou ziejmé rozdilné regulovany za fyziologickych (napf. neurogeneze v dospélém mozku)
a patologickych (napt. mis$ni poranéni) podminek.

Dalsi oblasti, kde se v dospélém mozku nachazi NSC, je hipokampus, piesngji
subgranularni zona (SGZ) v gyrus dentatus (Obr. 2). NSC v této oblasti diferencuji preferencné
do neuront, ale ¢4st ziejmé také do gliovych bunék (astrocytii a oligodendrocytti).® ¢ Nekteré
z téchto gliovych bunék maji morfologii typickou pro radidlni glie, ale exprimuji proteiny
specifické pro prekurzorové buriky astrocytll i plné diferencované astrocyty.®* Neni tedy
vylouceno, ze maji podobné vlastnosti (napt. diferenciacni potencial) jako astrocyty (NSC)
v SVZ dospélého mozku.

Kromé oblasti SVZ a SGZ, které jsou u savcl zfejmé hlavnimi centry neurogeneze
v dospélém mozku, byly NSC popsany i v dal§ich ¢astech CNS: hypothalamus®’; oblast pod

corpus callosum (SCZ, zangl. subcallosal zone), kde NSC diferencuji zejména do
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oligodendrocyti®®; kiira mozecku, kde NSC diferencuji do neuronti i do glii, véetng

Bergmannovych bunék® (radialni glie v dosp&lém mozku’); sitnice oka, kde se nachazeji
Miillerovy buiiky’! (rovnéz radidlni glie dosp&lého mozku’®); mozkové komory a micha.
V oblasti mozkovych komor a michy se nachazi burnky, které se po izolaci a kultivaci
v ptitomnosti proteinu EGF (Epidermal growth factor), v ptfipad¢ bunék izolovanych z michy
také s proteinem FGF-2 (Fibroblast growth factor 2) chovaji jako NSC — jsou schopné
sebeobnovy a diferenciace do neuront i glii.”* S ohledem na pivodni lokalizaci téchto bunék

v CNS je pravdépodobné, Ze tyto indukované NSC byly pivodné ependymovymi buiitkami.®

Hipokampus

Mozecek
Mozkova kura

0 Thalamus
Hypothalamus

k Oblast s aktivnimi NSC a probihajici neurogenezi Micha

Oblast s aktivhimi NSC bez probihajici heurogeneze

Oblast s quiescentnimi NSC bez probihajici neurogeneze

Obr. 2: Hlavni oblasti pritomnosti NSC a neurogeneze v dospélém mozku u savci.
V dospélém mozku savcii bylo popsano vice oblasti, kde se nachdzi aktivné se délici
a diferencujici nebo naopak quiescentni NSC, piipadné oblasti, kde probihd neurogeneze.
Aktivni NSC byly popsany v subventrikularni zon€é (SVZ) a subgranularni zoné (SGZ). NSC
byly také popsany v mise, mozecku, oblasti pod corpus callosum (SCZ, z angl. subcallosal
zone) ¢i pod hypotalamem. V nékterych oblastech byla pozorovana indukovatelnd neurogeneze
(striatum a thalamus), ale neni zatim jisté, jestli diferencujici bunky jsou z NSC v dané oblasti,
z neurondlnich prekurzorovych bunék nebo jde o neurony, které do této oblasti migruji z jiné
oblasti s NSC. Pievzato a upraveno podle 7.

21



Vétsina studii NSC v dospélém mozku a jejich diferenciace byla provedena na
hlodavcich, jako je myS$ nebo potkan, pfipadné na bunikéch v in vitro podminkach. Neni proto
zatim jisté, jestli vSechny popsané oblasti obsahujici NSC jsou pfitomny také v lidském
dospélém mozku. Podobné je to s jednotlivymi bunéénymi typy diferencujicimi z uvedenych
NSC a s jejich relevanci v in vivo podminkach. Ptikladem je vyznamny rozdil v neurogenezi
v SVZ oblasti dospélého mozku mezi hlodavei (my$ a potkan) a primaty (¢lovek). Zatimco
u hlodavct vétSina neurondlnich prekurzorovych bun¢k z SVZ diferencuje do neuront
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¢ichového bulbu’®*”, u ¢lovéka jsou NSC v SVZ nejvice aktivni v prvnich mésicich az letech

po narozeni a hlavnim cilem neuronalnich prekurzorovych bun¢k a z nich diferencovanych
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neuront neni ¢ichovy bulbus’7°, ale prefrontalni mozkova kiira’® a striatum’’. Podobné je to

v ptipadé Miillerovych bunék, které jsou schopny in vivo diferenciace do neuront sitnice oka
pouze u ryb, obojzivelniki a ptakd, nikoliv v§ak u savct.”®

Pro charakterizaci NSC v dospélém mozku se vyuZivaji stejné markery jako pro NSC
v priab&hu embryonalniho vyvoje, ale hladiny a kombinace jednotlivych markera se mohou lisit
mezi NSC zriznych casti dospélého mozku (napt. SVZ a SGZ) i vramci jednotlivych
bun&nych populaci v daném misté. Nejcastéji jsou pouzivany proteiny GFAP”, NES®,

NOTCHI1 (Neurogenic locus notch homolog protein 1)%3, PAX6%°, SOX227 a VIM”.

1.3 Neurony

Zékladnimi nervovymi butkami CNS jsou neurony, které jsou u savct lokalizovany
zejména v mozkové kiife (pfiblizn€ 70 % neurontt CNS) a v koncovém mozku (telencephalon,
priblizné 20 % neuronti CNS).8! Zralé, pIné diferencované neurony jsou nedélicimi se butikami,
které aktivné blokuji sviij bunéény cyklus.®? Obecné Ize morfologii neuronu popsat jako buiiku
s télem (soma, ve kterém je bunécné jadro) s rozveétvenymi vybézky (dendrity). Ze soma vybiha
jeden vyrazny vybéZek (axon), ktery je na konci opét rozvétveny do mensich vybézki (axonalni
zakonceni), které interaguji s dalsimi neurony prostiednictvim synapsi.®* Odhaduje se, Ze
v mozku dospélého ¢lovéka je ptitomno az 5 000 riiznych druhfi neuronti®®, které je od sebe
mozné odlisit na zaklad¢ jejich lokalizace ve tkani, bunééné morfologie, fyziologie (napf. rizné
akéni potencialy) ¢i genové exprese.’>8

Hlavni ulohou neuroni v CNS je ptfenos signdlu. Tyto bunky pomoci
transmembranovych iontovych kanali aktivné vytvareji koncentracni gradienty iontil (zejména
Na" a K*) vné a uvnitf bunék (klidovy membranovy potencial) a vyuZzivaji je k Sifeni vzruchu
(ak¢éniho potencidlu), pfi kterém dochazi nejprve k prudkému zvyseni (tzv. depolarizaci),

nasledovanému rychlym sniZenim (tzv. repolarizaci) membranového potencialu.®®¥” Jakmile
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ak¢ni potencial doputuje po membrané na konec axonu, dojde v synapsich k otevieni iontovych
kanald pro Ca®" ionty, které zptisobi splynuti vackd obsahujicich neurotransmitery
s presynaptickou membranou. To vede k uvolnéni neurotransmitert do synaptické Stérbiny
a naslednému ovlivnéni (pfedani signalu) postsynaptickému neuronu.®®

Neurony, respektive neuronalni prekurzorové buiiky, jsou obvykle charakterizovany na
zaklad¢€ zvySené hladiny proteintt DCX (Neuronal migration protein doublecortin; exprimovan
zejména neuronalnimi prekurzorovymi buiikami, béhem zrani neuront jeho hladina kles4)®’,
MAP2 (Microtubule-associated protein 2)°°, RBFOX3 (RNA binding protein fox-1 homolog 3,
znamy také jako NeuN; exprimovan ve zralych neuronech)’!, PSA-NCAM (Polysialylated
Neural Cell Adhesion Molecule; exprimovan zejména neurondlnimi prekurzorovymi
butikami)®> a TUBB3 (Tubulin beta-3 chain, zndmy také pod zkratkou TUJI, kterou byla
oznacovana jeho detekéni protilatka)®>. Naopak hladina SOX2 pfi neuronélni diferenciaci

klesa.?’

1.4 Astrocyty

Astrocyty jsou, spolu s radidlnimi gliemi, z nichz jsou odvozeny, zdkladnim typem
gliovych bunék. Typicka je jejich hvézdickova morfologie — télo buiiky obklopené vybézky
(Obr. 3A), ptestoze i astrocyty jsou morfologicky heterogenni skupinou bunék. Za hlavni funkci
astrocytti byla dlouho povazovéna strukturalni podpora neuronti (astrocyty obklopuji neurony
a produkuji mezibunéénou hmotu). Rada studii prokazala, Ze astrocyty hraji roli také v mnoha
dalSich procesech, které jsou ¢asto nezavislé na jejich strukturni funkci, napt. vyziva neuront
(energeticky metabolismus CNS), produkce neurotransmitert, udrZzovani mikroprosttedi CNS
(napi. hladiny glutamatu, K" iontd ¢ pH), pienos signalu pies synapse, migrace neuront,
ochrana ptfed oxidativnim poSkozenim, angiogeneze, regulace imunitni odpovédi a mnoho
dalsich (shrnuto v °*3). Mimo uvedené funkce zralych astrocytli jsou ziejmé uréité skupiny
astrocytll ,,zasobnimi“ NSC v dosp&lém mozku. 5!

Pro charakterizaci astrocytl a jejich prekurzorti (Obr. 3A) jsou nejcastéji sledovany
hladiny  téchto  proteini: GLUL  (exprimovan  také  vradidlnich  gliich
a oligodendrocytech)*®?%7 FABP7 (exprimovéan také v radidlnich gliich a prekurzorech
oligodendrocyt)*®, GFAP (exprimovan v radialnich gliich, poté je jeho exprese umléena
a znovu obnovena az v pribéhu zrani astrocyti)*”*®, GLAST (exprimovan také v radialnich
gliich)*” a S100B (Protein S100-B; exprimovan pouze astrocyty v $edé hmoté mozkové
a v oligodendrocytech)®®. Jak je patrné, odlisit astrocyty a radidlni glie jen na zakladé markerti

astrocytil je v prub¢hu embryonalniho vyvoje velmi komplikované, a je proto nutné analyzovat
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paraleln¢ hladiny dalSich markeri, které jsou specifické pro radidlni glie (NSC), napt. NES,
SOX2 ¢i PAXG6.

A 3\
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PDGFRA, NG2
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CNP, MBP, MYRF, PLP, MAG, CC1, MOG
ASPA, TMEM10

Obr. 3: Diferenciace astrocytii a oligodendrocyti a jejich markery. A) Diferenciace
radialnich glii pfes multipotentni stfedn¢ pokrocilé progenitorové (MSPP) buiiky do ranych
astrocytl a poté zralych astrocytll se znazornénim proteinovych markerd uvedenych bunéénych
typli (oranzova barva). B) Diferenciace radialnich glii pfes progenitorové bunky
oligodendrocytli (PBO) a pre-oligodendrocyty do ranych oligodendrocytii a poté zralych
oligodendrocytll se znazornénim proteinovych markerti uvedenych bunéénych typt (modra
barva). Pfevzato a upraveno podle *®

1.5 Oligodendrocyty
DalSim ze zéakladnich typi gliovych buné€k jsou oligodendrocyty. Jsou to buniky mensi

nez astrocyty, a prestoze na zacatku svého vyvoje maji podobnou morfologii jako astrocyty
(Obr. 3B), zral¢é oligodendrocyty maji specifickou, nezaménitelnou morfologii. Z téla bunky
vybihaji jednotlivé vybézky membrany (az 50), které béhem procesu myelinizace obaluji axony
okolnich neurond.”® Myelinizace axonli umoziuje rychlej$i ptenos vzruchu a byla ziejmé
jednou z hlavnich podminek evoluce CNS.”” Podobné jako v piipadé astrocytii se viak ukazuje,

7e také oligodendrocyty hraji roli v fadé dalSich procest, naptiklad udrzovani integrity axond,
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vyzivovani neuronu (energeticky metabolismus CNS), udrzovani mikroprostiedi CNS (napf.
hladiny K" iontfi) a regulaci imunitni odpovédi.”® %!

Prekurzory oligodendrocytli a pln¢ diferencované (zralé) oligodendrocyty jsou c¢asto
charakterizovany (Obr. 3B) na zéklad¢ zvySené hladiny téchto proteinii: CNP (2',3'-cyclic-
nucleotide 3'-phosphodiesterase)’®, GALC (Galactocerebrosidase)’, MAG (Myelin-associated
glycoprotein)®®, MBP (Myelin basic protein)’®, MOG (Myelin-oligodendrocyte glycoprotein)®®,
OLIG1 a OLIG2 (Oligodendrocyte transcription factor 1 a 2; exprimovan také v radidlnich
gliich)!9%19% 3 SOX10 (Transcription factor SOX-10)%.

1.6 Signalni drahy regulujici osud nervovych kmenovych bun¢k

V prubéhu diferenciace NSC béhem embryonalniho a fetdlniho vyvoje i postnatalné
a v dospelém mozku dochézi k zdsadnim zméndm na molekularni urovni. Pfi diferenciaci NSC
do glii ¢i neuront (& jejich prekurzortl) se vyznamné méni genova exprese'®* %, dochazi
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k epigenetickym zméndm a k podstatnym zméndm metabolismu bun€k (napt. prechod

z aerobni glykolyzy na oxidativni fosforylaci'® & syntéza specifickych lipidGi a proteind
myelinu”®). Buniky migruji a méni svoji morfologii, s ¢imz jsou spojeny vyznamné zmény
v bunééném cytoskeletu.!® Regulace t&chto zmén v ¢ase a prostoru je nesmirné komplexni. Ve
srovnani s adherentnimi bunéénymi kulturami kultivovanymi in vitro ve 2D, v in vivo prostiedi
jsou bunky usporadany do 3D struktur tvofenych mnoha vrstvami bun¢k (s vyjimkou kratkého
casového useku vyvoje embrya, kdy neuroepitelidlni bunky tvofi jedinou bunécnou vrstvu
budouci CNS). V nasledujicich kapitolach se zamétim na popis zékladnich bunéénych drah
a signalizace, které reguluji dal$i osud NSC ve vyvijejicim se embryu, v dospélém mozku ¢i
v in vitro podminkach, s dirazem na signalni drahy, které uzce souvisi s vysledky uvedenymi

v této disertacni praci.

1.6.1 Mezibunétna hmota

Mezibunéénd hmota (extracelularni matrix, ECM) vytvaii specifické 3D
mikroprostiedi, ¢imz hraje vyznamnou roli v regulaci (Casto aktivaci) fady signalnich drah,
a tim vyznamné ovliviiuje vyvoj NSC (jejich proliferaci ¢i diferenciaci) a z nich odvozenych
nervovych buné&k (véetné jejich morfogeneze a migrace).'®

Hlavnimi molekulami ECM v mozku jsou proteoglykany s chondroitin sulfitem nebo
heparan sulfatem, které jsou schopny véazat na sebe fadu proteinti, zejména adhezni molekuly
na povrchu bunék, atraktanty (napf. pro riist axonu), chemokiny a riistové faktory.!'” Dalsi

dilezitou slozkou ECM v mozku jsou proteiny lamininy, které jsou rozpozndvany svymi
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receptory na buiikach — integriny.!” Piikladem je LAMA?2 (Laminin subunit alpha-2), ktery
interaguje s receptorem ITGB1 (Integrin beta-1), ¢imz aktivuje signalni drahu MAPK (z angl.
mitogen-activated protein kinase), kterd podporuje proliferaci (sebeobnovu) NSC.!!'! Laminin
je Casto pouzivan k potahovani kultiva¢niho plastiku pro kultivace NSC in vitro (byl pouzivan
1 v ramci feSeni této disertacni prace). Pokud jsou embryoidni téliska odvozena z lidskych ESC
kultivovana na miskach potazenych lamininem, bunky preferencné diferencuji do NSC
a nasledné do neuroni.'!?

ECM je zasadni pro vyvoj CNS od samého pocatku embryonalniho vyvoje.
Neuroepitelidlni buniky, a zpocatku také radidlni glie, jsou vysoce polarizované (apikalni
a bazolateralni ¢ast) buriky>’, a v této polarizaci hraje vyznamnou roli ECM.!® ECM se rovnéz
podili na regulaci proliferace (sebeobnovy) a diferenciace neuroepitelidlnich bunék — interakce
lamininu s receptorem ITGB1 aktivuje kanonickou signalni drahu Wnt, coz vede k proliferaci
buiiky. Jednim z gentl, jehoz exprese je pozitivné regulovana drahou Wnt, je gen kodujici
protein Decorin, ktery je sekretovan z bunky, kde autokrinné stimuluje neuronalni diferenciaci
NSC.!'3 Dalsi z ECM proteinti, Reelin, pozitivné reguluje (ziejmé piimo aktivuje) signalni
dréhu Notch, ktera reguluje migraci neuronti v SGZ.!'* Proteomicka analyza dosp&lé mozkové
tkan€ mysi ukéazala, ze ECM v neurogennich oblastech je produkovana zejména quiescentnimi
NSC a kromé jiného proteinové slozeni je rovn&z pevnéj§i nez okolni tkan.''> Mimo regulace
proliferace a diferenciace NSC je ECM kli¢ova i pro vyvoj struktury mozkové tkan¢, naptiklad

pro gyrifikaci, tedy vznik mozkovych zaviti na povrchu mozkové kiiry.'

1.6.2 Epidermal growth factor a Fibroblast growth factor 2

Signalni draha zaloZzend na proteinu EGF a jeho interakci sreceptorem EGFR
(Epidermal growth factor receptor) je jedna ze zdékladnich bunécnych drah regulujicich
proliferaci a diferenciaci bun€k u savci. EGF je jednim z 15 proteind, které se vazi na
tyrosinkinazové receptory (RTK, z angl. receptor tyrosine kinase) proteinové rodiny ErbB
(patfi do ni Ctyfi receptory, véetné EGFR). Vazba EGF na receptor vede k dimerizaci RTK
a aktivaci dalSich buné¢nych signdlnich drah, napt. MAPK, PI3K (phosphatidylinositol-3-
kinase) ¢i PLCy (phospholipase C) (shrnuto v ''7).

Ne vzdy je pro EGF signalizaci nutny samotny protein EGF. V pribéhu pozdniho
embryonalniho vyvoje mySiho mozku dochazi k aktivaci EGFR ptes protein SHH (Sonic
hedgehog protein), coz aktivuje drahu MAPK v radialnich gliich mozkové kiry, a tim jejich

proliferaci.!'® Experimenty provedené na mozcich dospélych mysi ukazaly, Ze signalni draha
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EGF muze inhibovat drahu Notch, a regulovat tak sebeobnovu NSC a migraci neurondlnich
prekurzorovych bungk v SVZ.!*°

Bunécna signalizace prostfednictvim proteinu FGF-2 je v mnohém podobna signalizaci
EGF ptes EGFR. FGF-2 byl poprvé izolovan z mozku a sviij ndzev ziskal na zakladé schopnosti
podporovat proliferaci mysich fibroblasti. FGF-2 patii do proteinové rodiny FGF, ktera u savct
zahrnuje 22 proteind. Tyto proteiny jsou rozpoznavany proteiny FGFR1-4 (Fibroblast growth
factor receptor 1 az 4; FGF-2 se vaZze na vSechny ¢tyfi receptory) z rodiny RTK. S EGF maji
spolec¢né také dalsi signalni drahy, které v bunce reguluji (napt. MAPK, PI3K a PLCy). FGF
proteiny a jejich receptory maji vSak oproti EGF a EGFR specifickou doménu, kterd je
zodpovédna za interakci s proteoglykany s heparan sulfatem. Vazba proteoglykanti s heparan
sulfatem na FGF zvySuje jeho odolnost (vuci teplotni ¢i enzymatické degradaci) a stabilizuje
interakci FGF s jeho receptory (shrnuto v 120:121),

Vedle zéasadni role FGF-2 vregulaci proliferace (sebeobnovy) NSC je dnes tento
rustovy faktor spojovan s mnoha dal§imi procesy regulujicimi osud NSC v CNS, napt. regulace
diferenciace, rist axonu a jeho vétveni, neuroprotektivni funkce (podporuje prezivani neurontt),
migrace bunck, vytvéareni synapsi, ovlivnéni citlivosti astrocyti k neurotransmiterim (napf.
dopaminu) a dalsi (shrnuto v 121122),

Pro namnozeni NSC v in vitro podminkach (napft. po jejich izolaci z odebrané tkan¢) se
pouzivaji rastové faktory, které stimuluji proliferaci bun¢k. Obvykle se pouziva kombinace
proteint EGF a FGF-2, které zajiStuji proliferaci (sebeobnovu) kultivovanych NSC a brani
jejich spontanni diferenciaci.’>!?*12* Stabilni hladiny EGF a FGF-2 jsou z4sadni pro ptezivani
NSC a udrzovani jejich diferenciaéniho potencialu (multipotence) v in vitro podminkach.'?® Pii
bézné¢ pouzivanych kultivac¢nich protokolech pro NSC dochézi ke zméndm koncentrace FGF-2
v médiu, protoZze FGF-2 je nestabilni pfi 37 °C. Vykyvy koncentrace FGF-2 poté ptfimo
ovliviiuji sebeobnovu NSC a mohou vést k jejich spontanni diferenciaci.'

Experimenty s NSC kultivovanymi in vitro ukéazaly, ze EGF s FGF-2 podporuji
piezivani transplantovanych bunék a stimuluji jejich migraci a neuronalni diferenciaci
in vivo.'*” Studie provedené na mysich’>!'?® a potkanech'?’ ukazaly, ze v CNS jsou pfitomny
NSC, které maji riznou citlivost a odpoveéd’ na signalizaci pfes EGF a FGF-2. V priib&éhu rané
embryogeneze jsou NSC v mySim mozku citlivé nejprve na FGF-2, zatimco signalizace pfes
EGF hraje ziejmé roli az v pozd¢€jsi tazi embryonalniho vyvoje CNS a je regulovéana v Case
a prostoru. Bylo vSak prokdzano, Ze suplementace pomoci EGF &1 FGF-2 vede v obou

piipadech k proliferaci NSC a k udrzovani jejich diferenciaéniho potencialu.'?® V ptipadé NSC
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v dospélém mozku potkana vede suplementace pomoci EGF k preferen¢ni diferenciaci NSC do
astrocytll, zatimco FGF-2 stimuluje neuronalni diferenciaci.'®’

Jednim z moznych zdivodnéni rozdilného vlivu EGF a FGF-2 na NSC je pfitomnost
vazebné domény pro proteoglykany s heparan sulfatem v FGF proteinech a jejich receptorech.
FGF-2 nemiize voln¢ difundovat v prostoru, ale vaze se na ECM a stimuluje proliferaci
okolnich NSC.!"*® Vazba FGF-2 a jeho receptorti na proteoglykany s heparan sulfatem navic

nepiimo ovliviluje také vazbu EGF na jeho receptory.'’!

Mimo proteoglykant s heparan
sulfatem ovlivituji EGF a FGF-2 signalizaci také proteoglykany s chondroitin sulfatem, které
tvofi hlavni slozku ECM v CNS.!*2 Proteoglykany s chondroitin sulfitem v piitomnosti FGF-2

podporuji sebeobnovu NSC a zarovei brani jejich diferenciaci do glii v piitomnosti EGF.!3

1.6.3 Signalni draha Wnt

Drdha Wnt/B-catenin je evoluéné vysoce konzervovanou signalni drahou
u mnohobunéénych organismi. Jeji ndzev je odvozeny od genu wingless u octomilky
(Drosophila) a jeho mysiho homologu int-1. Signalni draha Wnt/B-catenin mé zasadni roli
béhem embryonélniho vyvoje i v dospélych tkanich, kde se podili na regulaci proliferace
a diferenciace (kmenovych) buné€k, regulaci bunécné polarity a migrace ¢i tvorbé€ celé tkané
(shrnuto v 13%).

Signalizace pfes Wnt/B-catenin zacina sekreci glykoproteini Wnt (u savcu jich je 19),
které jsou poté rozpoznavany receptory z proteinové rodiny Frizzled (u ¢lovéka je jich popsano
deset) a koreceptory, napt. LRP5 a 6 (Low-density lipoprotein receptor-related protein 5 a 6).
Aktivované receptory (po vazbé Wnt) jsou rozpoznany cytoplazmatickym proteinem
Dishevelled a poté miize draha Wnt pokraCovat kanonicky (draha zavisla na proteinu Catenin
beta-1) nebo nekanonicky (nezdvisld na Catenin beta-1). Pfi aktivaci kanonické drahy Wnt je
blokovana polyubikvitinylace proteinu Catenin beta-1, ktery tak neni degradovan
v proteasomu, ale hromadi se v cytoplazmé a poté piechdzi do jadra, kde reguluje expresi
cilovych genti. Nekanonicka ¢ast drahy Wnt se jesté dale vétvi na drdhu Wnt/planarni bunééné
polarity (regulace polymerizace aktinu a gastrulace) a drdhu Wnt/Ca®" (uvolnéni Ca** iontl
z endoplazmatického retikula a aktivace proteinkinaz zavislych na Ca?* iontech) (shrnuto
y 134135)

Béhem embryonalniho vyvoje CNS reguluje kanonicka draha Wnt/B-catenin proliferaci
(sebeobnovu) NSC a ziejmé na zéklad¢ vazby urcitého proteinu Wnt brani nebo stimuluje jejich

neuronalni diferenciaci a zrani neuronti.'**'3® Koneény efekt signalni drahy Wnt/p-catenin

ovlivilyji také interakce povrchovych proteini NSC s ECM, které stimuluji drahu Wnt a vedou
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k proliferaci NSC.!313° Podobné piitomnost FGF-2 stimuluje drahu Wnt/B-catenin a proliferaci
NSC, zatimco aktivace drahy Wnt/p-catenin bez FGF-2 vede k diferenciaci NSC.!* Rovnéz
draha Wnt/planarni bunécné polarity reguluje asymetrické bunécné déleni NSC v mozkové kiife
(v oblasti VZ) béhem embryogeneze, a tim i jejich sebeobnovu a neuronalni diferenciaci.!*!
Zda se, ze pravé piechod od kanonické k nekanonické draze Wnt vede k piechodu od
sebeobnovy NSC k jejich diferenciaci.!*? Na druhou stranu, béhem embryonalniho vyvoje
mozku mysi kanonicka signalni draha Wnt/B-catenin stimuluje diferenciaci NSC do

senzorickych neurontl a tento efekt ma i pfi in vitro diferenciaci NSC.'* Signalizace pomoci

Whnt je dale nezbytnd pro riist a vétveni axon'*+!4 &i diferenciaci a prezivani dopaminergnich
neurond 4147,

Funkce signalni drahy Wnt v dospélém mozku jsou obdobné jako pii embryonalnim
vyvoji CNS. Draha Wnt/B-catenin stimuluje proliferaci NSC v SVZ a brani jejich neuronalni

diferenciaci'*®

a u NSC v subependymové zéné stimuluje jejich proliferaci a preferencni
diferenciaci do oligodendrocytii'*’. Nekanonicka draha Wnt/planarni bun&éné polarity udrzuje
NSC v SVZ v quiescentnim stavu (zastaveny bun&ény cyklus).!>® Vyznam signalizace
Wnt/B-catenin v dospélém mozku ale zlstava predmétem debat. N&kteti autofi poukazuji na to,
7e prestoze drdha Wnt/B-catenin stimuluje proliferaci a neuronélni diferenciaci ¢i dokonce

aktivaci quiescentnich NSC v hipokampu, deplece proteinu B-catenin nema vliv na aktivaci ani

diferencia¢ni potencial NSC.!>!

1.6.4 Signalni draha Vascular endothelial growth factor

Signalizace ristovymi faktory z proteinové rodiny VEGF (Vascular endothelial growth
factor) je dal§i evolu¢né konzervovanou signalni drdhou, kterd je spolecna pro vSechny
obratlovce. Homology téchto proteini mtizeme nalézt i u bezobratlych zivocicha, kde se podili
na regulaci neurogeneze. Hlavni funkci téchto proteinii u obratlovci je regulace vaskulogeneze
a angiogeneze, tedy tvorby novych krevnich kapilar de novo ¢i z cév jiz existujicich (shrnuto
v P2153) " Tnaktivace exprese byt jen jedné alely VEGFA je v prib&hu embryogeneze
letalni,!>+153
Proteinové rodina VEGF zahrnuje pét ristovych faktorti: VEGF-A, VEGF-B, VEGF-
C, VEGF-D a PIGF (Placenta growth factor), které jsou biologicky aktivni ve formé& dimer.!™
Diky alternativnimu sestfihu ¢i vyuZziti alternativniho promotoru mize z lidského genu VEGFA
vzniknout 17 riznych isoforem proteinu VEGF-A.!*¢ Jednotlivé isoformy se oznacuji ndzvem

VEGF a c¢islem, které¢ predstavuje délku aminokyselinové sekvence dané isoformy, napft.

VEGF121, VEGF165 ¢i VEGF189."7 Alternativni sestfih vyznamné reguluje vlastnosti
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a funkci jednotlivych isoforem, napf. jejich rozpustnost a interakci s ECM (pfitomnost/absence
vazebné domény pro proteoglykany s heparan sulfitem) ¢i interakce s koreceptory typu
Neuropilin.'®® Transkripce genu VEGFA je aktivovana pii hypoxii proteinem HIF-1
(Hypoxia-inducible factor 1)!°
EGF!60:161 'FGF-2192 ¢j Interleukin-6'® a signalni drahou Wnt'®*. VEGF-A je stejné jako ostatni

proteiny z rodiny VEGF sekretovan z bunky, vaze se na RTK VEGFR1-3 (Vascular endothelial

, ale mize byt aktivovana i fadou dalSich proteinti, napf.

growth factor receptor 1 az 3) a/nebo koreceptory (Neuropilin-1 a 2 a integriny) a aktivuje dalsi
signalni drahy uvnitf buiiky, napt. MAPK, PI3K, PLCy a proteinkinazy zavislé na Ca>" iontech
(Obr. 4) (shrnuto v !%3).
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Obr. 4: Signalni draha VEGF v buiikich cévniho endotelu. Sekretovany protein VEGF-A
je rozpoznan receptorem VEGFR2 na cytoplazmatické membrané, coz vede k aktivaci
signdlnich drah uvnitf buniky, napt. MAPK a PI3K. Dalsi pfenos signdlu mezi jednotlivymi
proteiny je obvykle zprostiedkovan jejich fosforylaci ¢i defosforylaci (+p/-p). Vysledkem
VEGF signalizace je stimulace bunéfné¢ho déleni, prezivani a migrace bunék, regulace
permeability a produkce prostaglandinu prostacyklinu (PGlz), coz spolecné vede
k vaskulogenezi a angiogenezi. Pfevzato a upraveno z databaze KEGG'.

U mysi bylo prokazano, ze v pribéhu raného embryonalniho vyvoje sekretuji NSC
a z nich diferencované neurony protein VEGF-A, a stimuluji tak angiogenezi ve vznikajici
mozkové kufe. Pokud je tato signalizace naruSena, nedochdzi k prokrveni tkdné€, nastava

hypoxie a nervové buriky odumiraji.'®*'%® Zda jde ¢isté o parakrinni signalizaci (stimulaci
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proliferace endotelovych bun€k) nebo i signalizaci autokrinni, pti které by sekretujici buiky
regulovaly samy sebe, neni zcela jasné. Zatimco Haigh a kolektiv zjistili, ze deplece VEGFR2
v NSC nema zasadni vliv na vyvoj CNS, Ogunshola a kolektiv prokazali, ze inaktivace
VEGFR2 vede k apoptoze neurontl in vitro. %17 Signalizace VEGF-A ptes VEGFR2 stimuluje
v in vitro podminkach apoptézu u NSC odvozenych z ESC ¢i neuroektodermu, naopak
u radidlnich glii podporuje jejich prezivani. VEGF-A by tedy mohl ovliviiovat diferenciaci
(zrani) NSC v CNS b&hem embryogeneze.'® VEGF-A pies VEGFR2 aktivuje v primérnich
kulturach neuronti drahu MAPK, ¢imz reguluje rist a zrani neuronti, véetné stimulace exprese
genti pro TUBB3 a MAP2 (markery neuronil). Tento efekt neni zavisly na indukei hypoxii, ale
probihd pii normaélni hlading kysliku (normoxii).!'’®!”! Pozdgjsi studie prokazaly, ze v in vivo
podminkach ptisobi VEGF-A (isoforma VEGF165) jako chemoatraktant, ktery stimuluje cileny
rist axonu.!">173

Signalni draha VEGF hraje vyznamnou roli také v dospélém mozku. Gen VEGFA
u mysi je exprimovan v obou hlavnich oblastech neurogeneze v dospélém mozku— SVZ a SGZ.
Zejména v oblasti hipokampu je exprese VEGFA vysoka, protoze VEGF-A je produkovan
NSC, neuronalnimi prekurzorovymi bunikami 1 astrocyty. NSC izolované ze SGZ exprimuji
isoformy VEGF121 a VEGF165 a jejich sekrece je indukovéana ptitomnosti EGF a FGF-2
v kultivaénim médiu. V dospélém mozku produkuji NSC a neuronalni prekurzorové bunky
priblizné tfetinu sekretovaného VEGF-A v SGZ, zatimco jejich podil na sekreci VEGF-A
v SVZ je zanedbatelny. Sekretované VEGF-A piisobi autokrinné na NSC a pozitivné reguluje
jejich sebeobnovu a diferencia¢ni potencial.'” Vyznamnym zdrojem VEGF-A v SVZ jsou
ziejmé endotelialni buiiky, které sekreci VEGF-A stimuluji proliferaci a diferenciaci NSC.!”
Experimenty se suplementaci VEGF-A do dospélého mozku mysi a potkani ukazaly, ze
vysledny efekt je zavisly na mnoZzstvi podaného VEGF-A a sledované oblasti mozku (SVZ ¢i
SGZ) a zahrnuje proliferaci NSC, neuronil a astrocyti (vcetné zralych neurond a astrocytl),

preferen¢ni diferenciaci NSC do neuronti a stimulaci prezivani NSC.!76-178

1.6.5 Dalsi signélni drahy

Rast a vyvoj nervovych bunek v pribéhu embryogeneze (tedy od ESC pies NSC az do
plné diferencovanych neuronil a glii) ¢i v dospélém mozku (aktivace a diferenciace NSC do
neurontl a glif) jsou regulovany mnoha dal§imi signalnimi drahami a jejich efekt ovlivituje fada
faktorii. Jak je patrné z ptredchozich kapitol, mnoho signdlnich drah se vzijemné reguluje
a dopliluje, coz jeste zvysuje komplexitu, a zaroven také specifitu regulace osudu konkrétni

buniky v ¢ase a prostoru.
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Mezi dalsi signalni drahy regulujici sebeobnovu a diferenciaci NSC patii drahy Notch,
BMP (z angl. bone morphogenetic proteins) a Sonic hedgehog. Signalni draha Notch stimuluje
(v soucinnosti s dal$imi signalnimi drahami, napi. FGF-2, Wnt ¢i Sonic hedgehog) proliferaci
(sebeobnovu) NSC a reguluje jejich diferenciaci — stimuluje diferenciaci do glii (regulovano
rovnéz drahou BMP) a blokuje pfedéasnou neuronalni diferenciaci (shrnuto v '7°). Signalni
draha BMP pozitivné reguluje proliferaci a piezivani radialnich glii v mozkové kiife, blokuje
jejich ptedéasnou neuronélni diferenciaci a udrzuje quiescentni stav NSC v SGZ (shrnuto v '89).
Signalni drdha Sonic hedgehog stimuluje proliferaci a diferenciaci neuronalnich

prekurzorovych bungk, rist axonu a podporuje diferenciaci NSC do oligodendrocyti (shrnuto

v 181).

1.7 Neurodegenerativni onemocnéni

Neurologické poruchy jsou nejcastéjsi ptficinou zdravotniho postizeni s celosvétove
rostoucim trendem.® V této praci se zaméfuji na neurodegenerativni onemocnéni, ktera jsou
typem neurologickych poruch s charakteristickou degradaci (odumiranim) neuronti v CNS ¢i
perifernim nervovém systému. Ztrata neuroni vede k omezené (¢i Uplné ztraté) funkcnosti
postizené casti nervové tkané, coz ma za nasledek naruSeni vnimani, senzorickych funkei,
paméti, chovani ¢i motoriky. Pfestoze neurodegenerativni onemocnéni, napf. amyotroficka
lateralni skler6za (ALS), Alzheimerova, Huntingtonova ¢i Parkinsonova choroba, mozkova
mrtvice, prionové choroby, roztrousena skler6za, traumatickd poranéni mozku a michy atd.,
jsou heterogenni skupinou nemoci, sdileji osm typickych ryst (angl. hallmarks) na bunécné
a molekularni Grovni. Jsou to patologickd agregace proteinil, naruSeni homeostazy proteinii
(tzv. proteostazy), poruchy DNA a RNA, naruSeni energetické homeostaze, zmény cytoskeletu,
naruseni pfenosu signalu pies synapse a neuronové sit&, odumirani neuronti a zanét.'®?

Jednim z limith 1écby neurodegenerace je hematoencefalicka bariéra, kterd brani
volnému priichodu latek (v tomto ptipadé 1é¢iv) z krve do mozku.'®* Zasadni prekazkou je viak
nedostupnost klinicky ovétené terapie, ktera by umoznila obnovu funkce poskozené nervové
tkan¢. Lécba neurodegenerace se proto omezuje na zastaveni dal§iho rozvoje onemocnéni,
¢ast&ji vSak jen na lécbu symptomt, pripadné paliativni pé¢i.!®*

Hlavnim rizikovym faktorem pro vétSinu neurodegenerativnich onemocnéni je vék,
napt. kazdy desaty lovek starsi 65 let ma Alzheimerovu chorobu.'®® Mezi dalsi rizikové faktory
vzniku ¢i rozvoje neurodegenerativnich chorob patii genetickd predispozice (pfenos mutaci

z rodi¢ti na potomky &i vznik novych mutaci, véetné jednonukleotidovych polymorfismii) 86187,

otrava t&zkymi kovy!'®3, sttevni mikrobiom'®’, zne¢isténi ovzdusi'®®!*!, narist teploty prostiedi
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v diisledku globalniho oteplovani'®?, virové infekce (napt. virus Epstein-Barrové, chiipka i
virova encefalitida)!®® a dalsi. Podle odhadi WHO budou neurodegenerativni onemocnéni
nejpozdéji do roku 2040 druhou nejCastéjsi pfi¢inou umrti ve vyspélych zemich, hned po

kardiovaskularnich onemocnénich.!'®*

1.7.1 Huntingtonova choroba
Ve své disertacni praci jsem se vénoval zvifecimu modelu HD (publikace v ptiprave)

ahleddni biomarkerti progrese tohoto onemocnéni.!!

HD, n¢kdy také oznaCovana jako
Huntingtonova chorea, je neléCitelné, smrtelné neurodegenerativni onemocnéni s autozomalné
dominantni dédi¢nosti. Neurodegenerace postihuje zejména striatum, kde dochézi k odumirani
stiednich ostnatych neuronti (z angl. medium spiny neurons) vyuzivajicich jako neurotransmiter
kyselinu y-aminomaselnou (GABA, z angl. gamma-aminobutyric acid).!®® Klinicky obraz
zahrnuje poruchy spojené s Huntingtonovou triddou: chorea (mimovolni pohyby riznych ¢asti
téla, snizeni rozsahu a rychlosti pohybt — véetné chtize, pohybti o¢i a feci), narusené vnimani
(pomalej$i uvazovani a rozhodovani) a neuropsychiatrické zmény (tizkosti, deprese,
podrazdénost & psychdza).!”® Mimo CNS jsou zasaZeny i dalsi tkdng, napt. kosterni svalstvo
(atrofie), srdce (Cast&j$i srdecni selhdni), kostra (osteopordza), varlata (atrofie a sniZena
produkce testosteronu) nebo krevni buiiky (naru$eni imunitniho systému).'”’

Celosvétova prevalence (pocet osob s HD) je odhadovana na ~5/100 000 osob,
a celosvétova incidence (poCet nové diagnostikovanych ptipadi) je odhadovana na
~0,5/100 000 osob. Z dostupnych dat vyplyva, ze v Evropé a Severni Americe je vice ptipadl
HD nez v Asii &i Africe.'”® Udaje o prevalenci a incidenci jsou oviem vyznamné ovlivnéné
dostupnosti dat, metodami pouzitymi pii sbéru dat a sledovanymi populacemi. Skute¢na
prevalence v Evropé se podle dostupnych dat pohybuje mezi ~1-22/100 000 osob.!*’

Pfi¢inou HD na molekularni rovni je zmnoZeni repetic CAG (cytosin-adenin-guanin)
vexonu 1 genu HTT (lokus 4p16.3), ktery koduje protein Huntingtin (HTT). Mutovany
Huntingtin (mHTT) mé na svém N-konci vyrazné€ delsi sekvenci glutamini, a HD se tedy fadi
mezi tzv. polyglutaminové choroby.?”® Zatimco zdravi jedinci maji v genu HTT méné nez 36
repetic CAG (nejCasteji v rozsahu 9-34 repetic), osoby s mutovanym H77 mohou mit i vice nez
100 repetic CAG.?%%2% Mnozstvi repetic CAG negativné koreluje s nastupem prvnich priznak
choroby i s délkou Zivota.?2% Pacienti s HD, ktefi jsou homozygoti, nemaji oproti
heterozygotim diivéjsi nastup choroby, aviak nemoc ma u nich rychlejsi prabéh.?°#2% Prvni
viditelné ptiznaky se projevuji nejcastéji mezi 30. a 50. rokem Zivota, ale byla popsana také

v

vzéacnéjsi juvenilni forma HD, kterd se projevuje jiz v détstvi/dospivani (od dvou let Zivota
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dale), a HD s pozdnim nastupem (po 60. roce zivota). Obvykla doba pteziti od nastupu prvnich
ptiznakt je 17-20 let, v pfipad€ juvenilni formy a formy HD s pozdnim nastupem je doba
pieziti vyznamné krat$i.?%2% Nejcast&jsi piic¢inou Gmrti je zapal plic, druhou nejéastéjsi
pii¢inou smrti pacientd s HD je sebevrazda.?%

Ptestoze HTT je intenzivn¢ studovan vice nez 30 let, stale neni jasné, které aspekty HD
na bunécné trovni jsou zpisobené ztratou funkce nemutovaného HTT, a co je efektem mHTT.
Exprese HTT je fyziologicky aktivni ve vétsin¢ tkani (nejvice v CNS), ale jeho hladina na
mRNA 1 proteinové urovni se vyznamné¢ 1isi 1 mezi jednotlivymi bunkami dané tkan¢. HTT se
vyskytuje v n€kolika riznych isoforméch a je vyznamné posttranslacné modifikovéan, véetné
nékolika specifickych proteolytickych Stépeni, fosforylace, acetylace, palmitoylace,
ubikvitinylace a sumoylace, coz reguluje jeho funkce a aktivitu. HTT interaguje s fadou
bunécnych proteinil, ¢asto ve funkci proteinového leseni (angl. scaffolding protein), na které se
mohou vézat dal$i interak¢ni partneti. Takto ndsledné ovliviiuje fadu bunéénych procesi, napft.
apoptézu, autofagii, bunééné déleni, bunécnou polarizaci, prezivani buné€k, transkripci ¢i
transport vackl. Deplece HTT v priibéhu embryogeneze je letdlni (shrnuto v 2%). Studie
provedené na experimentélnich zvifecich modelech a vzorcich od pacientii s HD ukazaly, Ze
mHTT a jeho fragmenty po proteolytickém Stépeni vytvareji agregaty v cytoplazmé i v jadie
a narusuji fadu bunécnych procest, napt. autofagii, ciliogenezi, jaderny transport, pienos
signalu pies synapse, transkripci a transport vacka (Obr. 5) (shrnuto v 2921,

Diagnostika HD se provadi pomoci genetického testovani, pti kterém se sleduje pocet
repetic CAG v obou alelach HTT. Prib¢h nemoci je mozné vyhodnocovat pomoci sady
klinickych testt UHDRS (z angl. Unified Huntington's Disease Rating Scale), které ovéruji
pohybové schopnosti, vnimani, chovani a celkovy stav pacienta.’'? Tyto testy umoziuji
sledovat rozvoj HD aZ od prvnich viditelnych ptiznakil, mezitim vSak probiha neurodegenerace
bez viditelnych vnéjSich projevii. Presné pochopeni molekularnich mechanisml rozvoje
patologie HD pomitiZe identifikovat nové cile lécby a vhodné biomarkery, které by umoznily
sledovat rozvoj choroby jesté pred prvnimi vnéj§imi projevy, piipadné umoznily sledovat
ucinnost terapie HD. Dosud vSak nejsou Zadné biomarkery klinicky validovany. Hledani

a validace takovychto biomarkerti je proto v centru pozornosti mnoha vyzkumnych instituci.'!

34



o ) Py
L]
J‘J', [ ]
e Abnormality
cytoskeletu
Naruseni transportu
vagku

mHTT
R .quolein \
Fragmenty mHTT rO‘ttEMO ytl‘.: 2

uvolfované do e AL 8
mozkomi$niho moku &

'\fl A VI,
[ VLAV
— s A
Fr
Exosomy obsahujici mHTT . Agregace
fragmenty mHTT {fragmentu mH
r \ YMAAA .

Zahiceni -
proteasomil (58

Naruseni exprese
mitochondrialnich gent

Els

CYTOCHROM-C

/
QY car homeoslaza
= e

Obr. 5: Mutovany protein Huntingtin a jeho negativni vliv na bunécné drahy
a metabolismus neuroni. Mutovany Huntingtin (mHTT) je enzymaticky Stépen a jeho
fragmenty vytvareji v cytosolu a jadie bun¢k nerozpustné agregaty, které jsou také uvoliiovany
z bunék. Mezi hlavni buné¢né drahy narusené mHTT fragmenty patfi transkripce gent (v jadie
i v mitochondriich), autofagie, apoptéza, degradace proteinli pies proteasomy, odstraniovani
volnych kyslikovych radikald, pfenos signalu ptes synapse, sekrece proteinti (napi. BDNF —
Brain-derived neurotrophic factor), translace, transport vackd nebo vystavba cytoskeletu.
Astrocyty a mikroglie v okoli postizenych neuronti zacnou proliferovat a spusti zanétlivou
reakci. Pfevzato a upraveno podle '!.

1.8 Bunécna terapie

Rada studii na experimentalnich zvifecich modelech ukazala, ze NSC maji vyznamny
potencidl v terapii neurologickych onemocnéni. Transplantace NSC vedla ke zlepSeni
zdravotniho stavu u modelti Alzheimerovy choroby?!, ALS?'*) HD?!°, mozkomisniho

216,217

poranéni 218

, mozkové mrtvice?'® ¢i Parkinsonovy choroby?!®. Pedpoklada se, ze NSC po
transplantaci ovliviiuji CNS regulaci imunitni odpovédi a regenerace okolni tkané¢ pomoci
sekrece riznych trofickych faktort a dalSich proteinil a také pfimym nahrazenim poskozenych

nebo odumielych bun&k.** Prvni faze klinickych studii na pacientech byly zaméfeny zejména
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na ovéteni bezpecnosti transplantace NSC pti daném onemocnéni a zptisobu jejich podani. Tyto
studie poskytly ditkazy o bezpecnost transplantace NSC pacientfim s ALS??%??!, mozkovou

r223,224

obrnou???, mozkovou mrtvici 225,226

227,228

, poranénim michy nebo roztrousenou skler6zou

Dalsi faze klinickych studii zaméfené na analyzu Gc¢inku transplantace NSC budou nasledovat.

1.9 Proteomika

Proteomika je védni obor vyuzivajici fady pfistupli a metod pro studium proteomu.
Proteom zahrnuje vSechny proteiny pfitomné v urCitém prostoru (napf. bunécna
organela/bunika/tkan/organismus) v konkrétnim case. Genomika a epigenetika poskytuji
zasadni informace o genech, které mohou byt v bufice/tkani/organismu exprimovany, ale nelze
na jejich zaklad¢ s jistotou fici, které geny jsou vdané chvili aktivné prepisovany.
Transkriptomika pfina$i dal§i uroven informace, tedy které geny jsou v dany moment
exprimovany na mRNA trovni a mohou byt ptekladdny do proteinii. Protoze regulace mnoZzstvi
proteint se vétsinou odehrava na Grovni translace, korelace mezi mnozstvim mRNA a urcitého
proteinu je omezend. U savcu se predpoklada, Ze pozitivni korelace mezi mnozstvim urcité
mRNA a jejiho proteinu plati pfiblizné ve 40 % piipad.?* Poget molekul uréitého proteinu
vzniklych béhem proteosyntézy je obvykle vyrazné vyssi nez pocet molekul mRNA vzniklych
be&hem transkripce daného genu (jak v absolutnim poctu, tak za urCity ¢asovy usek) a proteiny
jsou oproti mRNA stabilngjsi.?*° Obvykle spolu pozitivné koreluji mnozstvi mRNA a proteinii
spojenych se zakladnimi metabolickymi drdhami, na druhou stranu nizk4 mira korelace je
typickd pro mRNA a proteiny spojené s ribosomy a sestiihem RNA.?*° ProtoZe proteiny tvori
fenotyp bunky 1 celého organismu, pro komplexni studium signalnich drah a bunéénych procesti
je vhodnéjsi vyuzit proteomiku.

Pokud uvéazime, Ze u ¢lovéka je popsano 20 598 genti kodujicich proteiny!*® a kazdy
gen ma primémé sedm transkripénich variant (alternativni sesttih/za¢4tek/konec mRNA)?!,
muze takto vznikat vice nez 144 tisic riznych proteint (primérné sedm proteinti kodovanych
stejnych genem, ale liSicich se svoji délkou, tzv. proteinové isoformy). V soucasné dobé je
znamo vice nez 400 posttranslacnich modifikaci (PTM), nejcastéjsi jsou fosforylace,
N-glykosylace a acetylace.?*> V kazdém proteinu mize byt PTM lokalizovéna jinde, piipadné
jind, a mize se lisit 1 celkovy pocet modifikaci na protein, coz jeste dale zvysuje komplexitu
proteomu. Proteinové druhy kodované stejnym genem, ale vzajemné se lisici svoji délkou,
sekvenci (rozdilna nukleotidova sekvence mezi alelami) a PTM, se nazyvaji proteoformy?*?
a pfedstavuji redlny stav (fenotyp) buiiky, tkdné ¢i organismu. Podrobné studium jednotlivych

proteoforem a jejich biologie je zatim nedosaZitelnym cilem proteomiky.** Soudasné
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proteomické metody nam vSak umoznuji provést napi. piesnou a citlivou identifikaci
a kvantifikaci (i absolutni) proteind a jejich PTM (v&etné urceni jejich presné lokalizace)?>,

uréeni 3D struktury proteini**®

nebo charakterizaci interakci mezi proteiny, piipadné proteiny
a malymi molekulami (napf. 16¢ivy, véetné uréeni mista jejich vazby)?*72%.

Proteomické techniky mtizeme rozdé€lit na dvé zakladni skupiny podle toho, zda pro
detekci (identifikaci) a kvantifikaci proteinti vyuzivaji protilatky, nebo MS. Zjednodusen¢ 1ze
fici, ze v pfipad¢ protilatkovych metod je protein rozpoznan protilatkou (detekce)
a kvantifikovan na zakladé intenzity signalu znacky protilatky (obvykle fluorescence), zatimco
v ptipad¢ MS metod je protein identifikovan na zakladé¢ piesného zmeéteni molekulové
hmotnosti (Mw) jeho peptidl a kvantifikace je provedena pfimo na zékladé intenzity signalt
detekovanych iontl. Existuji také techniky, napt. hmotnostni cytometrie?*® nebo zobrazovaci
hmotnostni cytometrie®*!, které kombinuji protilatkové metody (pro detekci proteintl) a MS
(pro jejich kvantifikaci).?*?

V nasledujicich kapitolach jsou podrobnéji popsany proteomické metody, které byly
vyuzity v ramci feSeni této disertani prace. Podrobny popis dalSich proteomickych technik
a jejich aplikace v biomedicinském vyzkumu (neurodegenerativni a nadorova onemocnéni) je

hl 1,242-244

obsazen v mych publikacic , véetn¢ kapitoly Proteomics in Huntington’s Disease

Biomarker Discovery, ktera je soucasti této disertacni prace (viz ptilohy).

1.9.1 Protilatkové metody

Protilatkové metody (napf. pritokova cytometrie a techniky multiplexnich analyz
vyuzivajici protilatky navazané na kulickach) nejsou proteomické metody v pravém slova
smyslu, protoZze neumoziuji analyzovat celkovy (globalni) proteom, ale jen pfedem vybranou
sadu proteinll. Biochemické protilatkové metody jako napf. imunoblot a ELISA (z angl.
enzyme-linked immunosorbent assay) jsou zakladni metody analyzy proteinii vyuZzivané
1 v klinické praxi. Jejich hlavnimi vyhodami jsou vysoka citlivost (protilatky vazbou antigenu
provedou jeho nabohaceni ze vzorku), relativné snadné provedeni analyzy 1 vyhodnoceni dat
nebo komeréni dostupnost protildtek a optimalizovanych kit.?**?** Nevyhodou mitize byt
specifita zavisld na kvalité protilatky (nedostatecna specifita protilatky>*>-247) a na prosttedi, ve
kterém probiha reakce mezi antigenem a protilatkou (tzv. efekt matrice). Omezena
kombinovatelnost protilatek kvili jejich vzajemné reaktivité (angl. cross-reactivity) obvykle
neumoziuje simultanni analyzy vice neZ desitek proteinli souc¢asné. Protilatkové metody jsou
vSak v nékterych pifipadech jedinou moznosti detekce a kvantifikace, zejména méné

zastoupenych proteinti ve sloZitych biologickych vzorcich (napi. krevni plazma).?4?244
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1.9.1.1 Multiplexni protilatkova analyza xMAP

Multiplexni protilatkova analyza xMAP (z angl. multi-analyte profiling) je obdobou
proteinového (protildtkového) €ipu, ovsem misto na sklicko jsou protilatky navazané na kulicky
(obvykle magnetické). Principialn¢ jde o ELISA méieni a simultanni analyzu vice proteint.
Kazda kulicka ma navazané protilatky jen pro jeden konkrétni protein a obsahuje vlastni vnitini
fluorescen¢ni znacdeni, které je tak specifické pro kazdy ze sledovanych proteinti. Proteiny ve
vzorku mohou byt ptimo znacené (vyuziva se stejné fluorescencni znaceni pro vSechny proteiny
vzorku, protoze odliSeni antigenti probihd na urovni kulicek), nebo jsou detekovany znacenou
sekundarni protilatkou. Samotné méfeni probihd v analyzatoru Luminex nebo pomoci
pritokového cytometru s ervenym a zelenym laserem.24>244

Hlavnimi vyhodami analyz typu xMAP jsou vysoka citlivost, dobry dynamicky rozsah
méteni, komeréné dostupné kity pro vybrané proteiny (otestované z hlediska sensitivity,
specifity a vzajemné reaktivity protilatek) a nizkd spotteba vzorku. Nevyhodu ptedstavuje
relativné nizky pocet simultanné analyzovanych proteinti — kviilli omezené kombinovatelnosti
protilatek (zejména pii detekci pomoci sekundarnich protilatek), efekt matrice a cena
komerénich kitd.>**»** S ohledem na realny pocet proteinovych isoforem a moznosti jejich
PTM je ziejmé, ze metody zaloZené na protilatkach nemohou tak velkou komplexitu proteomu

postihnout.

1.9.2 Hmotnostni spektrometrie

Moderni metody vyuZzivajici MS poskytuji kvantitativni informace o vice nez 10 000
proteinti b&hem jediného méfeni.?*®** Pomoci MS je mozné analyzovat celé (intaktni) proteiny
a studovat tak proteoformy (véetné jejich nativniho stavu).?3%?! Cast&ji jsou vak proteiny
nejprve denaturovany, jejich disulfidické mistky jsou redukovany a thiolové skupiny cysteint
blokovany prostfednictvim vazby alkyla¢nich ¢inidel na cystein, a nésledn€ jsou proteiny
Stépeny na peptidy specifickou proteazou, jako je trypsin. Smés peptidi je vysoce komplexni,
a je proto nutné peptidy pied méfenim rozdélit. K tomu se obvykle vyuziva separace pomoci
kapalinového chromatografu (LC, zangl. liquid chromatography) na reverzni fazi, kde
stacionarni fazi jsou kiemicité kulicky s povrchem modifikovanym fetézci uhliku (C18)
amobilni fazi je gradient smési vody a organického rozpoustédla acetonitrilu, s malym
pfidavkem kyseliny mravenci pro pozitivni ionizaci peptidl. Peptidy interaguji se stacionarni
fazi na zaklad¢ své hydrofobicity (se stoupajici koncentraci acetonitrilu se postupné uvoliuji
vice hydrofobni peptidy) a jsou pfimo ionizovany a vstiikovany pomoci elektrospreje do

hmotnostniho spektrometru.
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Tandemovy hmotnostni spektrometr (MS/MS) jsou v podstaté vysoce piesné vahy
(s pfesnosti na tisiciny Daltonu), které jsou sloZeny ze tii za sebou uspotfadanych hmotnostnich
analyzatort. V prvnim je analyzovana m/z (m je Mw, z je celkovy naboj — pocet protonil)
prekurzorového iontu (peptidu) a po jeho fragmentaci ve druhém hmotnostnim analyzatoru
(tzv. kolizni cela) jsou analyzovany ve tfetim hmotnostnim analyzatoru m/z fragmentovych
iontll (mens$i peptidy a aminokyseliny). Intenzita signalu prekurzorovych a fragmentovych
iontli je pfimo umérna poctu iontil, které jsou zaznamenany detektorem. Pro identifikaci
proteinil je nutné, aby byl znam proteom nebo alespon genom daného organismu.

Hlavnimi vyhodami MS jsou vysoka specifita méfeni (analyzuje se s vysokou presnosti
vzdy n¢kolik peptidi daného proteinu), moznost globalni i cilené analyzy, velké pokryti
proteomu a moznost paralelni analyzy PTM. Analyzy pomoci MS maji své limity, zejména
v omezen¢ ionizovatelnosti nékterych peptidil (peptidy musi byt ve formée ionti, jinak nebudou
detekovany) nebo v malém poctu unikatnich peptidii pro malé proteiny. V bézném protokolu
nedochdzi k nabohaceni proteinti/peptidi — vSe je analyzovano v poméru jako v piivodnim
vzorku, coz znesnadiiuje analyzu proteind piitomnych ve vzorcich ve velmi malém mnozstvi
nebo analyzu vysoce komplexnich vzorka (napf. krevni plazma, kde je rozdil koncentraci
jednotlivych proteind vé&tsi nez 10 ¥adt®*?). Analyza dat je vypodetn& niro¢na a s ohledem na

mnozstvi dat poskytovanych MS je naroén4 i jejich biologick4 interpretace.!!24>244

1.9.2.1 Data-dependentni analyza

Data-dependentni analyza (DDA, z angl. data-dependent acquisition, nékdy tézZ
oznaCované jako ,shotgun proteomics*) umoziuje identifikaci a kvantifikaci celkového
proteomu bez nutnosti pfedchozi znalosti vzorku. Separované peptidy jsou analyzovany pomoci
MS/MS. Nejprve je zméteno spektrum MSI, tedy vSechny prekurzorové ionty uvolifiované
z kolony v dany ¢as (tzv. reten¢ni Cas), a je zaznamenana jejich m/z a intenzita (Obr. 6). Poté
za¢ne prvni hmotnostni analyzator postupné vybirat nejintenzivnéj$i prekurzorové ionty ve
spektru MS1 (obvykle 15-40 prekurzorti), které posila do kolizni cely. V kolizni cele se vlivem
napéti a srazek s molekulami inertniho plynu (typicky N2) prekurzorové ionty rozpadnou na
fragmentové ionty, které jsou nasledné méteny ve tietim hmotnostnim analyzatoru (spektrum
MS2 - m/z a intenzita fragmentovych iontl). Po zméfeni prednastaveného poctu
prekurzorovych iontd za¢ne daldi cyklus méfenim nového spektra MS1.!! Na zakladé
namétenych hodnot Mw je mozné piimo urcit sekvenci peptidu (tzv. de novo sekvenovani)
nebo jsou namétfené hodnoty porovndny s teoretickymi hodnotami Mw peptidii (a jejich

fragmentovych ionti).
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Obr. 6: Princip data-dependentni analyzy (DDA) a analyzy nezavislé na datech (DIA).
Me¢feni zaciné stejné — proteiny jsou enzymaticky S$tépeny na peptidy, separovany na koloné
pomoci kapalinové chromatografie, ionizovany a sprejovany do tandemového hmotnostniho
spektrometru. Nejdiive je zméfeno spektrum MS1, tedy hodnoty m/z (Mw/naboj) a intenzity
signalu vSech peptid (prekurzorovych iontl), které se uvoliuji z kolony v daném retenénim
Case. V ptipadé DDA jsou prekurzorové ionty postupné vybirany podle intenzity signalu
a nasledné posilany do kolizni cely k fragmentaci a do tfetiho hmotnostniho analyzatoru ke
zméfeni spektra MS2 (hodnoty m/z a intenzity signdlu fragmentovych iontl). Po zméfeni
prednastaveného poctu prekurzorovych iontll s nejvyssi intenzitou je zahdjen dalsi cyklus
métfenim nového spektra MS1. U analyzy DIA je spektrum MS1 rozdéleno na nékolik oken
(napt. 30) a vSechny prekurzorové ionty v daném okné jsou poslany na fragmentaci do kolizni
cely spoleéné. Spektrum MS2 tak obsahuje fragmentové ionty pattici vice prekurzorovym
iontim. Po zméfeni prednastavené¢ho poctu oken je zahajen dalsi cyklus méfenim nového
spektra MS1. Pievzato a upraveno podle 1.

Princip vybéru prekurzorovych iontli v rdmci DDA sniZuje robustnost této metody,
protoZe poskytuje nekompletni data. Pokud bychom porovnévali dva vzorky, a v prvnim z nich
by mél urcity peptid v daném retenénim ¢ase vysokou intenzitu (bude vybran k fragmentaci),
zatimco ve druhém vzorku by nebyl kvili niZ8i intenzit€ mezi vybranymi prekurzorovymi
ionty, budou u druhého vzorku data chybét. Tento problém se oznacuje jako stochasticita DDA
a ovlivilyje tzv. kvantifikaci bez znaceni (LFQ, z angl. label-free quantification) mezi vice
métenimi, pii které se sleduje intenzita signalu (plocha piku) nebo pocet namétenych spekter
daného peptidu.?>? Proto byla vyvinuta fada metod, pfi kterych jsou vzorky n&jakym zpiisobem
oznaceny a peptidy ze vzorkl jsou piedem smichany a analyzovany v rdmci jednoho méfeni.
V soucasnosti jsou nejrozsifen&jsimi metodami znaceni TMT (z angl. tandem mass tags)>*
a iTRAQ (z angl. isobaric tags for relative and absolute quantitation)®, pfi kterych se znacka

(angl. tag) chemickou reakci vaze na volné aminové skupiny v peptidech po enzymatickém
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Stépeni. VSechny znacky maji stejnou celkovou strukturu a Mw, 1isi se vSak v ¢asti molekuly
zvané mass reporter, kterd obsahuje rizné isotopy uhliku a dusiku. Sledovany peptid bude mit
ve vSech vzorcich ve spektru MSI1 jednu konkrétni m/z (jediny prekurzorovy iont), pfi
fragmentaci se uvolni jednotlivé ¢asti znaceni a ve spektru MS2 bude mit kazdy mass reporter
svlj fragmentovy iont (konkrétni m/z a intenzita). Kvantifikace tedy probiha na urovni spekter
MS2. Piestoze je pomoci znafeni odstranéna stochasticita DDA, stile jsou méfeny jen

prekurzorové ionty s vysokou intenzitou.

1.9.2.2 Analyza nezavisla na datech

Analyza nezavisla na datech (DIA, z angl. data-independent acquisition) byla vyvinuta
s cilem pfekonat problémy spojené s DDA méfenim (zejména stochasticitu DDA), a umoznit
tak reprodukovatelnou analyzu celkového proteomu. Prvni pokusy o DIA méfeni
neposkytovaly zpocatku dostateéné pokryti proteomu (kvantifikace pouze stovek proteinti).>>
Prvni skute¢né funkéni metodou DIA byla SWATH-MS (z angl. sequential window acquisition
of all theoretical mass spectra) popsana v roce 2012.%%7

Podobné jako v pfipadé méfeni DDA je nejprve zméteno spektrum MS1 (Obr. 6)
a nasledné je toto spektrum rozdéleno do urcitého poctu oken (napt. 30 oken, kterd mohou mit
vzdy stejnou sitku m/z, napt. 25 Da, nebo je Sitka variabilni podle poctu prekurzorovych ionti
v daném okné). VSechny prekurzorové ionty v daném okné (napt. 825-850 m/z) jsou poslany
do kolizni cely najednou a jejich fragmentové ionty jsou zméfeny v jediném spektru MS2.
Postupné jsou proméiena vSechna okna ze spektra MS1 a dal$i cyklus zacne zmétenim nového
spektra MS1. Spektra MS2 obsahuji fragmentové ionty riznych prekurzorovych ionth
proteinlt pomoci DIA se obvykle vyuZivaji spektralni knihovny pfipravené pomoci DDA
méteni stejnych vzorki (specifické spektralni knihovny) nebo méteni vzorki z riiznych tkani,
s riznymi zpusoby pfipravy, po frakcionaci apod., které umozni vétsi pokryti proteomu.
Druhym pfistupem je pfima analyza DIA méfeni in silico s vyuZzitim databaze proteinovych
sekvenci studovaného organismu.’

Me¢teni DIA nabizi vyrazné vyS$i reprodukovatelnost a piesnost LFQ (vSechny
detekovatelné prekurzorové ionty jsou fragmentovany a jejich fragmentacni spektra zméfena),
vétsi dynamicky rozsah méfeni a vétsi pokryti proteomu nez DDA.>® DIA metody jsou robustni
a spolehlivé porovnatelné i mezi riiznymi laboratotemi.”® Velkou vyhodou DIA je, Ze
kompletni data jsou ziskdna béhem jediného méteni vzorku. Namétfena data 1ze vyuzit k analyze

celkového proteomu, nebo je mozné analyzu zacilit na konkrétni vybrané proteiny, ptipadné
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vyhodnotit zbyvajici data kdykoliv znovu, napt. pfi feSeni jiné biologické otazky. Piesnost
kvantifikace pomoci DIA je srovnatelna s kvantifikaci pomoci cilené metody typu SRM (z angl.
selected reaction monitoring).?>” DDA metody jsou pouzivany pfiblizné dvakrat déle nez DIA
a jejich nastaveni, optimalizace jednotlivych parametri a zejména vyhodnoceni dat jsou proto
vyrazné jednodussi.?>
1.9.2.3 Cilené analyzy zalozené na hmotnostni spektrometrii

Pro analyzu vybranych proteinti na zéklad¢ predem stanovené hypotézy se vedle
analyzy DIA pouzivaji cilené metody SRM a PRM (z angl. parallel reaction monitoring).
Zatimco PRM meéfeni mlze byt provedeno na stejném typu hmotnostniho spektrometru jako
DDA a DIA, SRM vyzaduje specificky typ MS/MS pfistroje, tzv. trojity kvadrupdl (Obr. 7).
SRM 1 PRM vyZaduji znalost analyzované¢ho vzorku, respektive proteinli, které maji byt
meéteny. Pro kazdy protein, ktery ma byt kvantifikovan, se obvykle sleduji nejméné dva
proteotypické (unikatni) peptidy, které nejsou pritomny v zadném jiném proteinu v celém
proteomu dané¢ho organismu. K monitorovani peptidi je nutné znat Mw prekurzorového iontu
a v ptipadé€ vétsiho poctu peptidl také retencni Casy, ve kterych se sledované peptidy uvoliuji
z chromatografické kolony. V pfipadé SRM je nezbytné znat také Mw fragmentovych ionti.
Tyto informace mohou byt ziskdny piedchozi analyzou vzorku pomoci DDA nebo DIA.
Druhou moznosti je proméfeni vzorku v pribéhu gradientové eluce peptidii s vyuzitim
vnitinich standardd (syntetické peptidy znacené tézkymi izotopy uhliku a dusiku), které se
uvoltiuji ve stejnych retenénich &asech jako sledované endogenni peptidy.!'!*4

SRM analyza probihéd na zakladé ptednastavenych hodnot m/z pro jednotlivé peptidy
a jejich fragmentové ionty (Obr. 7). Prekurzorové ionty vstupuji do prvniho kvadrupdlu a ionty,
které neodpovidaji pfednastavené hodnoté m/z jsou odfiltrovany pry¢ — do kolizni cely je poslan
pouze peptid definované m/z. Uzké okno méfeni (typicky 0,7 Daltonu) a mensi pocet
monitorovanych fragmentovych iontii udéluje SRM vysokou selektivitu a vyssi specifitu oproti
meétfeni DIA. Sledovany peptid je v kolizni cele fragmentovan a ve tfetim kvadrup6lu jsou
odfiltrovany vSechny fragmentové ionty, které nemaji odpovidajici m/z. Pouze fragmentovy
iont definované m/z je nasledné detekovan.>>® Dvojice ionttl, prekurzorovy a jeho fragmentovy
iont, se oznacuje jako iontovy ptechod (angl. transition).

V ptipadé PRM metody jsou sledovany prekurzorové ionty jednotlivé, ale je zméteno
celé spektrum MS2, jako u metod DDA a DIA.?* SRM a PRM jsou vhodné na validaci
vysledki DDA a DIA analyz a na cilena méfeni pfedem vybranych proteinti (ovéfeni hypotézy).

Ptitom se uplatni jejich hlavni vyhody — vysoka specifita a citlivost métfeni a rovnéz relativné
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jednoduchd analyza dat. Nevyhodami jsou zejména nutnost vyvoje a optimalizace metody

méteni pomoci LC-MS/MS.
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Obr. 7: Princip cilené analyzy pomoci metody SRM (selected reaction monitoring).
Proteiny ve vzorku jsou enzymaticky Stépeny na peptidy, separovany na koloné pomoci
kapalinové chromatografie, ionizovany a sprejovany do tandemového hmotnostniho
spektrometru typu trojity kvadrup6l. Prvni kvadrupol (Q1) posle do kolizni cely (q2) jen
prekurzorovy iont (peptid) s pfedem definovanou hodnotou m/z (Mw/naboj), ostatni ionty jsou
odfiltrovany pry€. V kolizni cele je tento prekurzorovy iont fragmentovan srazkami
s molekulami inertniho plynu pfi vysokém napéti a vzniklé fragmentové ionty jsou poslany do
tietiho kvadrupolu (Q3). Q3 odfiltruje fragmentové ionty s jinou nez nastavenou hodnotou m/z
a jen definovany fragmentovy iont je poté poslan na detektor, ktery zaznamena intenzitu

signalu. Pfevzato a upraveno podle 2*4.
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1.10 Cile prace

S ohledem na starnouci populaci a rostouci prevalenci neurologickych poruch ve
vyspélych zemich jsem se ve své disertacéni praci zaméfil na vyvoj metod pro charakterizaci
diferenciace NSC, které jsou kliCové pro spravné fungovani CNS. Tyto bunky poskytuji
biologicky model pro studium (pato)fyziologickych procesii a predstavuji slibny prostiedek
v regenerativni mediciné. S vyuzitim modernich proteomickych metod jsem usiloval
o zavedeni piesnych postupti pro analyzu NSC nejen v nasi laboratofi.

Ve spolupréci s kolegy se mi podatilo optimalizované postupy publikovat, aplikovat na
nas model in vitro diferenciace NSC, a piinést tak nové dalezité poznatky o signalnich drahach
a bunéénych procesech, které jsou regulovany v pribéhu spontanni diferenciace NSC
modulované kombinaci rustovych faktorti a jejich specifickych isoforem. Vysledky prace
poukazuji na dulezitost komplementirnich metodickych pfistupli, zejména na vyhodnou
kombinaci celoproteomové analyzy s vysokym pokrytim proteint a cilené analyzy zamétené
na predem vybrané proteiny. Zajmové proteiny byly vybrany jak pro charakterizaci NSC, tak

pro budouci cilenou analyzu modelovych organismii ¢i vzorkd pacienti s HD.

Specifické cile této disertacni prace spocivaji v:

1. ptipravé metod a podrobné charakterizaci NSC v prub¢hu diferenciace

2 ptipravé metod pro globalni analyzu proteomu NSC v prabéhu diferenciace
3. ptfesné analyze proteomu a sekretomu NSC v prib¢hu diferenciace

4 analyze proteomickych studii zaméfenych na Huntingtonovu chorobu
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Metody a vysledky

2.1 Metody

2.1.1 Chemikalie a material

Chemikalie a specidlni material pouzivané pii experimentech v ramci této disertacni

prace jsou uvedeny v Tab. 1.

Tab. 1: Seznam chemikalii a specidalniho materialu. V tabulce jsou uvedeny ptivodni

(anglické) nadzvy uzivané vyrobci a jejich katalogova cisla.

DMEM/F-12)

Chemikalie/material Vyrobee Katalogove
Cislo

Acclaim PepMap 100 C18 HPLC Columns Thermo 164199
Scientific

Accutase solution Sigma-Aldrich | A6964-500ML

Acetonitrile, Optima LC/MS Grade Fisher Chemical A955-1

Amicon Ultra-2 Centrifugal Filter Unit, Ultracel- Millipore UFC200324

3 regenerated cellulose membrane

Ammonium bicarbonate Sigma-Aldrich 09830-500G
Absource

Axitinib Diagnostics S1005

GmbH

B-27 Supplement (50X), serum free Gibco 17504044

Bovine Albumin Fraction V (7.5% solution) Gibco 15260037

DMEM, high glucose, GlutaMAX Supplement Gibco 10566016

E‘thylenedlamlne tetraacetic acid disodium salt Carl Roth GmbH R043.2

dihydrate

Fetal Bovine Serum, certified, United States Gibco 16000036

Formic acid Honeywell 56302-30ML-

GL

Geltrex LDEV-Free Reduced Growth Factor .

Basement Membrane Matrix Gibeo Al413202

GlutaMAX Supplement Gibco 35050061

Halt Protease and Phosphatase Inhibitor Cocktail Thermo 73440

(100X) Scientific

HOT FIREPol EvaGreen qPCR Supermix Solis BioDyne 08-36-00020

Indexed Retention Time (iRT Kit) Biognosys Ki-3002-1

lodoacetamide (IAA) Sigma-Aldrich 11149-5G

KnockOut Dulbecco's Modified Eagle

Medium/Nutrient Mixture F-12 (KnockOut Gibco 12660012
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Laminin from Engelbreth-Holm-Swarm murine

Sigma-Aldrich L2020
sarcoma basement membrane
Lysyl Endopeptidase from Achromobacter FUJIFILM Wako
. . 129-02541
Iyticus Chemicals
Macro SpinColumns C-18, 300A The Nest Group. | sum ss18v
N-2 Supplement (100X) Gibco 17502048
Novex Sharp Pre-stained Protein Standard Invitrogen LC5800
Nunc Lab-Tek I CC2 Chamber Slide System T}.lem.‘o 154941
Scientific
PageRuler Plus Prestained Protein Ladder, 10 to Thermo 26619
250 kDa Scientific
Penicillin-Streptomycin (10,000 U/mL) Gibco 15140148
Pierce 660nm Protein Assay Kit Them.“’ 22662
Scientific
Pierce BCA Protein Assay Kit Therrpo 23225
Scientific
Pierce Bovine Serum Albumin Standard Pre- Thermo 23208
Diluted Set Scientific
Poly-L-ornithine solution Sigma-Aldrich P4957
ProLong Glass Antifade Mountant Invitrogen P36980
ProntoSIL 120-3-C18 AQ Bischoff 151 )F184PS030
Chromatography
ProteaseMAX Surfactant, Trypsin Enhancer Promega V2072
QIAshredder (250) QIAGEN 79656
QuantiTect Reverse Transcription Kit (200) QIAGEN 205313
ReadyProbes Cell Viability Imaging Kit, Fnvitrogen R37609
Blue/Green
Recombinant Human/Murine/Rat BDNF PeproTech 450-02
Recombinant Human FGF-basic (146 a.a.) PeproTech 100-18C
Recombinant Human GDNF PeproTech 450-10
Recombinant Human VEGF121 PeproTech 100-20A
Recombinant Human VEGF165 PeproTech 100-20
Recombinant Murine EGF PeproTech 315-09
RNeasy Plus Mini Kit (250) QIAGEN 74136
Sequencing Grade Modified Trypsin Promega V5111
Sodium Pyruvate (100 mM) Gibco 11360070
Soybean Trypsin Inhibitor, powder Gibco 17075029
StemPro Neural Supplement Gibco A1050801
Tris(2-carboxyethyl)phosphine hydrochloride Sigma-Aldrich C4706-2G
(TCEP)
Trypsin-EDTA (0.5%), no phenol red Gibco 15400054
Urea Sigma-Aldrich U5378-500G
Water OPTIMA LC-MS Grade Fisher Chemical W6-212
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2.1.2 Prace s bunéénymi kulturami

2.1.2.1 Kultivace lidskych nervovych kmenovych bun¢k

Potazeni kultivacnich misek pro NSC bylo provedeno pfidanim poly-L-ornitinu
a lamininu. Na misky bylo nejprve ptidano 20 pg/ml poly-L-ornitinu v ultracisté vodé a misky
byly inkubovany 2-4 hodiny pii 37 °C. Poté byl potahovaci roztok odsan a misky tiikrat
oplachnuty ultracistou vodou. Nasledné byl pfidan roztok lamininu v PBS (5 pg/ml) a misky
byly inkubovany ptes noc pti 37 °C. Poté byl potahovaci roztok bez oplachu odsan. Komer¢né
dostupnd bunééna linie lidskych NSC (Gibco, katalogové Cislo: 510088, ¢islo vyrobni Sarze:
1402001), odvozena z bunécné linie ESC H9 (46, XX), byla kultivovana pti 37 °C, ve vlhké
atmosfére s 5 % CO2 a 15 % O2, s po&ateéni hustotou >20 000 bun&k/cm?. Pro expanzi NSC
byl vyménovan cely objem média (médium pro proliferaci, Tab. 2) kazdy druhy den a bunky
byly pfi dosazeni bunécné konfluence >90 % pasazovany kazdych 3-5 dni pomoci 0,05%

trypsinu s EDTA, nebo pomoci Accutase.

Tab. 2: SloZeni pouzivanych kultiva¢nich médii pro NSC.

L 1s . . Médium pro Médium pro diferenciaci
Médium pro proliferaci . o . o
diferenciaci do astrocytu
KnockOut DMEM/F-12
2 mM GlutaMAX
1 % penicilin-streptomycin
2 % StemPro Neural Supplement 1 % N-2 Supplement
20 ng/ml EGF 10 ng/ml BDNF* 1 % fetal bovine serum (FBS)
20 ng/ml FGF-2 10 ng/ml GDNF*

* Médium pro spontanni (S) diferenciaci bylo bez ptidanych faktorit (BDNF a GDNF). Tyto
faktory byly pfidavany do média pro spontanni diferenciaci s trofickou podporou — diferenciace
BG (oba faktory), B (jen BDNF) a G (jen GDNF), viz Obr. 8.

2.1.2.2 Diferenciace lidskych nervovych kmenovych bunék

Lidské NSC byly kultivovany, jak je uvedeno v kapitole 2.1.2.1, dokud nedoséahly
bunécné konfluence >70 %. Poté byl odebran cely objem média pro proliferaci a nahrazen
stejnym objemem média pro spontanni diferenciaci bez riistovych faktort (Tab. 2, diferenciace
S), v ptipad¢ spontanni diferenciace s trofickou podporou byly pfidavany také proteiny BDNF
(Brain-derived neurotrophic factor) a GDNF (Glial cell line-derived neurotrophic factor)
(Tab. 2, diferenciace BG, B a G). Diferenciace probihala pti 37 °C, ve vlhké atmosfére 5% CO»
al5% Oz a polovina objemu média byla vyménéna kazdy druhy den. Bunky byly

47



diferenciovany po dobu 7, 14, 21 a 28 dni (S diferenciace), 1-8, 14, 21 a 28 dni (BG
diferenciace) a 28 dni (B a G diferenciace), viz Obr. 8.

Pro diferenciaci lidskych NSC do astrocytt (diferenciace Astrol) bylo potazeni misek
provedeno pfidanim 1% Geltrex Basement Membrane Matrix (rozmrazen na ledu) v HBSS
(Hank's Balanced Salt Solution: 0,14 M NaCl, 5 mM KCl, 4 mM NaHCO3, 0,4 mM KH>POs,
0,3 mM NaxHPO4 - 7TH20 a 6 mM D-glukdzy; 4 °C) s inkubaci nejméné jednu hodinu pii 37 °C.
Poté byl potahovaci roztok bez oplachu odsén. Po dosazeni bunécné konfluence >70 % byl
odebran cely objem média pro proliferaci a nahrazen stejnym objemem média pro diferenciaci
do astrocytt (Tab. 2, Obr. 8). Diferenciace (28 dni) probihala pti 37 °C, ve vlhké atmosféte 5%
COz a 15% O2 a cely objem média byl vyménén kazdy treti/Ctvrty den.

+FGF-2

+BDNF, +GDNF CCTL-12 - » ESC1
NSC diferenciace » BG proliferace
+FGF-2
NSC +BDNF. -GDNF . B CCTL-14 Sroliferace » ESC2
diferenciace
NSC — e G
astrocyty - » Astro2
proliferace
NSC -Bcllj_NF, -GF)NF > S
iferenciace
+FBS
NSC diferenciace > Astro1

Obr. 8: Schéma kultiva¢nich podminek a diferenciace bunéénych linii pouZitych v této
disertacni praci.

2.1.2.3 Kultivace lidskych astrocytt

Potazeni kultivacnich misek pro astrocyty (bunky Astro2, Obr. 8) bylo provedeno
ptidanim 1% Geltrex Basement Membrane Matrix. Komercné dostupnd bunééna linie lidskych
astrocytll (Gibco, katalogové cislo: N7805-200, ¢islo vyrobni Sarze: 1640797), odvozena
z mozkovych progenitort gliovych bunék, byla kultivovana pii 37 °C, ve vlhké atmosfére s 5 %
CO; a 10 % Oa, s pocate¢ni hustotou >40 000 bunék/cm?. Polovina média (DMEM, 4 mM
GlutaMAX, 1 mM pyruvat sodny, 1 % N-2 supplement, 10 % FBS a 1 % penicilin-
streptomycin) byla vyménéna kazdy druhy den. Buiiky byly pasdZovany pomoci Accutase

kazdych 3-5 dni.
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2.1.2.4 Kultivace lidskych embryonalnich kmenovych bun¢k

Lidské ESC linii CCTL-12 (46, XX, del(18)) a CCTL-14 (46, XX)*' (buiiky ESC1
a ESC2, Obr. 8) byly kultivovany na miskach potazenych zelatinou s podporou nedélicich se
primarnich embryonalnich fibroblastti, izolovanych z 12,5dennich embryi mys$i kmene CF1
(vysev v hustoté 24 000 bungk/cm?). Médium (DMEM/F-12, 15 % knockout serum
replacement, 2 mM L-glutamin, 1% minimum essential medium non-essential amino acids,
0,5 % penicilin-streptomycin, 100 uM -2 merkaptoethanol a 4 ng/ml FGF-2) bylo

vyménovano kazdy den, kolonie ESC byly pasazovany manualné kazdy paty az sedmy den.

2.1.2.5 Sledovéani vlivu rastovych faktori na buné¢énou proliferaci

NSC byly kultivovany ve 24-jamkovych destickach potazenych poly-L-ornitinem
a lamininem v inkubatoru s mikroskopem IncuCyte FLR (Essen BioScience Inc.) pti 37 °C, ve
vlhké atmosféie s 5 % COz a 15 % Oa, s po¢ate¢ni hustotou 10 000 bunék/cm?. Buiiky byly
kultivovany jako ¢tyii biologické replikaty v médiu pro proliferaci NSC, nebo v médiu pro
spontanni diferenciaci NSC bez BDNF/GDNF (Tab. 2). Do média byly pfidavany lidské
rekombinantni proteiny VEGF121 (100 ng/ml), VEGF165 (100 ng/ml), VEGF121 + VEGF165
(100 + 100 ng/ml), nebo inhibitor Axitinib (10 uM). Cisté médium slouZilo jako kontrola.
Bunééna konfluence byla sledovana po dobu osmi dnii, polovina objemu média byla vyménéna
kazdy druhy den. Data o zménach bunécné konfluence v ¢ase (devet snimkid na jamku kazdych
60 minut) byla analyzovana v programu IncuCyte 2010A Rev2.

Pro statistickou analyzu v programu R?®°, pomoci bali¢ku emmeans®®!, byly vyuZity
linearni smiSené modely a jako faktory byly zadany typ diferenciace a doba kultivace. Pro
vypocet upravenych p-hodnot s korekci na vicenasobnd testovani byl pro jednotlivd parova

porovnani pouzit Tukey HSD test implementovany v programu R.

2.1.2.6 Sledovani vlivu ristovych faktorti na ptezivani bunek

Po ukonceni sledovani vlivu proteint VEGF121 a VEGF165 na bunécénou proliferaci
(kapitola 2.1.2.5) byly bunky obarveny fluorescenénimi barvivy pro odliSeni Zivych
a mrtvych/poSkozenych bun¢k (ReadyProbes Cell Viability Imaging Kit) a sniméany s vyuZzitim
fluorescen¢niho mikroskopu. Od kazdé¢ podminky (Cist¢ médium bez piidanych rastovych
faktori, VEGF121, VEGF165 a VEGF121 + VEGF165) byly analyzovany tfi biologické
replikaty (samostatné jamky 24-jamkové desticky), vzdy tfi snimky na jamku. Experiment byl

proveden dvakrat pii nezavislych kultivacich.
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Analyza dat byla provedena v programu Fiji (Imagel), verze 1.52n.2%? Jednotlivé
snimky byly nejprve rozdéleny na segmenty pomoci Auto thresholding plugin s vyuzitim
Otsuho metody.?®* Poéty bunék se signdlem barviva Hoechst 33342 (znadeni bun&éného jadra)
a SYTOX Green (barvi buiiky s naruSenou cytoplazmatickou membranou) byly ur¢eny pomoci

Object Counter plugin.?®* Statisticka analyza dat byla provedena jako v kapitole 2.1.2.5.

2.1.2.7 Sbér médii pro analyzu sekretovanych proteina

Kultivaéni médium bylo kondiciovano buitkami 48 hodin a poté odebirdno béhem
sklizeni bun¢k — v den 0 (proliferujici NSC) a v prabéhu S a BG diferenciaci ve dnech 7, 14,
21 a 28 (kapitola 2.1.2.2). Médium (Ctyti biologické replikaty) bylo nasledné centrifugovano
(1000 g, 5 minut pfi 4 °C) a filtrovano ptes 0,22um filtr. Po pfidani inhibitort prote4dz bylo

médium zamrazeno a uchovavano pii -80 °C.

2.1.2.8 Sbér bunek pro izolaci RNA

Bunky z diferenciace Astrol byly sklizeny 28. den diferenciace, Astro2 byly sklizeny
7. den kultivace, NSC byly sklizeny v priibéhu S a BG diferenciaci v den 0, 7, 14, 21 a 28
(Obr. 8). Buiiky na miskach byly oplachnuty PBS (25 °C) a poté byl ptidan RLT Plus pufr
(RNeasy Plus Mini Kit, Qiagen) s B-merkaptoethanolem (67 ul/cm? misky). Po inkubaci
(30 s pii 25 °C) byl cely objem pufru pienesen do mikrozkumavky, dikladné promichan
a zamrazen (-80 °C). Vzorky byly sbirany v biologickych triplikatech.

2.1.2.9 Sbér bunék pro izolaci proteinti

NSC byly sklizeny v pribéhu diferenciaci v den 0, 1-8, 14, 21 a 28 (kapitola 2.1.2.2,
diferenciace S, BG, B, G a Astrol), Astro2 byly sklizeny 7. den kultivace, ESC1 a ESC2 byly
sklizeny po vytvoreni kolonii. Bunky na miskéach byly ttikrat oplachnuty PBS (37 °C), poté
bylo pfidano PBS (4 °C) a buiiky byly mechanicky sklizeny Skrabkou (ESC kolonie byly
odebrany manualn¢, aby nedoslo ke kontaminaci mySimi fibroblasty). Buiikky byly dvakrat
centrifugovany (300 g, 4 minuty pii4 °C) aresuspendovany v PBS (4 °C), posledni centrifugace
byla pti 4 °C, 500 g, 4 minuty. Veskery objem PBS byl poté¢ odebran a pelety bunck byly

zamrazeny (-80 °C).

2.1.2.10 Kultivace buné€k pro imunocytochemii
Bunky byly kultivovany a diferencovany ptimo na mikroskopickych sklickach (LabTek
I1 CC?). NSC byly piipraveny v priibéhu S a BG diferenciaci v den 0, 7, 14, 21 a 28 (kapitola
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2.1.2.2). Bunky v jednotlivych komiirkach byly oplachnuty PBS (25 °C) a ihned fixovany 4%
paraformaldehydem v PBS po dobu 10 minut. Vzorky byly ihned dale zpracovany pro

imunocytochemii, piipadn¢ skladovany maximaln¢ 14 dni pti 4 °C.

2.1.4 Prace s RNA

2.1.4.1 Izolace celkové RNA

Celkova bunécna RNA byla izolovana z astrocyta (Astrol a Astro2) a NSC v pribé¢hu
Sa BG diferenciaci (kapitola 2.1.2.8). Lyzaty byly nejprve homogenizovany pomoci
centrifugacnich kolonek QIAshredder (centrifugace 130 s, 8 000 g pti 25 °C). Z eluati byla
poté¢ odstranéna genomovd DNA pomoci centrifugacnich kolonek gDNA Eliminator
(centrifugace 38 s, 8 000 g pti 25 °C). K eluatim byl ptidan 70% ethanol (v poméru 1:1 v/v),
vzorky byly promichiany a naneseny na centrifugacni kolonky RNeasy (centrifugace 23 s,
8 000 g pri 25 °C), eluaty byly odstranény. Na centrifuga¢ni kolonky RNeasy bylo naneseno
700 ul RW1 pufru, po centrifugaci (23 s, 8 000 g pii 25 °C) byly eluaty odstranény. Na
centrifugacni kolonky RNeasy bylo naneseno 500 pl RPE pufru, po centrifugaci (23 s, 8 000 g
pii 25 °C) byly eluaty odstranény. Krok s RPE pufrem byl opakovén, centrifugace byla
prodlouzena na 130 s (8 000 g pii 25 °C) a eluaty byly opét odstranény. Centrifugacni kolonky
RNeasy byly jesteé jednou centrifugovany (70 s, 8 000 g pti 25 °C) a poté ponechany odkryté
po dobu 5 minut pro odpareni zbytkl ethanolu. Centrifugacni kolonky RNeasy byly nasledné
vloZeny do ¢istych mikrozkumavek a RNA byla uvolnéna 30 pl vody (inkubace 60 s, poté
centrifugace 70 s, 8 000 g pti 25 °C). Tento krok byl zopakovén s eluaty, aby bylo dosazeno
vyssi koncentrace izolované RNA ve vzorcich. Koncentrace a Cistota izolované RNA byla

stanovena spektrofotometricky pfistrojem NanoDrop 1000 (Thermo Fisher Scientific).

2.1.4.2 Reverzni transkripce

Pro ptepis celkové bunééné RNA na cDNA byl pouzit QuantiTect Reverse
Transcription Kit (Qiagen). Nejprve byly odstranény zbytky genomové DNA — ke 2 pg
izolované RNA byly ptfidany 4 ul gDNA Wipeout Buffer (soucast kitu) a voda (celkovy objem
reakce byl 28 pul). Nasledné byly vzorky inkubovany dv€ minuty pii 42 °C v termocykleru.

Pro samotnou reverzni transkripci byly do kazdého vzorku ptfidany 2 pl reverzni
transkriptazy (Quantiscript Reverse Transcriptase), 8 pl reakéniho pufru (Quantiscript RT
Buffer, 5x) a 2 ul primert (RT Primer Mix) a vzorky byly inkubovéany v termocykleru 30 minut

pii 42 °C, s naslednou inaktivaci reverzni transkriptazy tii minuty pii 95 °C.
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2.1.4.3 Kvantitativni real-time PCR

Relativni genova exprese vybranych gent byla analyzovana pomoci kvantitativni PCR
v realném Case (RT-qPCR). Slozeni reakce bylo: 4 ul 5x HOT FIREPol EvaGreen qPCR Mix
Plus (Solis BioDyne), 0,25 ul primeru forward a 0,25 pl primeru reverse (mnozstvi kazdého
primeru v reakci bylo 125 nM), 1 pul cDNA (mnozstvi cDNA v reakci odpovida 25 ng podle
puvodni namétené koncentrace RNA) a 14,5 ul vody (celkovy objem reakce byl 20 ul). Kazdy
vzorek byl analyzovan v technickém duplikétu, tfi biologické replikdty na podminku. Jako
negativni vzorek byla misto DNA piidana pouze voda (NTC, z angl. no template control).

Analyza byla provedena na pfistroji CFX96 Touch Real-Time (Bio-Rad) s nastavenim
viz Tab. 3. Jednotlivé pary primert byly nejprve otestovany z hlediska specifity s nastavenim
parametri amplifikace, jak je uvedeno vyse. Mimo sledovani amplifika¢nich ktivek byly
rovnéZz sledovany kiivky tani vyslednych produkti pro vylouceni dimerizace primert. Vysledné
produkty (5 pl produktu + 1 pl nandSeci barvy) byly nésledné separovany pomoci 1,5%
agarozové elektroforézy a byla sledovana velikost produktu a specifita amplifikace. Produkt
s odpovidajici velikosti byl extrahovéan z gelu, DNA byla izolovana (QIAquick Gel Extraction

Kit, Qiagen) a odeslana na sekvenacni analyzu.

Tab. 3: Program RT-qPCR.

Aktivace enzymu 95 °C, 12 minut

Denaturace 95°C, 15s

Nasedani primert 57°C,30s 40 cykla
Elongace DNA 72 °C, 30 s

Analyza tani produktt 72-95 °C, krok: 0,2 °C, 10 s

Pro normalizaci byly vyuzity geny GAPDH (kodujici protein Glyceraldehyde-3-
phosphate dehydrogenase) a ATP5FIB (kodujici protein ATP synthase subunit beta,
mitochondrial). Statisticka analyza dat byla provedena jako v kapitole 2.1.2.5. Seznam primert

pouzitych pro RT-qPCR je v Ptiloze 1.

2.1.5 Préce s proteiny
2.1.5.1 Imunocytochemie
Buiiky urcené k barveni (kapitola 2.1.2.10) byly permeabilizovany roztokem 0,1% Tritonu
X-100 v PBS (10 minut pfi 22 °C), poté inkubovany v roztoku 50mM NH4Cl v PBS (10 minut
pii 22 °C) a blokovany 5% kozim sérem v PBS (1 h pfi 22 °C). Primarni protilatky (seznam

52



protilatek a jejich fedéni je uveden v Ptiloze 2) byly rozpusStény v 1% BSA v PBS a inkubovany
se vzorky 3 h pti 22 °C. Nasledné byly bunky omyvany ttikrat roztokem 0,05% Tween 20
v PBS. Buiky byly dale inkubovany se sekundarnimi protilatkami (seznam protilatek a jejich
fedéni je uveden v Ptiloze 2) a bunécna jadra byla obarvena pomoci DAPI (1 pg/ml) po dobu
45 minut ve tmé pii 22 °C. Buiiky byly poté tfikrat omyvany roztokem 0,05% Tween 20 v PBS
a inkubovany v PBS 5 minut pfi 22 °C. Preparaty byly piekryty roztokem ProLong Glass
Antifade Mountant a ptekryty krycimi skly. Preparaty byly nasnimany pomoci konfokalniho

mikroskopu TCS SP5 (Leica) a obrazova data byla analyzovana v programu Fiji (ImageJ).2%

2.1.5.2 Analyza sekretomu

Kondiciovand média (kapitola 2.1.2.7) byla rozmraZena na ledu a zakoncentrovana
filtraci ptes filtr 3 kDa (Amicon Ultra) s vyslednym faktorem zakoncentrovani 10x. Pro analyzu
vybranych sekretovanych proteinti byla zvolena protilatkova metoda s detekci na kuli¢kach
vyuzivajici technologii XMAP. Pouzili jsme komeréné dostupny kit pro analyzu 30 lidskych
chemokint, cytokinti a riistovych faktorti (Cytokine 30-Plex Human Panel, Invitrogen, Tab. 4).
Standardy pro ptipravu kalibracnich ktivek a slepé vzorky (blank) byly pfipraveny s pouzitim
média pro proliferaci NSC (Tab. 2), ve kterém nebyly kultivovany buriky (nekondiciované
médium). VSechny vzorky (Etyfi biologické replikaty na podminku) byly méteny v technickém
duplikétu pomoci pfistroje Luminex 200 s akviziénim programem xPonent verze 3.1.871.0

(Luminex Corp.). Minimalni pocet méfenych kulicek byl pro vSechny analyty nastaven na 100.

Tab. 4: Seznam analyzovanych sekretovanych proteini.

(G-CSF)

stimulating factor
(GM-CSF)

Pro-epidermal growth | Fibroblast growth Hepatocyte growth Vascular endothelial
factor (EGF) factor 2 (FGF-2) factor (HGF) growth factor (VEGF)
Granulocyte colony- r(:l;?:?gk;fgt:_colon _

stimulating factor phag Y Interferon o (IFN-a) Interferon y (IFN-y)

Interleukin-1p (IL-1pB)

Interleukin-1 receptor
antagonist protein
(IL-1RN)

Interleukin-2 (IL-2)

Interleukin-2 receptor
(IL-2R)

Interleukin-4 (IL-4)

Interleukin-5 (IL-5)

Interleukin-6 (IL-6)

Interleukin-7 (IL-7)

Interleukin-8 (IL-8)

Interleukin-10 (IL-10)

Interleukin-12 p40/p70
(IL-12 p40/p70)

Interleukin-13 (IL-13)

Interleukin-15 (IL-15)

Interleukin-17 (IL-17)

Tumor necrosis factor

(Gamma-IP10)

(TNF-a)
Eotaxin (CCL11) C-C motif chemokine | C-C motif chemokine | C-C motif chemokine
2 (HC11) 3 (MIP-1a) 4 (HC21)
C-C motif chemokine | C-X-C motif Slzin_lgkrﬁloetllfo
5 (EoCP) chemokine 9 (MIG)

Zluta barva — riistové faktory, modra barva — cytokiny a zelena barva — chemokiny.
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Analyza dat byla provedena pomoci balicku drLumi®®® v programu R verze 3.6*%°, jako
vstupni data byly pouzity naméfené hodnoty medidnu fluorescence (MFI, z angl. median
fluorescent intensity). Hodnoty MFI byly normalizovany na koncentrace proteint v bunéénych
lyzatech. Proteiny EGF a FGF-2 byly z analyz vytazeny, protoze byly soucasti kultivacniho
média pro proliferaci NSC, a tedy i nekondiciovaného média. Statistickd analyza dat byla

provedena jako v kapitole 2.1.2.5.

2.1.5.3 Hmotnostni spektrometrie
2.1.5.3.1 Piiprava bunécnych vzorkt

Bunécéné pelety (kapitola 2.1.2.9) byly rozmraZzeny na ledu, rozpustény v lyzacnim pufru
(8 M mocCoviny a 5 mM EDTA v50mM roztoku hydrogenuhli¢itanu amonného)
a homogenizovany pomoci kombinované mikrocentrifugy a vortexu (MultiSpin, Grant
Instruments Ltd., 10 cykld: 1 minuta centrifugace pii 6 000 RPM nésledovana 20 s silného
ttepani). Poté byly vzorky sonikovany na ledu v ultrazvukové 1azni (Bandelin; 15 minut pii
frekvenci 35 kHz), centrifugovany (15 minut, 20 000 g pti 4 °C) a supernatanty byly uschovany.
Koncentrace proteinil v lyzatech byla ur¢ena pomoci Pierce 660nm Protein Assay Kit.

Ke kazdému vzorku byl pfidan lyzacni pufr (8 M mocoviny a 5 mM EDTA v 50mM
roztoku hydrogenuhli¢itanu amonného) se surfaktantem (1% ProteaseMAX v 50mM roztoku
hydrogenuhli¢itanu amonného) tak, aby findlni koncentrace surfaktantu byla 0,1 % (w/v).
Disulfidické mustky byly redukovany ptidanim tris(2-karboxyethyl)-fosfin hydrochloridu
(TCEP; 100 mM TCEP ve vodé€) na findlni koncentraci 10 mM (inkubace 30 minut pii 32 °C).
Redukované cysteiny byly alkylovany pfidanim iodoacetamidu (IAA; 400 mM [AA ve vodg)
na findlni koncentraci 40 mM (inkubace 45 minut ve tmé pii 22 °C). Vzorky byly poté nafedény
50mM roztokem hydrogenuhli¢itanu amonného se surfaktantem na finalni koncentraci 1 M
mocoviny a 0,02 % (w/v) surfaktantu a proteiny byly $t€peny na peptidy pfidanim enzymu
LysC (inkubace 2 h pii 37 °C) s naslednym piiddnim trypsinu (inkubace ptes noc pii 37 °C).
Oba enzymy byly ptidavany ke vzorku v poméru substrat:enzym 100:1. Stépeni bylo zastaveno
pfidanim kyseliny mravenci na finalni koncentraci 2 % (v/v). Vzorky byly poté centrifugovany
(15 minut, 20 000 g pti 4 °C) a supernatanty byly nasledné ptecistény.

Peptidy byly ptecistény pomoci extrakce na pevné fazi s vyuzitim centrifugacnich
kolonek s kulickami pokrytymi C18 — podle pocatecniho mnozstvi proteini ve vzorku byly
zvoleny MacroSpin, nebo MicroSpin columns (Nest Group). Pomoci centrifugacnich kroki
(1 minuta, 100 g pti 22 °C) a reagencii v €istoté pro LC-MS byly kolonky nejprve kondiciovany

acetonitrilem a poté dvakrat proplachnuty (ekvilibrovany) vodou. Nasledné byly naneseny
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vzorky a po centrifugaci byly eluaty naneseny znovu. Soli a vysoce poléarni latky byly odmyty
vodou a peptidy byly uvolnény dvakrat 80% acetonitrilem s 0,1 % kyseliny mravenci. Eluaty
byly vysuSeny na vakuové odparce (Labconco; 30-60 minut pii 45 °C) a poté rozpustény
v zavadécim pufru (2% acetonitril s 0,5 % kyseliny mravenci). Koncentrace peptidii byla
urc¢ena pomoci spektrofotometru Synergy HTX (BioTek) na zaklad¢ absorbance pii vlnové
délce 280 nm. Vzorky byly nafedény na koncentraci peptidi 0,5 nebo 1,0 pg/ul a pro
normalizaci retencnich Casii byly do kazdého vzorku ptidany standardni peptidy (iRT, z angl.

indexed Retention Time, Biognosys) v poméru 30:1 (v/v).

2.1.5.3.3 Hmotnostné-spektrometrické méteni zalozené na technice DDA a DIA

Vzorky peptida (1 pg od kazdého vzorku) byly separovany pomoci gradientové eluce
na kapalinovém chromatografu Eksigent nano-LC 425 (Sciex) pfimo napojeném na
LC-MS/MS 5600+ TripleTOF (Sciex). Jako ptedkolona byla pouZita Acclaim PepMap 100 C18
(5 um, 0,120 mm), vlastni separace prob¢hla na analytické kolon¢ (vnitini primér 75 pm,
délka faze v kolon& 25 cm) napInéné stacionarni fazi ProntoSIL 120 A 3 um C18 AQ.

Po zakoncentrovani vzorku na piedkoloné po dobu 10 minut pfi pratoku 2 pl/min (2%
acetonitril s 0,5 % kyseliny mravenc¢i) byla smés peptidii separovana na analytické koloné
pomoci linearniho gradientu 5-35 % acetonitrilu s 0,1 % kyseliny mravenci pti prutoku 200
nl/min po dobu 120 minut, s naslednym navysSenim acetonitrilu s 0,1 % kyseliny mravenci
z 35 % na 50 % béhem 10 minut.

Vramci méteni DDA bylo vkazdém cyklu sledovano 30 prekurzori s nejvyssi
intenzitou signalu (doba akumulace prekurzorovych iontti byla 300 ms v rozsahu 400-1250 m/z,
se zapnutym rezimem vysoké citlivosti), které byly nasledné fragmentovany (doba akumulace
fragmentovych iontl byla 150 ms v rozsahu 170-1500 m/z). Jiz fragmentované prekurzorové
ionty byly z dal$iho méfeni vylouceny po dobu 13 s.

V rémci analyz DIA byly vzorky méfeny metodou SWATH-MS. Vhodné nastaveni
variabilnich oken bylo uréeno pomoci nastroje SWATH Variable window calculator (Sciex) na
zakladé analyzy bunéénych vzorkli pomoci DDA (viz vySe). Celkem bylo monitorovano 35
variabilnich oken s ¢asem cyklu 3,5 s. Prekurzorové ionty byly akumulovany po dobu 150 ms
v rozsahu 400-1250 m/z, fragmentové ionty po dobu 100 ms v rozsahu 170-2000 m/z.

Pro sledovani stavu LC-MS/MS systému v prabéhu méfeni a k optimalizaci parametra
meéfeni byl pouzit smésny vzorek peptidil (angl. pooled sample) z ndhodnych vzork z S a BG

diferenciaci (7. az 28. den diferenciace).
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2.1.5.3.5 Hmotnostné-spektrometrické méteni zalozené na technice SRM
2.1.5.3.5.1 Vybér proteinti pro cilené analyzy

Pro méteni vybranych proteint jsme zvolili analyzu SRM. Na zaklad¢ literarni reSerse
jsme zvolili markery pro ESC (NANOG, OCT4 a SOX2), NSC (SOX2, NES, PAX6, S100B
a MKI67 — Proliferation marker protein Ki-67), neurony (DCX, TUBB3, MAP2, VEGF-A
a CXCL1 — Growth-regulated alpha protein), astrocyty (S100B a GFAP) a oligodendrocyty
(GALC a OLIG1). Pro uvedené proteiny byly pomoci databaze SRM Atlas®®® vybrany unikétni
(proteotypické) peptidy, pro které byly nasledné objednany jejich syntetické varianty znacené

tézkymi izotopy uhliku a dusiku (Thermo Scientific Biopolymers).

2.1.5.3.5.2 Vyvoj SRM metod pro cilené méteni proteinii

Selektivitu metody SRM zajist'uje monitorovani predem uréenych m/z prekurzorového
iontu (peptidu) a jeho fragmentu. Sleduji se iontové prechody, které jsou definovany jako pary
hodnot m/z prekurzorovych iontii a hodnot m/z jejich produktovych iont. Méfeni SRM bylo
provedeno na pfistroji QTRAP 5500 (Sciex) s nanoelektrosprejovou ionizaci a piediazenou
chromatografickou separaci vzorku pfistrojem Eksigent nano-LC 425 (Sciex). Peptidy byly
separovany pomoci gradientové eluce na analytické kolon€ (vnitini primér 75 um, délka faze
v kolong 20 cm) naplnéné stacionarni fazi ProntoSIL 120 A 3 um C18 AQ. Separace probihala
v linedrnim gradientu 5-35 % acetonitrilu s 0,1 % kyseliny mravenci, pti pritoku 350 nl/min
po dobu 30 minut.

MS méteni na Q1 a Q3 probihalo pfi rozliSeni 0,7 m/z v poloviné maximalni Sifky piku.
Nejprve byly méfeny samotné syntetické peptidy rozpusténé ve vode s iRT peptidy v poméru
30:1 (v/v). Vzorky peptidil ziskané ptipravou bunécnych vzork (kapitola 2.1.5.3.1) byly poté
smichany se syntetickymi znaenymi peptidy a v programu Skyline verze 3.1.1.7490%¢7 byly
sledovany koeluce znacenych syntetickych peptidli a peptidi endogennich, tvary piki
a intenzita signalu. Peptidy byly v pribéhu celého gradientu testovany s Casem prodlevy (angl.
dwell time) 10 ms pro jednotlivé piechody a s celkovym ¢asem cyklu 3,5 s. K vybéru peptida,
iontovych ptechodl a optimalizaci parametri méteni byl pouzit smésny vzorek. S ptihlédnutim
ke kvalité ziskanych dat byly vybrany peptidy pro ¢asové specifické (angl. scheduled) SRM
méteni, pii kterém byly zaznamenavany pfechody pouze v dobé€ experimentalné zjisténé eluce
(retencni Cas). Metoda scheduled SRM métila 10 proteint (DCX, GALC, GFAP, MAP2, NES,
OCT4, OLIGI1, S100B, SOX2 a TUBB3). Pro kazdy protein byly sledovany nejméné¢ dva
peptidy a pro kazdy peptid nejméné Ctyti prechody. Celkem bylo monitorovano 258 prechodi

a okno reten¢niho ¢asu bylo nastaveno na 4 minuty, s dobou cyklu 1,7 s.
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2.1.5.3.6 Analyza hmotnostné-spektrometrickych dat
2.1.5.3.6.1 Vyhodnoceni SWATH-MS dat

Data ziskand méfenim pomoci DDA metody (kapitola 2.1.5.3.3, smésny vzorek
a biologické kvadruplikaty z S a BG diferenciaci, s vyjimkou dne 0, pro ktery bylo pfipraveno
osm biologickych replikati) byla nejprve zpracovana v programu Mascot Distiller verze 2.7.1
(Matrix Science Ltd.), ktery provedl vybér pikli a ptevod profilovych dat na data centroidni.
Takto zpracovana data byla pfimo prohledavana pomoci programu Mascot Server verze 2.6.2
(Matrix Science Ltd.), s vyuzitim databaze lidskych proteinti Swiss-Prot (20 245 proteini,
UniProtKB, stazeno 6. 2. 2018)*®® doplnéné o sekvence znamych kontaminant. Pro
identifikaci proteinti byla nastavena povolena tolerance presnosti ur¢eni hmoty prekurzorovych
i fragmentovych iontli na = 20 ppm. Fixni modifikace byla nastavena na karbamidometylaci
cysteinu (po alkylaci pomoci IAA), jako variabilni modifikace byly nastaveny oxidace
metioninu a N-koncova acetylace proteintl. Specifita St€peni proteinll byla s ohledem na Sté€peni
vzorkll enzymy LysC a trypsinem definovéana jako $tépeni za kazdym lysinem, a za argininem
— pokud nasledujici aminokyselina neni prolin, s povolenym jednim opomenutim mista Stépeni.
Takto prohledanéd data byla nasledné pouzita ve formé souborl .dat pro piipravu spektralni
knihovny.

Spektralni knihovna byla vytvofena v programu Skyline-daily verze 4.1.1.18179%%°
s 1% FDR (z angl. false discovery rate). Povolena tolerance ptesnosti uréeni hmoty byla
nastavena na 0,05 m/z. Normalizace retenc¢nich ¢asil byla provedena s vyuzitim iRT peptidi.
Namétend SWATH-MS data byla zpracovdna v reZzimu vysoké selektivity s nastavenym
rozliSenim 23 000. Vybér pikii v rozsahu okna + 5 minut od predikovaného retencniho ¢asu byl
proveden nastrojem mProphet®’”’ s vyuzitim nahodné poskladanych sekvenci arteficialnich (tzv.
decoy) peptidi. Peptidy byly poté filtrovany na proteotypické peptidy. Pro kvantifikaci byly
dale uvaZovany pouze proteiny s nejmén¢ dvéma kvantifikovatelnymi peptidy, kazdy peptid
musel mit nejméné tii rizné piechody. U téchto proteini byla pro kazdy prechod exportovana
data zahrnujici plochu piku, reten¢ni €as a statistickou pravdépodobnost vybéru spravného piku
(tzv. g-value), ktera byla dile vyhodnocena v programu R pomoci balitku MSstats?’!.
Z analyzy byly pfedem odstranény iRT peptidy, peptidy s variabilni modifikaci (oxidovany
metionin) a peptidy s g-value > 0,01. Normalizace dat byla provedena na urovni jednotlivych
piechodli na zakladé poméru medidnu intenzity celkového signalu (TIC, z angl. total ion
current) vSech méfeni déleného medidnem intenzity celkového signalu (TIC) daného méfeni.
Mnozstvi proteint bylo nasledné uréeno z transformovanych (log2) ploch pikl jednotlivych

ptechodl slou¢enych pomoci metody TMP (z angl. Tukey median polish). Jeden z osmi
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biologickych replikati proliferujicich NSC (den 0) mél nizky celkovy signal (TIC) a pocet
identifikaci (ve srovnani s ostatnimi vzorky) a byl proto vyloucen z kvantifikace.

Pro analyzu diferen¢né exprimovanych proteinii byly vybrany pouze proteiny, které
byly kvantifikovatelné nejméné ve 30 % vzorkd. Chybé&jici hodnoty téchto proteini byly
v piipadé¢ <50 % chyb¢jicich hodnot dopocteny pomoci algoritmu knn (z angl. k-nearest

Cvwr

hodnoty proteinu. Takto pfipravena data byla analyzovana pomoci balicku limma (z angl. linear

)272

models for microarray analysis)”’~ v programu R.

2.1.5.3.6.4 Vyhodnoceni SRM dat

Nameétend data (kapitola 2.1.5.3.5.2) byla zkontrolovana v programu Skyline verze
3.1.1.7490 a pouze peptidy, které mély intenzitu signalu nejintenzivnéj$iho pfechodu vyssi nez
trojndsobek signalu pozadi (pomér signal:Sum >3) byly pouzity pro kvantifikaci. Pfechodiim,
které mély signal pod urovni pozadi (Sumu), byla ptifazena hodnota odpovidajici jedné tretiné
signalu pozadi. Data (plochy pikt jednotlivych ptechodi) byla exportovana ze Skyline a dale
vyhodnocena v programu R verze 4.0.2 pomoci balicku MSstats verze 3.20.1. Pro relativni
kvantifikaci bylo mnoZzstvi proteinu uréeno z transformovanych (log2) ploch piki jednotlivych
prechodu a s vyuzitim linedrniho modelu se smiSenymi efekty porovnano s mnozstvim daného
proteinu v NSC. Upravenad p-hodnota byla vypoctena na zékladé korekce vicenasobnych

analyz, hranice pro p-hodnotu upravenou podle FDR byla nastavena na 0,05.

2.1.5.4 Imunoblot

Pelety bunék (S a BG diferenciace, kapitola 2.1.2.9) byly lyzovany pomoci RIPA pufru
s inhibitorem proteaz a fosfataz (Halt). Vzorky byly sonikovany na ledu v ultrazvukové lazni
SONOPULS (Bandelin; 10 s, 50% vykon), poté centrifugovany (10 minut, 16 000 g pti 4 °C)
a supernatanty byly uschovany. Koncentrace proteint v lyzatech byly ur¢eny pomoci BCA
Protein Assay Kit.

Proteinové lyzaty byly separovany v redukénich podminkach v komeréné
predpiipraveném 3-8% Tris-acetdtovém nebo ve4-12% Bis—Tris gradientovém gelu
(NuPAGE). Po separaci byly proteiny pomoci pfistroje Trans-Blot Turbo (Bio-Rad) pfeneseny
na nitrocelulézovou, piipadn€ polyvinyliden difluoridovou (PVDF) membranu (v ptipadé
detekce protilatkou proti lidskému proteinu VEGF121). Membrany byly poté inkubovany
s bloka¢nim ¢inidlem (Pfiloha 3) a nasledné s primarni protilatkou ptes noc pti 4 °C. Druhy den

byly membrany omyvany tfikrat pomoci TTBS (Tween-Tris-buffered saline: 0,14 M NaCl,
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0,05 % (v/v) Tween 20, 20 mM Tris pH 7,6; 10 minut pfi 22 °C) a déale inkubovany se
sekundarni protilatkou rozpusténou v 5% suSeném odtuénéném mléku v TTBS (1 h pti 22 °C).
Poté byly membrany omyvany v TTBS a inkubovény s chemiluminiscen¢nim substratem (ECL
Prime reagent). Pro detekci chemiluminiscence byl pouzit pfistroj Chemidoc XRS+
s programem Image Lab verze 5.2.1 (Bio-Rad). Imunoblot analyza byla provedena na tiech
biologickych replikatech s nanaSkou tfi pg bunééného lyzatu (respektive Sest ug pro detekci
proteint VEGF-A a HIF1A). Jako pozitivni kontrola detekce protildtkami proti VEGF121
a VEGF165 byly pouzity rekombinantni lidské proteiny VEGF121 a VEGF165 (nanéska 1 ng).
Pro normalizaci nanaSky byly pouzity proteiny GAPDH (Glyceraldehyde-3-phosphate
dehydrogenase) a ATPSF1A (ATP synthase subunit alfa, mitochondrial). Seznam pouzitych

primarnich a sekundérnich protilatek je uveden v Piiloze 3.

2.1.6 Bioinformatické analyzy

Funkéni analyza dat z méfeni celkového proteomu bunéénych vzorka (kapitola
2.1.5.3.6.1) byla provedena pomoci balicku EGSEA?” v programu R, s vyuzitim databazi
Kyoto Encyclopedia of Genes and Genomes (KEGG) a Gene Ontology (GO).

Identifikace skupin proteinil (tzv. clusters), které sdili obdobné zmény svého mnozstvi
v buiice v ¢ase (v prib¢hu S a BG diferenciaci), byla pro data z méfeni celkového proteomu

bunéénych vzorkd (kapitola 2.1.5.3.6.1) provedena pomoci balicku Mfuzz>’* v programu R.
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2.2 Vysledky

2.2.1 Charakterizace experimentalniho modelu

Pro analyzu diferenciace NSC v in vitro podminkach jsme zvolili jako model komercné
dostupné lidské NSC odvozené z linie ESC H9. Tyto NSC jsme nechali spontanné diferencovat
bud’ pouhym odebranim ristovych faktorit EGF a FGF-2 z kultivacniho média (S diferenciace),
nebo odebranim EGF a FGF-2 a pfidanim neurotrofickych faktori BDNF a GDNF (BG
diferenciace). Proliferacni a diferencia¢ni potencial NSC v prubéhu S diferenciace a BG
diferenciace jsme hodnotili na zakladé exprese genli na urovni mRNA (pomoci RT-qPCR)

a také podle pritomnosti (imunocytochemie) a hladiny proteini (imunoblot).

2.2.1.1 Genova exprese znamych markert diferenciace

Analyza genové exprese na Urovni mRNA potvrdila, Ze S diferenciace a BG
diferenciace vykazuji podobnou expresi markeri NSC (NES a SOX2), neuronalnich
prekurzorovych bunék a neuronit (DCX, MAP2 a TUBB3), astrocytt (GFAP a S100B)
a oligodendrocytll (GALC a OLIGI). Ani u jednoho z markerd NSC genova exprese neklesla
pod uroveit NSC v den 0 (Obr. 9). NES byl vice exprimovan pii BG diferenciaci ve dnech
7 a 14, s klesajicim trendem ve dnech 21 a 28, ktery vSak nebyl statisticky vyznamny.
U markeri neuronalnich prekurzorovych bun¢k a neuronti byl patrny vyznamny nartst exprese
od 7. dne diferenciace a exprese vSech tii markerti se zvySovala s pokracujici diferenciaci.
Exprese markeru astrocytli S7/00B vyrazné klesla po zahajeni diferenciace (7. den) a poté rostla
az do 28. dne, kdy byla vyssi neZ u NSC v den 0. Exprese GFAP byla velmi nizké a zlstala
prakticky nezménénd aZz po 21. den diferenciace a poté mirné vzrostla 28. den diferenciace.
Exprese markeru oligodendrocytli OLIG1 byla nejvyssi v NSC a vyznamné klesala s ¢asem
diferenciace, zejména v den 28. Vyznamny pokles exprese GALC ve dnech 7 a 14 je zobrazen

v publikaci v pfiloze, viz strana 164.

2.2.1.2 Ptitomnost a lokalizace znamych markera diferenciace

Pomoci imunocytochemie (imunofluorescenéni mikroskopie) jsme analyzovali
pfitomnost a lokalizaci vybranych bunéénych markert v NSC béhem diferenciace (Obr. 10).
Mezi S diferenciaci a BG diferenciaci jsme nepozorovali rozdily v morfologii bunék ani
v pfitomnosti nebo lokalizaci signélu sledovanych proteinti. Charakteristicka morfologie NSC
v den 0 se ménila na morfologii pfipominajici neurony (malé bunécné télo a dlouhy vybézek)

mezi dnem 7 a 14. VétSina bunék byla pozitivnich na NES, a nékteré buniky rovnéz na SOX2,
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po celou dobu diferenciace. Pozitivita bunék na markery neuronalnich prekurzorovych bun¢k
a neurontl s casem diferenciace vyznamné rostla. V pfipadé markerti astrocytd byla vétSina
NSC pozitivni na protein S100B a pozitivita ¢asti bun¢k pietrvavala po celou dobu diferenciace,
zatimco protein GFAP nebyl detekovan v NSC ani v pribéhu jejich diferenciace
(nevyobrazeno). Pro markery oligodendrocyti jsme u proteinu GALC zaznamenali jen
sporadickou pozitivitu bun€k, na protein OLIG1 byla pozitivni vétSina NSC, ale pocet
pozitivnich bunc¢k klesal s diferenciaci. Marker pluripotentnich bunék OCT4 nebyl detekovan
v NSC ani v diferencujicich buiikach (nevyobrazeno). Pozorovany signal odpovidal u vSech
proteinti jejich predpokladané lokalizaci v buiice podle databaze UniProtKB'>® (DCX — cytosol;
GALC - lysosomy; MAP2 — cytosol; NES — cytosol; OLIG1 — jadro; S100B — cytosol a jadro;
SOX2 — jadro a cytosol; TUBB3 — cytosol).
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Obr. 9: Charakterizace in vitro diferenciace NSC pomoci vybranych bunéénych markeru
na urovni mRNA. Hodnoty dCt naméfené¢ pomoci RT-qPCR pro jednotlivé markery byly
normalizovany primérnou hodnotou endogennich kontrol GAPDH a ATP5FIB. Pro kazdy
casovy interval byly analyzovany tfi biologické replikaty, cerna tecka a ¢erna ¢ara znaci prameér
a interval 95% spolehlivosti. Statisticky vyznamné rozdily (p < 0,05) mezi jednotlivymi dny
diferenciace jsou znaceny: # (srovnani se dnem 0), T (srovnani se dnem 7), § (srovnani se dnem
14) a § (srovnani se dnem 21). Statisticky vyznamné rozdily mezi S diferenciaci a BG
diferenciaci jsou znaceny * (p < 0,05) a ** (p <0,01).
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Den 14 Den 21

Obr. 10: Analyza pritomnosti a lokalizace vybranych bunéénych markera v pribéhu in
vitro diferenciace NSC. Fluorescencni mikroskopie potvrdila o€ekavanou lokalizaci
pozitivniho signalu vybranych markerti v pribéhu diferenciace. Vyobrazeny jsou snimky
z analyzy BG diferenciace, které odpovidaji S diferenciaci. Zelena barva — sledovany bunécny
marker, modra barva — jadro barvené DAPI. M¢titko bylo 50 um.

62



2.2.1.3 Hladina znamych markeri proliferace a diferenciace na urovni proteint

Proliferani a diferencia¢ni potencial jsme rovnéz analyzovali na Grovni proteinQ
pomoci imunoblotu (Obr. 11). Pozorované trendy nartstu ¢i poklesu hladiny sledovanych
proteinit byly srovnatelné mezi S diferenciaci a BG diferenciaci. Proteiny MKI67 a PCNA
(Proliferating cell nuclear antigen), které jsou povazovany za markery proliferace, byly
pritomné zejména v NSC v den 0 a v pocatecnich fazich diferenciace do dne 14. Podobné trendy
byly patrné u proteinit NES a SOX2, kter¢ jsou markery NSC (hladina proteinu NES byla vyssi
v den 7 nez v den 0, stejn¢ jako hladina jeho mRNA). Hladiny neuronalnich markerd TUBB3
(marker neuroni) a SNAP25 (Synaptosomal-associated protein 25) rostly s diferenciaci
(SNAP25 nebyl u NSC detekovatelny), stejn€ jako hladina markeru astrocyti S100B. Protein
GFAP byl detekovatelny az v pozd¢jsi fazi BG diferenciace.

NSC S BG
den 0 0 7 142128 7 142128
MKIG7 ol pod b = el .
PCNA —— o e proliferace
NES o b et bt et et bt et
SOl | rn———— L
TUBB3 e e . s e | NEUTONY
GFAP astrocyty
S100B -_
SNAP25 - « we= == | tvorba synapsi
GAPDH s s s s s s e | KONr0l2
ATPEF 1A s s s e e st st s s e | NANASKY

Obr. 11: Charakterizace in vitro diferenciace NSC pomoci vybranych bunéénych markeri
na urovni proteini. Vysledky imunoblotu ukdzaly, ze v pribéhu S diferenciace i BG
diferenciace dochazi k poklesu hladin markerti proliferace a NSC, a naopak k nartstu hladin
markert neuront a astrocyti. GAPDH a ATP5F1A byly pouzity jako endogenni normalizatory
nanasky.

Charakterizace NSC diferenciace na Grovni mRNA a proteint potvrdila, Ze bunky se
v pribéhu diferenciace prestavaji délit (pokles markert proliferace MKI167 a PCNA) a zacinaji
meénit svoji morfologii a proteinové sloZeni. Hladiny markerd NSC (NES a SOX2) byly
v prvnich fazich diferenciace vy$si nez v NSC a poté mirné klesaly (vice na proteinové nez

mRNA urovni). S diferenciace i BG diferenciace vedly k preferencni diferenciaci do neuronti
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(nartist markerti neuronélnich progenitorovych buné¢k a neuronit — DCX, MAP2, TUBB3
a SNAP25) a v pozd¢jSich fazich diferenciace v malé mife i do astrocytll (nartist markert
S100B a GFAP), ne vSak do oligodendrocyti (pokles markerii GALC a OLIGI1).
Imunofluorescenc¢ni mikroskopie prokazala, ze zatimco vétSina bunék diferencuje neuronalng,

v kultufe se ojedinéle nachazi buniky pozitivni na markery astrocyti ¢i oligodendrocyti.

2.2.2. Vyvoj SRM metody pro cilenou analyzu NSC diferenciace

Pro charakterizaci NSC a z nich diferencujicich bunék se ¢asto pouzivaji protilatkové
metody, piipadné RT-qPCR. Piestoze maji své neopomenutelné vyhody, jejich pouziti zahrnuje
také fadu nevyhod, jako jsou omezené mnozstvi soucasn¢ sledovanych proteinti nebo omezena
korelace mezi hladinou mRNA a proteinu. Proto jsme se zaméfili na vyvoj cilené analyzy MS
vyuzivajici metodu SRM pro kvantifikaci bunéénych markerii (proteintl) rutinné pouzivanych
pro charakterizaci neuralni diferenciace.

Na zakladg vysledki literarni reserSe publikované nasi laboratoii*® jsme zvolili markery
pro ESC (OCT4, NANOG a SOX2, kter¢ jsou obvykle pouzivané jako markery pluripotence),
NSC (NES, PAX6 a SOX2), neurondlni prekurzorové buniky a neurony (DCX, MAP2, S100B
a TUBB3), astrocyty (GFAP a S100B) a oligodendrocyty (GALC a OLIG1). Tyto markery
bunécénych typt jsme doplnili o marker dé€licich se bunék (MKI67) a sekretované proteiny
CXCLI a VEGF-A, u kterych jsme pozorovali v piedchozich experimentech zmény jejich
hladiny v pribéhu neurdlni diferenciace v in vitro podminkach (nepublikovand data nasi
laboratofe a 2°).

Pro vyvoj metody SRM jsme kazdy z uvedenych proteinti vyhledali v databazi SRM
Atlas a pro jeho unikatni (proteotypické) peptidy jsme nechali nasyntetizovat interni standardy
znaené téZkymi izotopy uhliku a dusiku. Protein NANOG neposkytoval Zadny unikatni
trypticky peptid (peptid vznikly po $tépeni proteinu trypsinem), a byl proto z dalSich analyz
vyloucen. Vyvoj metody SRM jsme provedli na vzorcich z BG diferenciace, ve kterych jsme
sledovali detekovatelnost jednotlivych proteinii a vhodnost jejich unikatnich peptidi pro
kvantifikaci. Endogenni peptidy proteint CXCL1, MKI67, PAX6 a VEGF-A zlstaly pod
limitem detekce, a byly proto z metody vylou€eny. Protoze n€které sledované markery nebyly
v NSC ani v diferencovanych bunkach ocekéavatelné, analyzovali jsme rovnéz bunécné linie
ESC (ESC1 a ESC2), NSC diferencované do astrocytii v piitomnosti FBS (Astrol) a komer¢ni
linii astrocytd (Astro2) (Obr. 12). Podafilo se ndm vyvinout metodu SRM pro monitorovani 10
vybranych markert ESC, NSC, astrocytti, neuronti a oligodendrocytli (DCX, GALC, GFAP,
MAP2, NES, OLIG1, OCT4, S100B, SOX2 a TUBB3).
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Obr. 12: Vyvoj metody SRM pro analyzu neuralni diferenciace. Kazd4 podminka (bunécny
typ i diferenciace) byla analyzovéna ve ¢tyfech biologickych replikatech a namétena data byla
manualné kontrolovana ve Skyline. Bila barva — Zadny peptid sledovaného markeru nebyl
detekovatelny. Zluta barva — jeden peptid sledovaného markeru byl detekovatelny nejméné ve
trech biologickych replikatech urcité podminky (protein byl detekovatelny). Zelena barva —
nejméné dva peptidy sledovaného markeru byly detekovatelné¢ v dané podmince (protein byl
kvantifikovatelny).

Nase vysledky ukézaly, Ze markery NSC jsou detekovatelné ve vSech analyzovanych
bunkach, vcéetn¢ linii ESC a komercnich astrocyti (Astro2). Marker neurondlnich
prekurzorovych buné€k DCX byl hojné zastoupen ve vSech buiikach diferencovanych z NSC
(S, BG, B, G a Astrol diferenciace), nebyl vSak detekovatelny v NSC. Markery neuronti
TUBB3 a MAP2 byly ve vSech diferencovanych buikach i v ptivodnich NSC. TUBB3 byl
rovnéZ v obou liniich ESC a v Astro2, coz ukazuje, Ze jeho pfitomnost neni specificka pro
neurony.

S100B, marker astrocytli, byl kvantifikovatelny ve vSech bunkach diferencovanych
zNSC a také v Astro2, ne vSak v NSC. Oproti tomu GFAP m¢él vyrazny signal pouze
v bunikach Astro2 a detekovatelny byl také v bunkach po BG diferenciaci. Markery
oligodendrocytii GALC a OLIG1 byly detekovatelné v NSC a ve vSech z nich diferencovanych
bunkach. Vyraznéjsi signal mél GALC u obou linii ESC a u bunék Astrol, coz pozitivné
korelovalo s vysledky pro marker pluripotence OCT4. Protein OLIG1 nem¢l vyrazngjsi signal

v Zadné z testovanych podminek.
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Jak je patrné z nasich vysledkt (Obr. 12), vS§echny spontanni diferenciace NSC in vitro
(S, BG, B a G diferenciace) vedly k neuronalni diferenciaci, coz je v souladu s vysledky
charakterizace S diferenciace a BG diferenciace pomoci RT-qPCR, fluorescen¢ni mikroskopie
a imunoblotu. Diferenciace s FBS (Astrol) v ptfipadé NSC odvozenych z linie ESC H9 také
smerovala buiiky k neurondlni populaci misto do populace astrocytli a vzhledem k mén¢
definovanému slozeni FBS oproti sérovym suplementim vedl tento druh modulace NSC

pravdépodobné také k jejich dediferenciaci.

2.2.3 Analyza BG diferenciace pomoci metody SRM

Zajimalo nas, jak se méni hladiny sledovanych markerd v pribéhu BG diferenciace.
Nejprve jsme se zaméfili na ¢asnou fazi diferenciace, a to den 0 az den 8. Nase vysledky
ukézaly, ze zména média (odebrani EGF a FGF-2) spojend s prechodem od proliferace ke
spontanni diferenciaci méla vyznamny, byt’ kratkodoby, vliv na bunécnou proteostdzi. Hladina
vSech kvantifikovatelnych markerd, s vyjimkou DCX, totiz klesla prvni den diferenciace, ale
jiz druhy den se vratila na ptivodni hladiny (Obr. 13). DCX se stal detekovatelnym az druhy
den diferenciace a od tietiho dne také kvantifikovatelnym, s vyraznym narGstem hladiny
v diferencujicich buiikach. Hladiny MAP2 a TUBB3 vzrostly 3. den diferenciace a zistaly bez
vyrazngj$i zmeény az do dne 8. Hladiny markertt NSC (NES a SOX2) nejprve stouply a od 4. dne
zacCaly mirn¢é klesat. Hladina markeru astrocytd S100B se v pribehu této faze diferenciace
vyrazné neménila. Markery oligodendrocyti (GALC, OLIG1) vykazovaly pouze slaby signal
bez moZnosti kvantifikace, proteiny GFAP (marker astrocytl) a OCT4 (marker ESC) nebyly
v této fazi diferenciace detekovany viibec (nevyobrazeno).

Déle jsme se zaméfili na monitorovani BG diferenciace v den 0 (NSC), 7, 14, 21 a 28
(Obr. 14). Pokles hladin marker NSC byl patrny ode dne 7 (NES), respektive ode dne 14
(SOX2). Zatimco hladina NES se s dalsi diferenciaci ptili§ neménila, hladina proteinu SOX2
klesala v pribéhu celé diferenciace a 28. den byl detekovatelny jiz pouze jeden peptid tohoto
proteinu. Od 7. do 21. dne BG diferenciace prudce rostla hladina markeru neuronalnich
prekurzorovych bunék DCX a mirn¢ rostla také hladina neurondlniho markeru MAP2.
Neuronalni marker TUBB3 nartstal od 14. dne. Hladina markeru astrocytii SI00B byla 7. den
BG diferenciace nizsi nez v NSC a v prabéhu 28 dnti se vratila na plivodni uroven. Marker
astrocyti GFAP byl pii BG diferenciaci detekovatelny pouze ve dni 28 (nevyobrazeno).
Markery oligodendrocytii nebyly pro nizkou hladinu kvantifikovatelné a marker
pluripotentnich bun¢k (ESC) OCT4 nebyl detekovan v zddném z méfenych vzorkl

(nevyobrazeno).
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Obr. 13: Hladiny kvantifikovatelnych bunéénych markera v rané fiazi BG diferenciace.

Analyza SRM ukazala nartist hladin neuronalnich markert a tedy zahajeni diferenciace NSC

3.—4. den. Pro kazdy casovy interval byly analyzovany ¢tyii biologické replikaty (jednotlivé

teCky stejné barvy), barvy odpovidaji konkrétnim peptidim sledovaného markeru. Median

abundance (Cerna ¢ara) odpovidd medianu abundance vsech transic zobrazenych peptidii.

Vysledky méteni ¢asné faze diferenciace (den 0-8) odpovidaji naméfenym vysledkiim

dne 0 a 7 z28denni diferenciace. Analyza prubé¢hu BG diferenciace (den 0 az 28) ukézala

statisticky vyznamnou pozitivni korelaci mezi hladinou proteinu MAP2 s TUBB3 a DCX

arovnéz mezi TUBB3 a S100B. Statisticky vyznamna negativni korelace byla mezi hladinou

proteinu SOX2 a DCX, coz miZe ukazovat na vliv SOX2 na pfechod z NSC do neuronalnich

prekurzorovych bunék.
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Den diferenciace

® DCX APQSLASSNSAQAR
® DCX SFDALLADLTR
® DCX SLSDNINLPQGVR

@ TUBB3 ISVYYNEASSHK
® TUBB3 LATPTYGDLNHLVSATMSGVTTSLR
® TUBB3 LHFFMPGFAPLTAR

TUBB3 MSSTFIGNSTAIQELFK

® MAP2 DLATDLSLIEVK

® MAP2 DLSIPTDASSEK

® MAP2 EEFVETCPSEHK
MAP2 LINQPLPDLK
MAP2 SDTLQITDLGVSGAR
MAP2 VGSLDNAHHVPGGGNVK
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® SOX2APCQAGDLR ® S100B EQEVVDK

® SOX2 DMISMYLPGAEVPEPAAPSR

Obr. 14: Hladiny kvantifikovatelnych bunéénych markert v pribéhu 28denni BG
diferenciace. Analyza SRM ukazala v prib¢hu diferenciace pokracujici nartGst hladin
neuronalnich markerti a mirny pokles markert NSC od 7.-14. dne. Pro kazdy Casovy interval
byly analyzovany cCtyfi biologické replikaty (jednotlivé tecky stejné barvy), barvy odpovidaji
konkrétnim peptidiim sledovaného markeru. Median abundance (¢erna ¢ara) odpovida medianu
abundance vsech transic zobrazenych peptidu.

2.2.4 Korelace vysledkit metody SRM

Vysledky ziskané metodou SRM (Obr. 14) odpovidaji vysledkiim fluorescencni
mikroskopie (Obr. 10) a imunoblotu (Obr. 11). Rozptyl hladin nékterych proteinli mezi
jednotlivymi biologickymi replikaty potvrzuje vysledky fluorescencni mikroskopie ukazujici
rozdily mezi jednotlivymi bunikami — bunky nediferencuji homogenné. Zajimalo nas take, jak
spolu koreluji vysledky genové exprese sledovanych markerii na irovni mRNA (analyzované
pomoci RT-qPCR) s daty na Girovni proteinti (méfené metodou SRM). U neuronélnich markerti
DCX a MAP2 a markeru astrocyti S100B byla statisticky vyznamna pozitivni korelace
(r>0,94) mezi vysledky RT-qPCR a SRM méfenim (Obr. 15). Pozitivni korelace byla také
u markeru TUBB3 (r> 0,8), nebyla vSak statisticky vyznamna. Negativni korelace byla
pozorovana u markertt NSC, NES (r <-0,67) a SOX2 (r <-0,23), ani tyto korelace vSak nebyly
statisticky vyznamné. Ctyfi sledované markery (GALC, GFAP, OCT4 a OLIG1) nebylo mozné
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kvantifikovat ve vSech Casovych intervalech na urovni mRNA a proteint, a nebyly proto

zahrnuty do analyz korelace.
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Obr. 15: Korelace hladin vybranych bunéénych markeri v pribéhu BG diferenciace na
urovni mRNA a proteinu. Vysledky analyz RT-qPCR (hodnoty dCt) a SRM (hodnoty log2
transformované abundance) ukézaly u sledovanych markeri omezenou korelaci mezi mRNA
a kédovanym proteinem.

2.2.5 Monitorovani neuralnich markerti u NSC diferencujicich za riiznych podminek

Pro validaci metody SRM jsme pouzili referencni linie ESC (ESC1 a ESC2) i referencni
astrocyty (Astro2) a sledovali jsme hladiny markert béhem 28denni diferenciace NSC.
Porovnavali jsme spontanni S diferenciaci, spontanni diferenciaci s trofickou podporou (BG,
B a G diferenciace) a diferenciaci do astrocytii s pfidanym FBS (Astrol).

Marker pluripotence (ESC) OCT4 byl kvantifikovatelny pouze v referencnich ESC1
a ESC2 (srovnatelné hladiny v obou liniich, viz pfilohy strana 168), jeden jeho peptid byl
detekovatelny také pii NSC diferenciaci s FBS (Astrol). Marker astrocytti GFAP byl
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kvantifikovatelny pouze v referen¢nich astrocytech Astro2 (viz pfilohy strana 168), hladina
markeru astrocyti S100B rostla s diferenciaci NSC (Obr. 16), kde byla 28. den vyssi nez
v referencnich Astro2 (viz ptilohy strana 168). NES, marker NSC, mél nejvyssi hladinu v NSC
hladina klesla a tento pokles vykazoval vétSi rozptyl mezi biologickymi replikaty u BG
diferenciace. Hladina druhého markeru NSC, SOX2, mirné klesla ve vSech diferenciacnich
protokolech a hladiny markeri neuronalnich prekurzorovych bunck a neuronti vyrazné rostly
s kazdym diferenciaCnim protokolem (Obr. 16). Protein TUBB3 byl v nizké hladin€ pfitomny
v NSC, Astro2 a v obou liniich ESC, neni tedy dostate¢né specifickym markerem pro neurony.
GALC, marker oligodendrocytt, byl kvantifikovatelny pouze v obou liniich ESC a v Astrol,
s vy$$i hladinou v ESC. Druhy marker oligodendrocytti, OLIG1, nebyl kvantifikovatelny
v zadnych bunkach, pouze detekovatelny v NSC a v jejich diferenciacich (nevyobrazeno).

Neurotroficka podpora v pfipadé BG diferenciace vedla u fady sledovanych markert
(NES, MAP2, TUBB3 ¢i S100B) k vyssi variabilité mezi biologickymi replikaty, s mirné nizsi
hladinou neurondlnich markert (napt. DCX, TUBB3 a S100B) nez v ptipadé
S, B a G diferenciace (Obr. 16). BG diferenciace tak byla vice podobna diferenciaci Astrol nez
ostatnim NSC diferenciacim. Oproti tomu S diferenciace méla nejnizsi hladiny markeri NSC
a naopak nejvyssi hladiny neuronalnich markerti a S100B.

Vyznamné rozdily byly patrné mezi diferenciaci NSC do astrocytti (Astrol) a komercni
linii astrocytd (Astro2). V obou liniich byl kvantifikovatelny marker astrocytit S100B, zatimco
GFAP byl pouze v Astro2. Rozdilim mezi Astrol a Astro2 na urovni proteinii odpovidaly také
rozdily markert astrocytd na urovni mRNA (Obr. 17A). Pfitomnost téchto proteinti a jejich
lokalizace u Astro2 byla jesté ovéfena pomoci imunofluorescencni mikroskopie (Obr. 17B).
Buniky Astrol mély podobné hladiny sledovanych markertit NSC a neuronti jako ostatni NSC
diferenciace. U Astrol byl navic detekovatelny marker ESC OCT4 a marker oligodendrocyti
GALC. Tyto vysledky potvrdily, Ze diferenciace NSC pomoci FBS nevedla k o¢ekavanému
vzniku populace astrocytii. Buiikky modulované pomoci FBS vykazovaly znaky neuronalni
diferenciace a zarovent mozné dediferenciace (ptitomnost OCT4).

Prokazali jsme, Ze naSe metoda SRM je vhodna pro charakterizaci NSC a umoziuje

pfesnou analyzu jejich diferenciace.
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Obr. 16: Analyza hladiny vybranych bunéénych markeri v priibéhu diferenciace NSC
a u referen¢nich bunék. Analyza SRM potvrdila preferenni neurondlni diferenciaci bez
ohledu na pouzity diferenciacni protokol. Pro kazdy bunéény typ ¢i diferenciaci byly
analyzovany Ctyfi biologické replikaty, tecka a ¢ara znaci primér a interval 95% spolehlivosti.
Seda barva — protein nebyl kvantifikovatelny ve sledované podmince. Cervena barva — protein
byl kvantifikovatelny (nejmén¢ dva peptidy sledovaného markeru byly detekovatelné v dané
podmince).
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Obr. 17: Analyza hladiny markerii astrocyti u diferenciace NSC a u komerc¢ni linie
astrocyti. A) Vysledky RT-qPCR potvrdily vyznamné rozdily mezi diferenciaci NSC Astrol
a referencnimi astrocyty (Astro2) v expresi S/00B a GFAP, které byly pozorovany na rovni
proteinii (nevyobrazeno). Hodnoty dCt naméfené pomoci RT-qPCR pro jednotlivé markery
byly normalizovany priimérnou hodnotou endogennich kontrol GAPDH a ATP5F1B. Pro kazdy
casovy interval byly analyzovany tii biologické replikaty, cerna tecka a Cerné Cara znac¢i primer
a interval 95% spolehlivosti. B) Imunofluorescen¢ni mikroskopie potvrdila ocekavanou
lokalizaci signalu S100B a GFAP v Astro2. Zelena barva — sledovany buné¢ny marker, modra

v

barva — jadro barvené DAPI. M¢étitko bylo 50 pm.
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2.2.6 Analyza bunécného proteomu v pribéhu NSC diferenciace

Charakterizace neuralnich markerti pomoci metody SRM ukazala u diferencujicich NSC
vyznamné rozdily mezi S diferenciaci a BG diferenciaci. Zaméfili jsme se proto na 28denni
S diferenciaci a BG diferenciaci a analyzu jejich bunééného proteomu metodou DIA
(SWATH-MS). Pomoci méieni DDA jsme nejprve ptipravili specifickou spektralni knihovnu,
kterd nam v datech z DIA meéfeni umoznila kvantifikaci 2 804 proteinii na zaklad¢ jejich
unikatnich peptidu.

Hladiny jednotlivych proteint jsme podrobili shlukové analyze (angl. cluster analysis)
(Obr. 18). Vysledky prokazaly vyrazné rozdily mezi NSC (den 0), Casnou fazi diferenciace (dny
7 a 14) a pozdni fazi diferenciace (dny 21 a 28). Zatimco v ¢asné fazi nebyl vyznamny rozdil
mezi S diferenciaci a BG diferenciaci, v pozdni fazi diferenciace byla hlavni pti¢inou rozdilt

modulace diferenciace pomoci neurotrofickych faktort BDNF a GDNF.

Il NSC
2 5 BG diferenciace
S diferenciace

Den 21Den 28Den 260N 21 Den0  Den7 Den 7 Den 140€n 14

Obr. 18: Shlukova analyza na zaklad€ zmén hladin proteini v priibéhu diferenciace NSC.
Vysledky shlukové analyzy ukazaly, Ze zatimco v prvni poloviné 28denni diferenciace NSC
neni vyznamny rozdil mezi S diferenciaci a BG diferenciaci, ve druhé poloviné diferenciace ma

ptitomnost BDNF a GDNF vyznamnéjsi vliv nez celkova doba diferenciace.
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Zména hladiny v pribéhu diferenciace se tykala vice nez 60 % kvantifikovanych
proteint (nejméné dvojnasobna zména hladiny 1698 proteinti pti S diferenciaci a 1803 proteinti
pii BG diferenciaci). Nejvétsi zmény probehly jiz v rané fazi diferenciace (den 7), kdy se ve
srovnani s NSC (den 0) ménila hladina vice nez 1000 proteinti, z toho u >85 % téchto proteinli
jsme pozorovali narust jejich hladiny (Tab. 5). Celkovy pocet proteinii se zménénou hladinou
déale mirné narustal s dobou diferenciace, vyraznéjsi rozdily byly patrné pti BG diferenciaci.
Rozdily v poctu proteinii se zménénou hladinou byly podle ofekavani vyrazné¢ mensi mezi
S diferenciaci a BG diferenciaci nez pii porovnani jednotlivych ¢ast diferenciace, mirné vsak

narustaly s délkou diferenciace, coz je v souladu s vysledky shlukové analyzy (Tab. 5, Obr. 18).

Tab. 5: Pocty proteint se zménénou hladinou v pribéhu diferenciace NSC.

Den | Den | Den | Den | Den | Den

NSC (den 0) 7 |14 | 7 | 14| 21 | 28
Den | Den | Den | Den | Den | Den | Den | Den | Den | Den
7 14 21 28 21 28 7 14 21 28

S diferenciace 1024 | 1145 | 1279 | 1359 | 450 | 242
BG diferenciace | 1057 | 1197 | 1336 | 1446 | 546 | 254

71 87 125 | 107

Proteiny byly zapocitdny, pokud byla statisticky vyznamna (p < 0,05) zména jejich hladiny
(nérast ¢i pokles) > 2, podle balicku limma v programu R.

2.2.6.1 Identifikace proteind s obdobnymi zménami hladin v ¢ase
Pro identifikaci proteinti, které sdili obdobné zmény své hladiny v bufice v pribéhu

274 U S diferenciace

diferenciace, jsme provedli shlukovou analyzu pomoci balicku Mfuzz
(Obr. 19A) 1 BG diferenciace (Obr. 19B) tato analyza vytvotila 28 shluki (angl. clusters), které
1ze dale rozdélit do Ctyt zakladnich skupin: I) hladina proteint po zahajeni diferenciace stoupa
a v prubéhu diferenciace dale roste nebo se vyrazné neméni, II) hladina proteinti po zahajeni
diferenciace klesa a v pribchu diferenciace dale klesa nebo se vyrazné neméni, III) hladina
proteini po zahdjeni diferenciace stoupa a poté klesd a IV) hladina proteinli po zahjeni
diferenciace klesa a poté stoupa.

Funkce proteinti ptifazenych do jednotlivych skupin jsme identifikovali na zakladé
jejich anotace a funkci GO (z angl. Gene Ontology terms) podle databize UniProtKB!'®.
Skupina I (rGst hladiny s diferenciaci) zahrnuje u S diferenciace 172 proteinit a u BG
diferenciace 169 proteind, které jsou spojeny s bunénymi procesy a jejich regulaci, napft. vyvoj
nervové soustavy, diferenciace a migrace neurond, rdst axonu, transport proteinli a vackl

(souvisi s transportem v axonu), apoptoza, autofagie, metabolismus mastnych kyselin, odpoveéd’
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na poSkozeni DNA nebo signadlni drdha Wnt. Do skupiny II (pokles hladiny v prabéhu
diferenciace) patii u S diferenciace 74 proteint, a u BG diferenciace 75 proteint. Tyto proteiny
jsou spojeny s bunéénymi procesy, jako je bunécné déleni (mitdza), odpovéd’ na poskozeni
DNA, organizace chromatinu, replikace DNA, piepis DNA do RNA, sestiih RNA, translace ¢i
regulace apoptdzy. Skupina III (riist hladiny po zahajeni diferenciace a poté pokles) je tvofena
107 proteiny u S diferenciace a 60 proteiny u BG diferenciace. Tyto proteiny jsou spojeny
s bunéénymi procesy, jako je bunétné de€leni, oprava DNA, replikace DNA, ptepis DNA do
RNA, sestfih RNA, translace, proliferace a diferenciace kmenovych bunék, signalni draha Wnt
nebo regulace apoptozy. Do skupiny IV (pokles hladiny po zahajeni diferenciace a poté rust)
patiiu S diferenciace 21 proteintl, a u BG diferenciace 26 proteintl. Tyto proteiny jsou spojeny
s bunéénymi procesy, jako je metabolismus mastnych kyselin a lipidi a reorganizace
aktinového cytoskeletu.

Vysledky shlukové analyzy Mfuzz jsou v souladu s pozorovanymi zménami hladin
proteinl v prubéhu diferenciace (Tab. 5). S délkou diferenciace pozitivné koreluji hladiny
proteint spojenych s vyvojem mozku a neurogenezi (skupina I) a naopak negativné koreluji
hladiny proteint spojenych s bunéénym rastem a délenim (skupina II a III). Nejvétsi zmény
probihaji v casné fazi diferenciace, coZz souhlasi s ndrGstem hladin proteini spojenych
s transkripci, sestithem RNA a translaci na pocatku diferenciace a s jejich poklesem v pribéhu
diferenciace (skupina II a III). Proteiny spojené s metabolismem mastnych kyselin
a reorganizaci aktinového cytoskeletu, jejichz hladiny nejprve klesaji po zahajeni diferenciace
a poté rostou (skupina IV), mohou souviset se zménami morfologie pfi neurogenezi (riist axonu
a migrace bunék). Do skupiny I byly rovnéz zatazeny nékteré znamé markery neurdlnich
prekurzorovych bunék a neuronti, napt. DCX, MAP2 ¢i NCAMI1 (Neural cell adhesion
molecule 1). Vysledky ziskané shlukovou analyzou Mfuzz tak mohou byt vyuZity i pro hledani

novych markert diferenciace NSC.

2.2.6.2 Analyza bunécénych procest regulovanych v pritbéhu NSC diferenciace

Shlukové analyzy nam poskytly zakladni informace o vlivu délky a typu diferenciace
na bunéény proteom, a rovnéz o regulovanych bunéénych procesech. Pro podrobnégjsi analyzu
bun&nych procesi a signalnich drah jsme pouzili funkéni analyzy pomoci balicku EGSEA?7
s databazemi KEGG a GO. Vysledky téchto analyz byly v souladu mezi sebou 1 s vysledky

ziskanymi shlukovou analyzou pomoci Mfuzz.
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Obr. 19: Shlukova analyza proteinti s obdobnymi zménami hladin v ¢ase. Analyza Mfuzz
vedla k identifikaci 28 shluku (clusters) u (A) S diferenciace i (B) BG diferenciace, které je
mozné podle obdobnych trendii zmény hladin sdilenych proteinti rozdé€lit do Ctyt skupin.
Skupina I — hladina proteini po zahajeni diferenciace stoupa a v prub¢hu diferenciace dale roste
nebo se vyrazné¢ neméni (S diferenciace — cluster 7, 14, 15, 16, 17, 20, 21, 23 a 26, BG
diferenciace — cluster 2,4, 5, 6,7, 12, 14, 19, 27 a 28), skupina II — hladina proteinti po zahajeni
diferenciace klesa a v prub¢hu diferenciace dale klesa nebo se vyrazné neméni (S diferenciace
— cluster 3, 9, 18, 19, 22 a 24, BG diferenciace — cluster 8, 9, 18, 20, 21 a 24), skupina I1I —
hladina proteinti po zahajeni diferenciace stoupa a poté klesa (S diferenciace — cluster 1, 2, 5,
6,8, 11, 12, 25 a 27, BG diferenciace — cluster 1, 11, 13, 15, 16, 17, 23 a 26) a skupina IV —
hladina proteinti po zahajeni diferenciace klesa a poté stoupa (S diferenciace — cluster 4, 10, 13
a 28, BG diferenciace — cluster 3, 10, 22 a 25).
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Analyza s vyuzitim databaze KEGG ukdzala, Ze v prvni fazi diferenciace (den 14) byly
sestiih RNA a tvorba ribosomti zvysené, zatimco 28. den diferenciace byly snizené. V této
pozdni fazi BG diferenciace rovnéz klesala replikace DNA, zatimco u S diferenciace byla
zvysena. Tento vysledek je v kontrastu s vysledky imunoblotu na markery proliferace, proteiny
MKI67 a PCNA, které¢ u S diferenciace vyznamn¢ klesaji od 14. dne déle (Obr. 11). Déle byla
pozorovana pozitivni korelace s délkou diferenciace u vybranych metabolickych procest (napf.
metabolismus mastnych kyselin a glykolyza), regulace aktinového cytoskeletu, ristu axonu,
transportu proteinti nebo degradace RNA. Rovnéz pii diferenciaci dochazelo k narastu hladin
proteinil spojenych se signalnimi drahami HIF-1 (den 14 a 28) a VEGF (den 28).

Analyza dat s pouzitim databaze GO, kterd pokryva vétsi mnozstvi bunéénych procest
nez KEGG, ukazala, ze procesy spojené s aktivnim ristem a délenim bunék (napf.
metabolismus DNA, segregace chromosomil, metabolismus RNA, transkripce a sesttih RNA)
byly zvySené 14. den a vyrazné sniZzené¢ 28. den (Obr. 20A). Mitotické bunécné déleni bylo
snizené v den 14 i 28, naopak procesy spojené s vyvojem CNS (napf. neurogeneze, tvorba
synapsi a gliogeneze) a signalni drahy Wnt a VEGF byly vyznamné navySené v den 28
(Obr. 20B).

mm S diferenciace den 14 = S diferenciace den 28
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Obr. 20: Vybrané bunécné procesy a signalni drahy regulované v pribéhu diferenciace
NSC. A) Analyza dat SWATH-MS pomoci GO ukézala vyznamné rozdily v regulaci
bunécnych procesii spojenych s riistem a délenim bun¢k 14. a 28. den diferenciace. B) Analyza
GO potvrdila aktivaci bunécnych a signalnich drah spojenych s vyvojem CNS, a naopak
inhibici ristu a déleni bunék 28. den diferenciace.
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2.2.6.2.1 Analyza vybranych marker bunénych procesu a signalnich drah

Vysledky méteni SWATH-MS a imunoblotu potvrdily pokles hladiny markert
proliferace MKI67 a PCNA v prib¢hu diferenciace (Obr. 11 a 21A), coz je v souladu
s identifikovanym poklesem bunécného déleni a replikace DNA (Obr. 20). Regulace procest
spojenych s vyvojem nervové soustavy (napi. neurogeneze a gliogeneze) byla potvrzena
pomoci SWATH-MS, SRM a imunoblotu na zakladé poklesu hladin markert NSC a nartistu
hladin neuronalnich markerti a markert gliovych bun¢k (Obr. 11, 14 a 21B). Analyza Mfuzz
ukazala zmény hladin proteint spojenych s apoptdzou a jeji regulaci, véetné markeru apoptozy,
proteinu CASP3 (Caspase-3). Na urovni SWATH-MS jsme zaznamenali vyznamny nartst
hladiny tohoto proteinu 7. den diferenciace, jeho hladina se poté vyrazn¢ neménila (Obr. 21C).
Imunoblot v§ak ukazal narast hladiny aktivované formy CASP3 (20kDA fragment) v ¢asné fazi
diferenciace, nasledovany poklesem v den 21, a s rGstem hladiny 28. den S diferenciace
(Obr. 21D).

Analyza bunéénych procest identifikovala regulaci hladin proteinti signalnich drah
HIF-1, VEGF a Wnt v prub¢hu diferenciace NSC. SWATH-MS a imunoblot ukdzaly aktivaci
kanonické signalni drahy Wnt/B-catenin na zakladé narGstu hladiny proteinu Catenin beta-1
(Obr. 21C, D). Proteiny z rodiny HIF-1 byly pod limitem detekce pomoci MS, avSak podle
imunoblotu byla hladina proteinu HIF1A (Hypoxia-inducible factor 1-alpha) nejvyssi v NSC
a v Casné fazi diferenciace a poté klesala (Obr. 21D). Pomoci MS (SRM a SWATH-MS) nebylo
mozné kvantifikovat zadné proteiny z VEGF rodiny ani jejich receptory, s vyjimkou
koreceptoru Neuropilin-1. SWATH-MS a imunoblot ukazaly pozitivni korelaci hladiny
proteinu Neuropilin-1 s dobou diferenciace, zatimco u NSC nebyl tento koreceptor viibec

detekovan (Obr. 21C, D).
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Obr. 21: Analyza vybranych markerti bunéénych procesi a signalnich drah v priabéhu
diferenciace NSC. Vysledky méteni SWATH-MS potvrdily na proteinové trovni zménu
hladin (A) pokles markerti proliferace (MKI67 a PCNA), (B) pokles markert NSC (NES
a SOX2) a naruist neuronalniho markeru TUBB3 a (C) nartst proteint spojenych s apoptézou
(CASP3), signalni drahou Wnt (Catenin beta-1) a signalni drahou VEGF (Neuropilin-1). Pro
kazdy casovy interval byly analyzovany ¢étyfi biologické replikaty, teCka a ¢ara znaci prumér
a interval 95% spolehlivosti. Statisticky vyznamné rozdily (p < 0,05) mezi jednotlivymi dny
diferenciace jsou znaCeny: # (srovnani se dnem 0),  (srovnani se dnem 7), I (srovnani se dnem
14) a $ (srovnani se dnem 21). D) Vysledky imunoblotu prokazaly nardst aktivované formy
CASP3 a potvrdily také pokles HIF1A a nardst Catenin beta-1 a Neuropilin-1. E) Detekce
VEGF-A v NSC vpribéhu diferenciace pomoci imunoblotu prokizala narGst hladiny
VEGF121 (Mw ~15 kDa) a jeho potencionalni glykosylované formy (Mw ~17 kDa) v Casné
fazi diferenciace. V pozdni fazi byl patrny signdl, ktery by mohl patfit glykosylované formé
VEGF165 (Mw ~24 kDa). rVEGFI121 a rVEGF165 — rekombinantni lidské VEGF121
a VEGF165. * — smésny vzorek proliferujicich NSC a diferencujicich buné¢k. Endogenni
normalizatory nanaSky GAPDH a ATP5F1A byly u D a E stejné jako v ptipad¢ Obr. 11.
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2.2.7 Analyza sekretomu v pribéhu NSC diferenciace

Modulace okolniho prostiedi sekreci rustovych faktort, cytokint a dalSich proteinti je
povazovéna za hlavni efekt transplantace bunék pfi terapii.* Nase analyzy bunééného proteomu
ukazaly v prubéhu diferenciace narast hladin proteina spojenych se signalni drahou VEGF,
konkrétné pak nartst hladiny koreceptoru VEGF Neuropilin-1. Protoze ve vysledcich
SWATH-MS méfeni nebyly kvantifikovatelné dalSi proteiny z VEGF rodiny (VEGF-A,
B, C, D a PIGF) ani receptory VEGFRI, 2 a 3 nebo koreceptor Neuropilin-2, pfistoupili jsme
k protilatkové analyze sekretomu NSC.

Pomoci multiplexni protildtkové metody xMAP jsme analyzovali hladiny cytokinti,
chemokint a ristovych faktori sekretovanych do kultivaéniho média v prubéhu S diferenciace
a BG diferenciace, véetné hladiny VEGF. Hladiny vSech analyzovanych proteint klesly 7. den
diferenciace (Obr. 22A), a dale klesaly s diferenciaci, nebo se jiz vyznamné neménily. Pouze
u proteini Interleukin-6 (IL-6) a VEGF jsme pozorovali nartst jejich sekrece od 14. dne
diferenciace (Obr. 22B). Tyto proteiny byly vice sekretovany v priibéhu BG diferenciace, avSak
pouze 28. den BG diferenciace byla hladina VEGF vys$si nez v den 0. Pozitivni korelace sekrece
VEGF s dobou diferenciace je v souladu s vysledky analyz KEGG a GO.

Pro identifikaci isoformy VEGF-A, ktera je zodpovédna za aktivaci VEGF drahy, jsme
analyzovali ptitomnost VEGF121 a VEGF165 pomoci imunoblotu s vyuzitim rekombinantnich
lidskych proteinit VEGF121 a VEGF165 jako standardd. Pfi pohledu pouze na hladinu
VEGF121 nebo VEGF165, vysledky imunoblotu neodpovidaly pozorovanému nartstu sekrece
VEGF-A. Tomuto nartstu ale odpovidal soucet signalit VEGF121 a VEGF165. Na imunoblotu
jsme pozorovali dva signdly endogenniho VEGFI121 s Mw ~15 a ~17 kDa, zatimco
rekombinantni VEGF121 byl pouze ve formé¢ ~15 kDa (teoretickd Mw ~14 kDa). Tento posun
Mw odpovida ocekdvané N-glykosylaci VEGF121, ktera je kli¢ova pro jeho sekreci.’”
Rekombinantni VEGF121 i VEGF165 produkované v expresnim systému bakterie Escherichia
coli tuto PTM postradaji. Hladina VEGF121 byla nejvyssi v Casné fazi diferenciace (den 7 a 14)
a poté klesala, zlstala vSak nad trovni NSC (Obr. 21E). VEGF165 nebyl detekovatelny
(Obr. 21E). S ohledem na minimalni rozdily v sekvencich isoforem VEGF-A vSak pouzité
protilatky musely celit omezené specificité. Diky pouZiti rekombinantnich standardii jsme
vyvodili hypotézu, ze pokud by signal pozorovany pii Mw ~24 kDa patfil endogennimu
VEGF165 (napf. popsané N-glykosylované formé VEGF165°7°27%), znamenalo by to, Ze
VEGF165 byl produkovan zejména v pozd¢jsi fazi diferenciace NSC (den 21 a 28), s vyssi

hladinou u BG diferenciace.
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Obr. 22: Analyza sekretomu v priibéhu diferenciace NSC pomoci xMAP. A) Grafické
znazornéni hladiny (hodnoty log10 MFI) vybranych proteinti sekretovanych do kultiva¢niho
média beéhem in vitro diferenciace NSC. B) Hladina IL-6 a VEGF v médiu. Pro kazdy ¢asovy
interval byly analyzovany ctyfi biologické replikaty, cerna tecka a Cerna ¢ara znaci prameér
a interval 95% spolehlivosti. Statisticky vyznamné rozdily (p < 0,05) mezi jednotlivymi dny
diferenciace jsou znaceny: # (srovnani se dnem 0), T (srovnani se dnem 7) a { (srovnani se
dnem 14). Statisticky vyznamné rozdily mezi S diferenciaci a BG diferenciaci jsou znaceny
*(p<0,05), ** (p <0,01) a *** (p <0,001).
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2.2.8 Testovani vlivu VEGF-A na proliferaci a ptezivani NSC

Nase vysledky identifikovaly signalni drahu VEGF jako jeden z bunécnych procest
vyznamné regulovanych v priibéhu NSC diferenciace, coz podpofil pozorovany nartst hladiny
koreceptoru VEGF — Neuropilin-1 a zmény hladiny VEGF121, a mozné také VEGF165,
v diferencujicich bunkach (Obr. 21C-E). Zamé¢fili jsme se proto na funkéni studii vlivu
VEGF-A na proliferaci a piezivani NSC v in vitro podminkach.

NSC jsme kultivovali v médiu pro proliferaci s EGF a FGF-2 a v médiu pro spontanni
diferenciaci bez EGF a FGF-2 a bez ptidani neurotrofickych faktori BDNF a GDNF
(S diferenciace). Do média jsme ptidavali VEGF121, VEGF165, VEGF121 + VEGF165, nebo
Axitinib (inhibitor VEGFRI1, 2 a 3%"7) a na zakladé bun&éné konfluence jsme sledovali
proliferaci bunék po dobu osmi dnt. Poté jsme analyzovali zivotaschopnost takto
kultivovanych bun€k pomoci fluorescen¢niho barveni mrtvych a poSkozenych bunék.

V ptipadé kultivace NSC v ptitomnosti EGF a FGF-2 nem¢lo ptidani VEGF121 nebo
VEGF165, ptipadné jejich kombinace, pozorovatelny vliv na proliferaci bunék (Obr. 23A).
V podminkéach S diferenciace vSak vedlo ptidani VEGF121 nebo VEGF121 v kombinaci
s VEGF165 k ~1,5x zvySeni proliferace NSC. Samotné VEGF165 nemélo Zadny vliv na
bunécnou proliferaci (Obr. 23A). Pfidani inhibitoru Axitinibu do média bylo pro buiiky toxické
bez ohledu na ptitomnost EGF a FGF-2 (nevyobrazeno).

(A) _EGF/FGF2 +EGF/FGF2 (B) -EGF/FGF2 +EGF/FGF2
100 ;" 4 w — 804 ab cd
S e s +
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Obr. 23: Sledovani vlivu VEGF-A na déleni a prezivani NSC. A) Bun&cné konfluence po
osmi dnech kultivace NSC bez rastovych faktorti (spontanni diferenciace) nebo v pfitomnosti
EGF a FGF2. Pfi spontanni diferenciaci podporuje VEGF121 proliferaci buné€k, zatimco
VEGF165 nikoliv. EGF/FGF2 potlacuje vliv VEGF-A. Analyza byla provedena na ¢tyfech
biologickych replikatech pfi tfech nezavislych kultivacich. B) Pozitivita bunék na fluorescencni
barvivo SYTOX Green, které znac¢i poskozené a mrtvé buiiky. VEGF121 stimuluje pfezivani
bunek v podminkach spontanni diferenciace, ale ne v pritomnosti EGF/FGF2. VEGF165 nema
vliv na pfezivani bun¢k. Analyza byla provedena na tfech biologickych replikatech pti dvou
nezavislych kultivacich. Statisticky vysoce vyznamné rozdily (p <0,001) v A a B plati pro
parova porovnani se stejnym pismenem (a—a, b—b, c—c, d —d).
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Pomoci fluorescencni mikroskopie jsme analyzovali NSC po kultivaci (viz vyse)
s vitalnim znacenim bunécnych jader a barvenim poskozenych a mrtvych bunék. Podobné jako
v piipadé bunécné proliferace jsme nepozorovali zadny vliv VEGF121 nebo VEGF165 na
prezivani bunck v pfitomnosti EGF a FGF-2 (Obr. 23B). Oproti tomu v podminkach
S diferenciace vedlo ptidani VEGF121 nebo VEGF121 v kombinaci s VEGF165 k ~1,5%
snizeni poc¢tu poskozenych a mrtvych bun¢k. Samotné VEGF165 opét nemélo vyznamny vliv
na prezivani bunck.

Tyto vysledky prokazaly, ze ptidani VEGF121, ne vSak VEGF165, do média bez
rustovych faktori EGF a FGF-2 podporuje proliferaci a ptezivani NSC v in vitro podminkach.
Tento efekt je v pfitomnosti EGF a FGF-2 potlacen.

2.2.9 Hledani kandidétnich biomarkert pro sledovani rozvoje Huntingtonovy choroby

Prestoze diagnostikovat HD je mozné na zdklad€ genetického vySetfeni, nemame
v soucasnosti vhodné biomarkery, které by bylo mozné pouzit pro sledovani rozvoje HD pted
projevem prvnich symptomu. Pfitom pravé presymptomatickéd faze by byla nejvhodnéjsi pro
efektivni terapeuticky zdsah. Analyza spolehlivych biomarkeri rozvoje HD by rovnéz
vyznamné usnadnila sledovani efektu testované terapie, nejen v presymptomatické fazi.
Zaméftili jsme se proto na hledani moznych biomarkeri rozvoje HD na zaklad¢ jiz
publikovanych proteomickych studii. Nase analyza byla publikovana v ramci ptehledové
kapitoly, ktera je soucasti této disertacni prace.

Studie zkoumajici proteom pacientii a experimentalnich zvitecich ¢i in vitro modeld HD
jsme hledali v databazich PubMed a Web of Science s vyuzitim klicovych slov: ,,Huntington®,
LHuntingtin®, , proteom‘ a ,,mass spectrometry*, a na zaklad¢ relevantnich referenci v takto
vybranych publikacich. Pro analyzu jsme zvolili studie, které pouzily pro studium proteomu
MS metody DDA, DIA, PRM a SRM. VétSina studii usilovala o odhaleni mechanismi piisobeni
mHTT v bunkéch ¢i tkani, nikoliv o hleddni biomarkerd HD. JakoZto neurodegenerativni
onemocnéni, HD nejvice postihuje mozkovou tkan, konkrétné striatum. Zmény, ke kterym
dochazi vlivem mHTT na Grovni proteomu mozku, by v§ak mohly byt v disledku naruSeni
hematoencefalické bariéry detekovatelné rovnéz v krevni plazmé nebo mozkomi$nim moku.
Pravé tyto t€lni tekutiny by byly diky minimdlni invazivité jejich odbéru idedlnim zdrojem
biomarkeri pro sledovani rozvoje HD.?’®

Zatimco krevni plazma a mozkomisni mok byly u pacientti s HD studovany pomérné
podrobné, proteomickych studii mozku byly provedeny pouze jednotky. To je zplisobeno

zejména omezenou dostupnosti lidské mozkové tkdn€. Obvykle jsou pouzivany vzorky ziskané
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post mortem a urcitou komplikaci ptedstavuje téz vybér vhodnych zdravych kontrol. Proto je
HD podrobnéji studovana na zvifecich experimentalnich modelech, které rozdélujeme na
transgenni a knock-in modely.

V piipadé transgennich modeli je gen kodujici lidsky mHTT nebo jeho N-koncovy
fragment, ndhodn¢ vlozen do genomu modelového organismu, ktery si tak ponechava své dveé
nemutované alely H7T. U knock-in modelll je mutace pfimo soucasti jejich endogenniho genu
kédujictho HTT. Knock-in modely tak lépe reprezentuji skuteénou patologii HD.?”
NejrozsifenéjSim modelovym organismem pro studium HD, v¢etné testovani moznych léciv
a preklinického vyzkumu, je myS. Zasadni vyhodou tohoto modelového organismu jsou
zavedené postupy pro jeho studium, spolu s jednoduchou manipulaci a také relativné nizkymi
néklady na chov.!' Dal$im rozsifenym experimentalnim modelem nejen pro studium HD je
potkan. Oproti mysSi méa vétsi velikost téla a vahu, tedy 1 velikost vnitinich organt, coz
(napt. neurochirurgické operace). Potkan ma navic odlisné¢ regulovanou genovou expresi,
odli$nou neurogenezi v dosp€lém mozku, rozdilnou lokalizaci receptort pro serotonin v mozku
ziejmeé, ze tyto malé zvifeci modely nemohou postihnout skute¢nou komplexitu HD u ¢loveka,
zvlasté z divodil rozdilné anatomie (velikost téla a orgéni), fyziologie (napt. délka zivota) ¢i
rychlosti rozvoje HD.

Proto byly v poslednich letech vytvofeny velké zvifeci modely HD, které 1épe reflektuji
patologii HD u ¢lové€ka, a umoziiuji tak snazsi pfenos ziskanych vysledka preklinické testovani

e

potencialni terapie. Mezi tyto modelové organismy patii zejména makak rhesus?®!, ovce? ¢i

miniprase®®’

. Model transgenniho miniprasete s HD byl vytvofen na naSem pracovisti a je
pfedmétem mnoha vyzkumnych projektl, vcetné testovani terapie zameéfené na sniZovani
hladiny mHTT.?4?% Pro sledovéani vlivu mHTT na molekularni trovni se také pouzivaji
in vitro modely odvozené z bun¢k izolovanych z pacientti ¢i zvifecich modelti HD.

Nejprve jsme se zaméfili na proteiny, u kterych byla pomoci proteomickych metod
detekovana zména jejich hladiny v disledku rozvoje fenotypu HD, a tato zména byla také
potvrzena nezavislou metodou na urovni proteinu (ELISA, imunoblot nebo imunocytochemie)
¢i mRNA (sekvenace RNA, RNA ¢ipy nebo RT-qPCR), pfipadné byla pozorovand zména
validovana na jiné sad€ vzorkll. V rdmci 22 proteomickych studii HD bylo takto identifikovano
a ovéteno celkem 69 proteinil, z toho u 24 proteini dochdzi k nartistu hladiny, u 43 proteinti

naopak k poklesu hladiny a u dvou proteinii byl pozorovan nartist i pokles hladiny v zavislosti

na analyzovaném modelu HD. Mezi identifikovanymi proteiny byly naptiklad zndmé markery
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radialnich glii a astrocyti — GFAP (nartst hladiny), GLUL (pokles hladiny) a VIM (nartst
i pokles hladiny), proteiny zapojené do zvladani oxidacniho stresu — Peroxiredoxin-1/2/3/5/6
a Superoxide dismutase [Mn], mitochondrial (nartst hladiny), proteiny spojené se skladanim
proteinit — Clusterin (nartist hladiny), Alpha-crystallin B chain a Endoplasmic reticulum
chaperone BiP (pokles hladiny) nebo proteiny bunéného metabolismu — Serine/threonine-
protein kinase mTOR a Pyruvate kinase PKM (nartst hladiny), ¢i Fatty acid synthase
a Gamma-enolase (pokles hladiny).!!

Déle jsme provedli analyzu proteomickych dat publikovanych v 38 studiich vzorkt
tkani a télnich tekutin (krevni plazma, kize, mozek, mozkomisni mok, svalstvo a tukova tkar)
ziskanych od pacientil a zvifecich modelit HD s cilem nalézt proteiny sdilené mezi jednotlivymi
studiemi. Celkem jsme identifikovali 39 takovychto proteinti, z toho u 32 proteinti jejich
hladina stoupala a u sedmi proteinli naopak klesala. Podobné jako v pfedchozi analyze byla
zaznamenana zvySend hladina proteinti spojenych se zvlddanim oxidacniho stresu —
Peroxiredoxin-1/-2/-6, a také proteini spojenych se skladanim proteinti — Clusterin (CLU)
a Alpha-crystallin B chain. Ve shod¢ s piedchozi analyzou je rovnéz detekce zvysené hladiny

GFAP popsana u viech &tyf studii zaméfenych na analyzu proteomu mozku s HD.!!
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Diskuze

NSC a jejich diferenciace do neuronit a gliovych bunék jsou nepostradatelné pro
embryondlni vyvoj CNS a zajisténi vSech jejich fyziologickych funkci 1 po narozeni
a v dospelosti. Pochopeni biologickych procest stojicich v pozadi proliferace a diferenciace
NSC je nejen cilem zékladniho neurobiologického vyzkumu, ale také moznou cestou k t¢inné
terapii neurologickych onemocnéni. Tato onemocnéni, véetné neurodegenerativnich chorob, pii
kterych dochéazi k odumirani nervovych bunék, negativné ovliviuji zivot ptiblizné jedné tietiny
svétové populace a toto &islo bude v pristich letech dale naristat.? Predstavuji proto zasadni
zdravotni, ekonomicky a socidlni problém. Jednou z moznosti 1é€by neurodegenerativnich
onemocnéni je bunécna terapie, pii které jsou do CNS transplantovany bunky, obvykle NSC.
Transplantované buniky sekreci proteinli moduluji imunitni odpovéd’ a stimuluji pfezivani ¢i
déleni bunc¢k v misté poskozeni, pfipadné samy diferencuji a funkéné nahrazuji odumfelé
buriky.** Obnoveni v§ech funkci CNS je v§ak u neurodegenerace zatim nedosazitelnym cilem
bunécné terapie.

Podle datab4aze PubMed bylo v letech 2013-2023 publikovano 4 960 publikaci, vetné
53 klinickych studii, zamétenych na transplantace nervovych kmenovych bunck, coz je o 1/3
publikaci a 200 % klinickych studii vice oproti letim 2002-2012. Jak je patrné z tohoto
vyrazného narustu, v uplynulé dekadé se bunééna terapie pomoci NSC dostala do stfedu zajmu
mnoha vyzkumnych instituci. NSC pro transplantaci mohou byt ziskany izolaci ptimo z CNS,
diferenciaci z ESC, iPCS ¢i mezenchymovych kmenovych bunék (MSC, z angl. mesenchymal
stem cells), pfipadné transdiferenciaci somatickych bunék (napf. fibroblasti).?8¢-287

S ohledem na fetalni piivod s sebou nese pouziti ESC k diferenciaci do NSC vyznamné
etické problémy a zdkonna omezeni, coz dale sniZzuje dostupnost zdroje ESC.?* Pouziti NSC
diferencovanych z ESC pro transplantacni terapii by navic vyZadovalo imunitni kompatibilitu
mezi darcem a piijemcem, vcetné stejného pohlavi, pfipadné¢ imunosupresivni terapii nebo
genetické modifikace branici odhojeni vnesenych bunék.?® 2! V ptipadé iPSC odpadaji etické
problémy a diky moZnosti pouZiti somatickych bun€k od ptijemce 1é€by nehrozi ani imunitni
reakce.?”> Nevyhodou iPSC pii porovnani s ESC je nutnost reprogramovani somatickych
bunék, jehoz G€innost zavisi na pouzitém protokolu a plivodu bunék, a nemiize zcela odstranit
epigenetické zmény z plivodnich somatickych bunék.>” Protoze je piiprava iPSC &asové
naro¢na (vytvoreni iPSC linie trva ~3 mésice), diferenciace NSC z iPSC neni vhodnym feSenim
pro akutni 1é¢bu, napt. mozkomisniho poranéni.>** Moznost diferenciace MSC do NSC je zatim

malo prozkoumana, existuji vSak obavy o bezpecnost takovéto metody z divodu mozné
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diferenciace MSC do bunék mesodermu.?®” Vneseni nediferencovanych ESC nebo iPSC je
z divodu znacného rizika vzniku nadoru (teratomu) vyloucené, pficemz iPSC maji vyssi
schopnost nadorové transformace nez ESC.>

Piima izolace NSC z CNS odstranuje nutnost jejich diferenciace z ESC, iPSC ¢i MSC
a n¢které problémy s tim spojené. Bohuzel, dostupnost takto ziskanych NSC pro zakladni
vyzkum je omezena a v soucasnosti neexistuje univerzalni protokol, ktery by zarucil izolaci
t&chto NSC v kvalité vhodné pro klinické vyuziti.?

Transdiferenciace somatickych bun¢k do NSC je rychlejsi nez jejich diferenciace z ESC
nebo iPSC a nevyzaduje reprogramovani do stavu pluripotence, coz snizuje néktera
bezpe€nostni rizika. Pritomnost bun¢k, které nejsou (pln€) transdiferencované, nebo
nezamyslené genomové zmény zpusobené pouzitym protokolem, by vSak mohly vést
k nechténé proliferaci ¢i diferenciaci bunék po transplantaci.?®” Otdzkou rovnéz zlistava, jaky
vliv na transdiferenciaci ma epigenetické pozadi pivodnich buné€k, coz je riziko popsané
u iPSC. Na zaklad¢ vyse uvedenych vlastnosti jednotlivych zdroji NSC jsme se rozhodli pouzit
jako modelovy systém komeréné dostupné NSC odvozené z linie ESC H9.

Lidské bunééna linie ESC H9 (46, XX) je schopna neomezené proliferace a v in vitro
podminkach méize diferencovat do viech tif zarodeénych vrstev, piipadné i trofoblastu.' Tato
linie je schvalend americkou vladni agenturou NIH (angl. National Institutes of Health Human
Embryonic Stem Cell Registry) a na jeji vyzkum lze ziskat finan¢ni podporu od NIH. Také
proto je linie H9 spolu s linii HI nejéastéji pouzivanou linii lidskych ESC.?* V nedavné dobg
bylo publikovano mnoho protokoll popisujicich neuralni diferenciaci linie ESC H9 ¢i z nich

odvozenych NSC, napt. do bun&k neuroektodermu®’, NSC michy**®, astrocyti®”?, populace

ﬁ301 ,302 3

neuronti a astrocytd®”’, dopaminergnich neuron , motorickych neuronti**®, neuront

304,305

sympatiku , sttednich ostnatych neuronii*®®, nebo mozkovych organoidii rekapitulujicich

vyvoj mozku%"-3%,

NSC odvozené z linie ESC H9 byly vyuZity pro fadu studii, naptiklad vlivu mikroRNA

0

na neurdlni diferenciaci®®, role gliomovych kmenovych bunék v glioblastomu®!?, srovnani

regulace bunécnych procesti odpovédi na poSkozeni DNA, opravy DNA a bunécné smrti

u zvifecich modelt a ¢lovéka’!!

, testovani materidlu pro tkanové inzenyrstvi pii miSnim
poskozeni*'? nebo vlivu pohlavi na NSC a jejich diferenciaci®'®. Buiiky linie ESC H9 byly také
pouzity k vytvofeni modelu HD, kdy jim pomoci genetickych modifikaci byly uméle pfidany
ruzné pocty CAG repetic v genu HTT, coz umoznilo sledovat vliv délky CAG repetic na
diferenciaci t&chto HD ESC do NSC, neurontl, bunék kosterniho svalstva nebo hepatocytt.?!*

Nase pracovisté se podilelo na vyvoji protokolu pro izolaci NSC z linie ESC H9 v kvalité
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vhodné pro klinické vyuziti, véetné bun&éné terapie.’!'> Vysledky této disertaéni prace pomahaji
Iépe pochopit a podrobné popsat mechanismy diferenciace H9 NSC na trovni proteinli

a ukazuji ovéfenou metodiku, kterd posouva tyto bunky jesté blize ke klinickému testovani.

NSC odvozené z linie ESC H9 jsme kultivovali v pfitomnosti rastovych faktort EGF
a FGF-2. Sledovali jsme jejich diferenciaci v in vitro podminkéch, ktera probihala bez EGF
a FGF-2 spontanné (S diferenciace), pfipadné jsme tuto spontdnni diferenciaci podpofili
neurotrofickym faktorem BDNF, GDNF ¢i jejich kombinaci (B, G a BG diferenciace), nebo
jsme ptfidanim FBS stimulovali NSC k diferenciaci do astrocytl (Astrol). EGF a FGF-2 jsou
klicové pro proliferaci a udrzovani multipotence NSC. Odebrani téchto faktort vede ke
spontanni diferenciaci NSC do neurontl a gliovych bun&k.’>!2431® BDNF podporuje prezivani

317

a neuronalni diferenciaci bun€k odvozenych z neuralni liSty”"’, stimuluje neuralni diferenciaci

318

MSC do bun¢k podobnych neuronlim a podporuje jejich prezivani®'°, indukuje neurondlni

3193203 in vivo v dosp&lém mozku, vetné zrani neuront®?!

diferenciaci u NSC in vitro
a stimuluje rist axonu®*?. P¥idani BDNF k NSC pied jejich transplantaci do my$iho modelu
mozkové mrtvice zvySuje piezivani vnesenych bungk a Gi¢innost terapie.*”> GDNF inhibuje

3

apoptozu v pritbéhu NSC diferenciace®** a stimuluje jejich neuronalni diferenciaci in vitro®®

ain vivo’®®. Pfidani GDNF k NSC pied transplantaci do zvifeciho modelu potkana
s Parkinsonovou chorobou inhibuje apoptézu a stimuluje pfezivani vnesenych bungk.’?’
Geneticky modifikované NSC stabiln¢ produkujici GDNF byly tspésné transplantovany
pacientim s ALS vradmci prvni fdze klinické studie, kdy nasledné¢ diferencovaly do
astrocyti.?

Pomoci kvantitativni analyzy proteinii zaloZené na méfeni MS (SRM, SWATH-MS)
jsme usilovali o ovéfeni hypotézy, ze NSC v ptitomnosti BDNF a/nebo GDNF budou
preferencné diferencovat do neurond a jejich pfezivani bude zvysené oproti S diferenciaci. Pro
charakterizaci NSC a jejich diferenciace jsme vyuzili 1 dal§i metody, jako je kvantitativni
analyza pro sledovani zmén genové exprese na uUrovni mRNA (RT-qgPCR) nebo
semi-kvantitativni a kvalitativni analyzy proteinii (imunoblot a imunocytochemie). Kombinace
téchto piistupli umoznila prokazat, Zze NSC diferencuji bez EGF a FGF-2 preferen¢né do
neurontl, coz je jiz od 3. dne diferenciace mozné spolehlivé a piesné monitorovat pomoci
metody SRM na zéklad¢ hladin proteinovych markera jednotlivych bunéénych typt. Piestoze
S diferenciace 1 BG diferenciace vedou k obdobnym zménam sledovanych markeri, zjistili

jsme, ze navzdory ocekdvanému posileni neuronalni diferenciace po ptidani BDNF

a GDNF?1%320:325 dochazi v ¢asné fazi diferenciace k vy3§i expresi NES (marker NSC), ktera
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podle imunoblotu koreluje s vyssi hladinou proteinu NES. Exprese DCX (marker neuronalnich
prekurzoril) je naopak nizsi a podle SRM koreluje v pozd¢jsi fazi diferenciace s nizsi hladinou
proteinu DCX. Je mozné, ze BDNF a GDNF podporou piezivani a sebeobnovy NSC zpomaluji
jejich diferenciaci. Oc¢ekavané indukci neuronalni diferenciace neodpovida ani nartst hladiny
GFAP u BG diferenciace. Ackoliv je v pozd¢€jsi fazi diferenciace patrny pokles signalu markert
NSC, 128. den diferenciace je mnoho bun¢k pozitivnich na NES a nékteré na SOX2, bez ohledu
na pridani BDNF a GDNF. Patrné je u S diferenciace i BG diferenciace pietrvavajici pozitivita
casti bun¢k na S100B a pokles pozitivity bunék na OLIG1 a GALC. S diferenciace ani BG
diferenciace nevede k detekci markeru pluripotence OCT4, ktery se ale objevuje u bunék
stimulovanych pomoci FBS. Tato modulace v pfipadé H9 NSC nediferencuje bunky do
astrocyti, siln€jsi se jevi ucinek odebrani EGF a FGF-2, ktery buiiky smétfuje do neuronti. FBS
s velkou pravdépodobnosti zptisobuje ¢aste€nou dediferenciaci H9 NSC.

Imunocytochemie poskytla zdsadni informace o heterogenit¢ bunécné populace
v pribéhu diferenciace NSC, kdy ¢ast bunék je jiz do urcité miry diferencovana, ale ¢ast bunck
stale exprimuje markery NSC nebo diferencuje do glii. Tyto vysledky neni mozné ziskat
analyzou na trovni celkové mRNA nebo proteind. Pro takovéto rozliSeni bychom museli vyuzit
nékterou z analyz na Grovni jednotlivych bun¢k (angl. single-cell analysis), napt. pritokovou
cytometrii, single-cell RNA sekvenovani nebo single-cell MS. V této praci jsme ovéftili, Ze bez
ohledu na urcitou heterogenitu bunééné populace je mozné pomoci cileného méfeni proteinti
metodou SRM rychle a reprodukovatelné charakterizovat NSC v pritbéhu jejich diferenciace.
Nase metoda pokryva 10 validovanych bunéénych markert pouzivanych pro identifikaci ESC,
NSC, astrocytil, neuronil a oligodendrocyt, a poskytuje dostatek prostoru pro navySeni poctu
sledovanych relevantnich markerq, které v§ak vyzaduji validaci obdobnym zptsobem.

Ptikladem rozsifeni metody SRM je méteni vhodné&jsich peptidi proteinového markeru
proliferace MKI67, které se podafilo najit diky méteni SWATH-MS. Je velmi pravdépodobné,
ze pii vybéru vhodngjSich peptidi a dal§i optimalizaci metody SRM, naptiklad hodnot
deklastracniho potencialu (DP, z angl. declustering potential), vstupniho potencialu (EP, z angl.
kvantifikace MKI67, ktery se i v méteni SWATH-MS pohyboval blizko limitu detekce. Jeden
z peptidi MKI167 nedetekovanych pomoci metody SRM je podle SWATH-MS soucésti vétsiho
peptidu s opomenutym St€pnym mistem pro trypsin, zatimco kompletné St€peny peptid nebyl
vubec detekovan. Takovéto informace nemohly byt ziskany metodou SRM, ktera analyzuje
pouze predem definované peptidy. Vyhodou cileného méfeni metodou SRM je ale vyssi

citlivost, coz umoznilo detekci proteint GALC, OLIG1 a S100B, které nebylo mozné v datech
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SWATH-MS nalézt. GFAP je pak mozné kvantifikovat pouze v referencni linii astrocyta
(Astro2). Tyto vysledky ukazuji na moznost vyuziti ptipravené spektralni knihovny a dat
z méfeni SWATH-MS pro vybér vhodnych peptidl k analyze pomoci metody SRM ¢i PRM
a také k vyuziti téchto dat pro predikci retenéniho Casu. VSechna naSe data jsou dostupna
v ramci repozitare proteomickych dat.

Metoda SRM umoznila zaznamenat vyrazny pokles hladiny vSech sledovanych markert
1. den BG diferenciace. Usuzujeme, Ze tento negativni vliv na bunécnou proteostazi neni jeste
zpusoben prechodem z proliferace NSC ke spontanni diferenciaci, ale je disledkem vymény
média (napf. mechanicky stres). Ke skutecnému zacatku diferenciace NSC dochézi podle
hladiny sledovanych markert mezi 3. a 4. dnem po odebrani EGF a FGF-2. Trendy zmén
pokracuji i v dalsi fazi diferenciace, kdy dochazi zejména k naristu a stabilizaci hladin markert
neuront a jejich prekurzort. Vyznamna je negativni korelace mezi SOX2 (marker NSC) a DCX
(marker neurondlnich prekurzorii). Transkripéni faktor SOX2 podporuje sebeobnovu NSC
a brani jejich diferenciaci.’’ Mohl by tedy piimo ovliviiovat mnozstvi DCX v butice regulaci
piepisu DCX. Deplece SOX2 v mysich ESC vede k vyznamnému snizeni exprese DCX>%,
v piipad¢ lidskych ESC se snizena exprese DCX pti depleci SOX2 nepotvrdila, ale nartist DCX
byl pozorovan pii depleci OCT4*°, V NSC se zvysenou expresi SOX2 nebyla pozorovana
zména exprese DCX.* Na mysim modelu vak bylo prokizano, Ze uméle navozena exprese
SOX2 v gliovych bunkach v oblasti poranéni mozku vede k diferenciaci do neuroni pozitivnich
na DCX.*! Zda se tedy, ze hladina SOX2 opravdu ovliviiuje hladinu DCX, ale vysledny efekt
je zavisly 1 na dalSich faktorech.

Vysledky analyzy hladin neuralnich marker na proteinové urovni ziskané metodou
SRM jsou ve shodé¢ s vysledky imunoblotu, imunocytochemie a méteni SWATH-MS. Pozitivni
korelaci mezi hladinou proteinu (SRM) a jeho mRNA (RT-qPCR) jsme pozorovali u Ctyf
z deviti sledovanych markert, coz je v souladu s popsanou nizkou mirou korelace (~40 %) mezi
hladinou mRNA a proteinu®”. Fathi a kolektiv analyzovali genovou expresi a zmény na tirovni
proteomu v pribéhu in vitro diferenciace ESC do NSC a poté do neuronti, a pozorovali pokles
korelace mezi hladinou mRNA a jejiho proteinu z 51 % ve stadiu NSC na 30 % u neurond.>*
Podobné byla omezena mira pozitivni korelace mezi mRNA a jejim proteinem popsana pfi
in vitro diferenciaci ESC v embryoidnich t&liskach®** a u NSC diferencovanych z HD ESC3!*,
V naSich vysledcich byla pozitivni korelace patrnd u neuronalnich marker a S100B, zatimco
negativni korelace byla u markert NSC. Je moZné, Ze neurondlni diferenciace je regulovana

obdobné na urovni mRNA 1 proteint, ale regulace sebeobnovy (udrzovani multipotence) NSC

89



se na urovni mRNA a proteint lisi. Vysledky mohou byt ovlivnény také rozdilnou normalizaci
dat mezi obéma metodami.

Zasadnim faktorem ovlivilujicim kvantitativni analyzy je normalizace dat, jejimz cilem
je odstranit variabilitu dat, ktera neni biologickou vlastnosti vzorkt, ale vznikla béhem jejich
piipravy nebo analyzy.*** Normalizace dat mezi vzorky byla u RT-qPCR provedena na zakladé
hladin pfedem zvolenych normalizatorti (endogenni kontroly, angl. housekeeping
genes/proteins). Obvykle jsou vyuzivany proteiny cytoskeletu a enzymy spojené
s glykolyzou®®, avsak pii diferenciaci NSC dochazi k vyznamnym zménam morfologie
a metabolismu buné¢k, které¢ ovliviiuji vypovédni hodnotu takovychto normalizatorii. Pro
normalizaci jsme pouzili expresi geni GAPDH (kdéduje cytosolicky enzym glykolyzy)
a ATP5F 1B (koduje podjednotku mitochondrialni ATP syntazy). V pribéhu diferenciace NSC
byl vsak jiz diive popsan piechod z oxidativni glykolyzy na oxidativni fosforylaci, ktery je
nezbytny pro neurondlni diferenciaci. V ¢asné fazi diferenciace NSC do neuront tak dochézi
k vyraznému poklesu exprese GAPDH na urovni hladiny mRNA i proteinu, zatimco
v pozd¢jSich fazich se jiz jeho hladina vyrazné neméni. Naopak u genu ATP5FIB byl po
mirném poklesu v po&ateéni fazi diferenciace pozorovan narist jeho exprese.!% Je proto mozné,
ze hladina mRNA odpovida realnému stavu az po zahdjeni diferenciace (dny 7-28). Podobna
otazka vyvstava u semi-kvantitativniho imunoblotu, kde se pro relativni kontrolu proteinové
nanasky pouzivaji proteiny GAPDH a ATPSF1A, které jsme také pouzili v nasi studii.

V piipadé analyzy kondiciovanych médii pomoci metody xXMAP se nabizela moZnost
normalizace na mnoZstvi celkového proteinu v bunéénych extraktech. Vzhledem k pokracujici
proliferaci v Casné fazi diferenciace a velkym rozdilim v mnozstvi bunék/proteini mezi
jednotlivymi intervaly diferenciace (pfiblizné¢ 6x vyssi koncentrace proteint v diferencujicich
bunikach oproti NSC) tak zlistava otazka, jak tato normalizace ovlivnila vyslednou kvantifikaci,
a zda nemohly byt hodnoty v NSC nadhodnoceny. S jistotou lze vSak konstatovat, ze nartst
hladin VEGF a IL-6 v pribéhu diferenciace ptekonal mozny vliv normalizace a umoznil
identifikovat vyznamny vliv VEGF.

Data z méfeni metodou SRM nebylo nutné ani vhodné normalizovat, protoze globalni
normalizace v piipadé sledovani mensiho mnozstvi proteinti s ocekavanou vyznamnou
jednostrannou zménou by zptisobila arteficialni odchylky. Nevyhody vyuZiti normalizace podle
vybranych metabolickych nebo cytoskeletalnich proteinti pro sledovani diferenciace NSC byly
popsany vyse. VSe tedy bylo normalizovano na urovni vzorkl (stejné vstupni mnoZzstvi
proteintl, paralelni pifiprava vzorkli apod.). Navzdory rostoucimu poctu bunck béhem BG

diferenciace a zvysujicimu se mnozstvi proteinti ve vzorku jsme v ptipadé SRM nezaznamenali
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pokles vSech analytii v ¢asné fazi diferenciace, ktery jsme pozorovali pfi analyze sekretomu.
To mohlo byt zptisobeno fadoveé vys§im mnozstvim proteint, které se nachazi v bufice oproti
proteintim, které jsou bunikami sekretovany.

Pro normalizaci dat z méfeni DDA a DIA se vyuZivaji globalni metody normalizace.>*
Obvykle pouzivana medianova normalizace vyrovna hladiny jednotlivych proteini mezi
vzorky na zaklad¢ sjednoceni mediand. V priabéhu NSC diferenciace vSak dochazi ke zménam
hladin vétSiny kvantifikovatelnych proteinti, a proto nebylo mozné tuto metodu aplikovat,
nebot’ vedla k podhodnoceni pozorovanych biologickych rozdilti mezi jednotlivymi vzorky.
Zatimco data z méfeni SRM bylo z divodu malého poctu méfenych analyti nejvhodnéjsi
prezentovat bez normalizace, data z méfeni SWATH-MS jsme normalizovali na zékladé
poméru medianu intenzity celkového signalu TIC vSech méteni déleného medianem intenzity

signdlu TIC daného méteni. Tato normalizacni metoda ndm umoznila realistické srovnani v§ech

analyzovanych vzorkd.

Nasi metodu SRM jsme uspésné validovali s vyuzitim referencnich ESC a astrocytt pii
charakterizaci NSC diferenciace. VSechny testované diferenciacni protokoly (S, B, G, BG
a Astrol) vedly k preferen¢ni diferenciaci do neuroni. DCX byl detekovatelny také v ESC, ale
ne v NSC, coZ je v souladu s expresi DCX zaznamenanou v ESC, véetné linie H9.%7 Zjistili
jsme, ze 1 kdyz NES a TBB3 maji omezenou specifitu k nervové linii, v kombinaci s dal$imi
markery spolehlivé informuji o diferenciacnim stavu NSC. Piestoze TUBB3 byl dlouho
povazovén za specificky marker neuroni®, v priibéhu vyvoje mozkové kiiry se jeho hladina
a lokalizace mezi riznymi druhy neuront lisi a byl detekovan také v NSC, ne vsak v gliovych
burikach®*®. To je v souladu snaSimi vysledky, ¢ TUBB3 neni specifickym markerem
neurontl.

Nebylo mozné potvrdit ani specifitu S100B ¢isté pro populaci referen¢nich astrocyti,
které ale specificky produkuji GFAP, jez byl v mal¢ mife detekovan také pii BG diferenciaci.
GFAP je produkovan v radialnich gliich*’, poté jeho hladina kles4 a znovu se zvysuje az béhem
zrani astrocyttl, spolu s naristem hladiny S100B*°. V priib&hu lidského embryonalniho vyvoje
mozkové kiiry (11. gestacni tyden) jsou pfitomny bunky pozitivni na S100B, ale jeSté ne zralé
astrocyty (absence bunék pozitivnich na GFAP).** V NSC dospélého mozku je exprese S100B
blokovéna a pfechod téchto NSC od proliferace k diferenciaci je spojen s nariistem hladiny
S100B.**° Rada studii ukazala, ze S100B je produkovén také ependymovymi buitkami, neurony

a oligodendrocyty.***34> S ohledem na nami pozorovanou preferenéni diferenciaci NSC do

neurontl, korelaci hladiny S100B s TUBB3 béhem BG diferenciace a rovnéz minimalni zmény
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hladin markert oligodendrocytl, je pravdépodobné, ze S100B byl produkovan buiikami
diferencujicimi do neuronti.

Absence GFAP v bunkach pti S, B, a G diferenciaci neznamena, Ze neprobiha
diferenciace do astrocytti. Experimenty s NSC odvozenymi z lidskych ESC (v¢etné linie H9)
ukézaly, Ze 1 po Sesti tydnech diferenciace do astrocyti indukované 10% FBS byly jen vzacné
pfitomny bunky pozitivni na GFAP. Po transplantaci do experimentalniho zvifecitho modelu
potkana s ALS ale doslo b&hem 2-6 mésict k jejich diferenciaci do astrocyt.?!> Podobné
u mozkovych organoidii odvozenych z iPSC byla hladina GFAP detekovatelnd na proteinové
trovni az 76. den kultivace a dale rostla v priibéhu kultivace az do 160. dne.*** Alisch a kolektiv
provedli studii vlivu ptedchozich pasazi NSC odvozenych z linie ESC H9 na diferenciaci do
astrocytll a pozorovali vyznamnou pozitivni korelaci mezi poctem pasazi NSC a expresi
markeri astrocytil. Zjistili, Ze vyssi pocty pasazi NSC (10 a vice) vedou k poklesu exprese NES,
SOX2 a MKI67 a naopak k nartstu exprese GFAP a S100B. Vyssi poCet pasazi také vyznamné
zkracoval dobu diferenciace (ze 70 na 28 dni) a zvySoval pocet bunék pozitivnich na GFAP. Za
zvysenou diferenciaci astrocytli mohou podle autort stat pozorované zmény v expresi receptora
pro EGF a FGF-2.2” Alisch a kolektiv viak ve své studii neuvedli, jak ¢asto bylo vyméiovano
kultivaéni médium s EGF a FGF-2. S ohledem na popsanou nestabilitu FGF-2 a s ni spojené
vykyvy jeho hladiny'*® je mozné, Ze pozorované zmény byly ovlivnény také postupnou
spontanni diferenciaci kultivovanych NSC. Omezend mira diferenciace NSC do astrocytl
pozorovand v naSich experimentech miZe souviset s pouZivanim nizkych pasazi NSC.

Hladiny markeri NSC monitorované metodou SRM v pribéhu diferenciace mirné
klesly, nedoslo vSak k jejich uplné depleci. Tyto vysledky mohou byt diisledkem heterogenity
bunécné populace v pribéhu diferenciace, kterou jsme pozorovali na urovni jednotlivych bun¢k
pomoci fluorescencni mikroskopie (malé procento bunék s vysokou hladinou NES ¢i SOX2
ovlivni kvantifikaci téchto markert v celé populaci bun€k). Liu a kolektiv sledovali pfitomnost
NES a TUBB3 u NSC odvozenych z linie ESC H9 v priib¢hu jejich neuronalni diferenciace.
Zatimco NSC pozitivni na TUBB3 byly detekovany jen vzacné, NES byl produkovan vSemi
NSC, avSak jeho hladina s diferenciaci klesala, a naopak hladina TUBB3 rostla.
U diferencujicich bun¢k a neurontt NES a TUBB3 kolokalizovaly do oblasti vyb&zki a oproti
TUBB3 nebyl NES prakticky detekovatelny v oblasti soma neuronu. NES spolu s TUBB3 tedy
ziejm€& hraji roli pfi tvorbé bunécnych vybézkti u neurondlnich prekurzorovych bunék
aneuroni.>** Tyto vysledky jsou vsouladu snami pozorovanou lokalizaci NES

v diferencujicich buiikdch pomoci fluorescencni mikroskopie.
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Studie z poslednich let dale ukazaly, ze NES je zapojen do fady bunécnych procesii
nejen v NSC (obvykle je produkovan aktivné se d€licimi buiikami), ale rovnéz v ¢asnych
i zralych neuronech. NES slouzi jako proteinové leseni pro dalsi proteiny, a reguluje tak
napfiiklad bunécny cyklus a déleni, organizaci mitochondrii, rist a cileni axont pro tvorbu
synapsi a rovnéz chrani buiiky pred oxida¢nim stresem a inhibuje apoptozu (shrnuto v 3#°). Jeho
pritomnost v diferencujicich buiikach tedy mtize byt fyziologicka, ne disledkem heterogenni
diferenciace. Kviili své nizké specifit¢ vSak NES neni vhodnym samostatnym markerem NSC
a pro spolehlivou identifikaci NSC by mél byt kombinovan s dalSimi markery.

Oproti tomu hladina SOX2 v prib¢hu diferenciace mirn¢ klesala a imunofluorescencni
mikroskopie potvrdila pouze sporadickou piitomnost bun¢k pozitivnich na SOX2. Zatimco
marker pluripotence OCT4 byl kvantifikovatelny u obou linii ESC, SOX2 byl v ESC pouze
detekovatelny (jen jeden peptid byl méfitelny metodou SRM v téchto vzorcich), coZz nemusi
znamenat nizkou hladinu SOX2 v ESC, ale také niz$i ionizovatelnost dostupnych tryptickych
peptidd SOX2. Tento marker byl sledovan na zékladé dvou peptidi a pokud by byl SOX2
v ESC posttranslacné modifikovan v oblasti sledovaného peptidu, nemohl by byt peptid s PTM
detekovan metodou SRM kvilli zméné jeho m/z. Pro tento protein by tak bylo vhodné ptidat
dalsi peptidy, naptiklad na zakladé¢ méteni SWATH-MS. Transkripéni faktory OCT4 a SOX2
reguluji mimo jiné expresi gent pluripotence — NANOG, OCT4 a SOX2, a pravé SOX2 je
nezbytny pro udrzovani hladiny OCT4 v ESC.3*

Piekvapivd byla pfitomnost markeru oligodendrocytt GALC v ESC. GALC je
lysosomalni enzym zajistujici katabolismus galactosylceramidu, ktery je hlavni lipidickou
slozkou myelinu, ale je zastoupen i v jinych tkanich.**® Studie diferenciace lidskych ESC
(v€etné linie H9) a iPSC do hepatocytd ukazala, ze GALC je produkovan i v ESC a iPSC
a s diferenciaci jeho exprese dale roste.**” GALC a jeho tiloha v metabolismu lipidi je rovnéz
zasadni pro funkci a ptezivani hematopoetickych kmenovych bunék.**” Tyto vysledky
naznacuji, Zze GALC hraje roli v udrZovani diferenciacniho potencidlu kmenovych bunék.
Mimo ESC byly proteiny OCT4 a GALC detekovatelné, respektive kvantifikovatelné, takeé
v NSC diferencovanych do astrocyti v ptitomnosti FBS (Astrol). Buiiky po Astrol diferenciaci
mély rovnéZz kvantifikovatelné hladiny markerd NSC, neurontt a S100B. Zda se tedy, Ze
pfitomnost FBS, pfinejmensim u ¢asti takto diferencovanych bunék, podporuje udrzovéni
diferencia¢niho potencialu, pfipadné vede k ¢astecné dediferenciaci.

Dalsi neocekavané zjisténi bylo, ze BG diferenciace poskytuje bunécné populace, které
maji v ptipad¢é markert NES, SOX2, MAP2, TUBB3 a S100B nejvys$si pozorovanou variabilitu
ze vSech testovanych diferenciaci, v€etné Astrol. Hladiny DCX, TUBB3 a S100B jsou navic
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u BG diferenciace nizs$i nez u S, B a G diferenciace. ProtoZe samotné BDNF nebo GDNF
stimuluje neurondlni diferenciaci obdobné jako S diferenciace (srovnatelné hladiny
neurondlnich marker a S100B), rozdil je pravdépodobné zptisoben kombinaci BDNF a GDNF.
BG diferenciace navic jako jedina vedla k produkci GFAP v detekovatelném mnoZstvi.
De Leeuw a kolektiv studovali diferenciaci NSC odvozenych z linie ESC H9 v ptitomnosti
BDNF a GDNF a po 28 dnech pozorovali maly poéet bungk pozitivnich na GFAP.>* Geneticky
modifikované NSC se stabilni expresi GDNF diferencuji ve vy$si mife do astrocytll in vivo.??
Je tedy mozné, ze vyssi variabilita hladin sledovanych markert u BG diferenciace je zptisobena
diferenciaci ¢asti NSC do astrocytt vlivem GDNF. Neni vsak jasné, pro¢ jsme podobny efekt
nepozorovali také v piipadé G diferenciace.

Prokézali jsme, Ze nami vyvinutd metoda SRM je vhodna pro rychlou a citlivou
charakterizaci bunécné populace, naptiklad pii testovani vlivu rtiznych diferenciacnich
protokolii. Velkou vyhodou méfeni SRM oproti SWATH-MS je jednodussi a rychlejsi analyza
a interpretace dat, protoze jsou sledovany jen pfedem zvolené proteiny. To mluvi ve prospéch
vyuziti metody SRM pro rutinni analyzy slouzici k charakterizaci bunék. Pro (pre)klinické
vyuziti této metody bude nutné optimalizovat zplisob normalizace dat. Rovnéz by bylo vyhodné
zajistit dalsi pozitivni kontroly (referen¢ni bunééné populace) pro proteiny, jejichz hladina byla
v naSich experimentech pod limitem detekce. Dostupnost referen¢nich bun¢k je vSak omezena,
protoze neurony a oligodendrocyty jsou nedé€lici se buiiky a lidskd mozkova tkan pro ptimou
izolaci a analyzu bun¢k je pro zdkladni vyzkum obtizné dosazitelnd. V soucasné dobé
pracujeme na roz$ifeni nasi metody SRM o dal$i markery jednotlivych bunéénych typt CNS,
a také o markery vybranych bunéénych procestli, napt. apoptdzy, bunéného cyklu a bunécné
odpovédi na stres, abychom kromé charakterizace diferenciace ziskali také informaci o stavu

analyzované bunécné populace.

Pro komplexni analyzu bunééného proteomu v pribéhu diferenciace NSC jsme pouzili
metodu SWATH-MS. Provedli jsme optimalizaci celého postupu od ptipravy a méfeni vzorkt
metodami DDA a DIA, pfes ptipravu specifické spektralni knihovny s vyuzitim DDA dat
a analyzu méfeni DIA po statistické vyhodnoceni ziskanych dat. Tento postup jsme publikovali
jako podrobny protokol.” Diky analyze SWATH-MS jsme potvrdili, Ze zisadni zmény

ey e

odpovédi na odebrani ristovych faktord EGF a FGF-2 a v souladu s ocekavanou funkci BDNF

k3 17,319,320,323,325,327

a GDNF v podobé stimulace neuronalni diferenciace a pfezivani buné se vliv

téchto faktorii projevuje az v pozdéjsi fazi diferenciace.
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Pouziti specifické spektralni knihovny pfipravené mérenim DDA stejnych vzorkt, které
jsou nasledn¢ analyzovany pomoci DIA, snizuje moznost falesné pozitivni identifikace
a kvantifikace proteinu, ktery ve skute¢nosti ve vzorku neni ptitomen.>** Nevyhodou tohoto
typu spektralni knihovny je, ze nevyuziva plny potencidl metody DIA, protoze umozni jen
kvantifikaci proteini, jejichz peptidy byly detekovany a identifikovany pomoci méfeni DDA.
V poslednich letech se proto dostavaji do poptedi pfistupy analyzy dat DIA, které vyuzivaji
teoretické spektralni knihovny vytvoiené in silico.>** Nami pouzita kvantifikace proteinti pouze
na zakladé hladin unikatnich (proteotypickych) peptidi vede k vysoké piesnosti analyzy
srovnatelné¢ s metodou SRM. Na druhou stranu, odebranim neunikatnich peptidi z analyzy
dochazi ke ztraté informace o velkém mnozstvi proteind, které spolu sdili stejné peptidy. Proto
se stale vice vyuzivaji kvantitativni analyzy na irovni proteinovych skupin, kdy kazda skupina
obsahuje vice proteintl, které jsou kvantifikovany spole¢né na zikladé sdilenych peptidf.>*
Takovéto metody v kombinaci s modernimi LC-MS/MS systémy umoziluji kvantifikaci
>11 000 proteind v komplexnim vzorku.?*’

Vysledky funkéni analyzy bunéénych procest regulovanych v pribéhu diferenciace
NSC pomohly identifikovat signalni drahy, které hraji roli pfi diferenciaci NSC. V ¢asné fazi
diferenciace jsme potvrdili pokracujici bunécné déleni a zvySenou transkripci a translaci
umoznujici buitkdm provést zadsadni zmény proteomu. Utlumeni téchto procesti je v souladu
s pokracujici diferenciaci buné€k, coz ukazal nartst hladin proteint spojenych s vyvojem CNS,
napf. gliogeneze a neurogeneze.

PiestoZe fada studii??°-332333

1 naSe vlastni analyzy ukézaly, zZe korelace mezi mRNA
aproteiny neni vysoka, bunéné procesy identifikované jako regulované na tUrovni
transkriptomu (napf. metabolismus sacharid ¢i reorganizace cytoskeletu)!%=% jsou v souladu
s procesy, u kterych jsme pozorovali regulaci na Grovni proteomu. Song a kolektiv provedli
charakterizaci proteomu a fosforylace proteinli lidskych imortalizovanych NSC v prib¢hu
spontanni diferenciace in vitro, a zjistili, Ze tento proces lze podle shlukové analyzy rozdélit do
tfi Gasovych intervald — dny 0-1, dny 2-4 a dny 7-15.%°! Tyto vysledky jsou v souladu s nagimi
vysledky SRM pii monitorovani casné faze BG diferenciace a pozorovanym poklesem hladiny
proteinti po vyméné média (1. den BQG) a pfi prechodu NSC z proliferace na diferenciaci (3.-4.
den) a s regulaci bunéénych procesti pozorovanou ve vysledcich SWATH-MS. Autoti dale
zaznamenali pokles hladin proteinii spojenych s regulaci bunééného cyklu a proliferace
a naopak nartist hladin proteinii nebo jejich fosforylace spojené s neuronalni diferenciaci,
organizaci cytoskeletu, ristem axonu, tvorbou synapsi, gliogenezi a signalnimi drahami MAPK

a Wnt/B-catenin v priibéhu diferenciace NSC.>*!
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Méieni SWATH-MS 1 imunoblot potvrdily pokles hladin markeri proliferace (MKI67
a PCNA) v prub¢hu diferenciace, ktery pozitivng koreluje s pozorovanym snizenim bunééného
déleni. Presto je pokles hladiny obou protein jen mirny a v ptipadé PCNA jeho hladina
neklesla pod uroven dne 0. Mlze to byt zpisobeno probihajicim asymetrickym délenim NSC.

MKI67 je navic produkovan i v burikach, které se aktivné nedéli**? a hraje roli v replikaci DNA

(jeho deplece vede k opozdéné replikaci a poskozeni DNA)*3, separaci chromosomii*>,

353,355 6

udrzovani stability genomu , regulaci genové exprese organizaci heterochromatinu®’
a u nadorovych bunc€k pozitivné ovliviiuje expresi gent, které vedou k adaptaci bunék na
zmény okolniho mikroprostfedi*>’. PCNA se ucastni nejen replikace DNA, ale také oprav
poskozené DNA **¥ Nelze rovnéz vylouéit, ze hladiny MKI67 a PCNA se vyznamné li§i mezi
jednotlivymi buiikkami z diivodu heterogenity populace diferencujicich bunék, jak jsme
pozorovali v pfipadé markerit NSC pomoci imunofluorescencni mikroskopie.

Analyza fosforylace proteini béhem dvoudenni diferenciace NSC izolovanych z mozku
embrya potkana odhalila vyznamnou roli proteinu STAT3 (Signal transducer and activator of
transcription 3) a signalni drdhy Wnt/B-catenin v pozitivni regulaci diferenciace NSC.*>
Signalni draha Wnt/B-catenin je jednou ze zékladnich signalnich drah regulujicich sebeobnovu
a diferenciaci NSC."*¢"13% Aktivaci kanonické signalni drahy Wnt/B-catenin jsme v nasi studii
pozorovali na zéklad¢ setrvalého nartistu hladiny Catenin beta-1 od 7. dne diferenciace. Nase
vysledky pozitivni korelace aktivace kanonické signalni drahy Wnt/B-catenin s neuronalni
diferenciaci jsou v souladu s dalsimi studiemi diferenciace NSC.'**** Studie provedené na
nadorovych tkanich potvrdily, Ze signalni draha Wnt stimuluje aktivaci signalni drahy HIF-1
(nap¥. pies STAT3) bez vlivu hladiny O, a zvysuje tak expresi VEGFA (shrnuto v 3%°).

NasSe analyza SWATH-MS prokazala, ze v pribéhu diferenciace NSC dochézi nejen
k regulaci signalni drahy Wnt, ale také HIF-1 a VEGF. Navazujici experimenty pak ukézaly
nejvyssi hladinu proteinu HIF1A v NSC a v ¢asné fazi diferenciace. Hlavni ulohou signélni
drahy HIF-1 je aktivace bunééné odpovédi na hypoxii pomoci regulace genové exprese, véetné
zvyseni exprese VEGFA."® Studie provedena na mysich NSC odvozenych z ESC a na mysich
neuroepitelidlnich bunkach in vitro a in vivo ukazala, Zze HIF1A je nezbytny pro sebeobnovu
NSC a jeho deplece vede k pred¢asné neuronalni diferenciaci. S postupujici diferenciaci NSC
v priibéhu embryonalniho vyvoje hladina HIF1A kles4.**! Podobné u lidskych iPSC byl popsan
pozitivni vliv HIFIA na sebeobnovu a udrzovani pluripotence. Deplece HIF1A vedla ke
zméndm metabolismu mitochondrii, jejich fizovani a k aktivaci signdlni drahy Wnt/B-catenin,
coz stimulovalo diferenciaci iPSC do NSC.**? Nami pozorovana vy$si hladina HIF1A v NSC

s naslednym poklesem v pribéhu diferenciace odpovidd popsané funkci HIF1A v regulaci
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sebeobnovy a diferenciace NSC. S ohledem na kultivaci a diferenciaci NSC v podminkach
normoxie neni pravdépodobné, ze by vyssi hladina HIF1A v NSC byla zpiisobena hypoxii.
Valida¢ni experimenty rozsitily vysledky SWATH-MS a ukdazaly, ze hladina
aktivované formy CASP3 je vyssi v ¢asné fazi diferenciace. Vyraznéjsi pokles zaznamenany
v pozd¢jsi fazi BG diferenciace miize byt zplisoben stimulaci pfezivani bun¢k a inhibici
apoptdzy popsanymi diive u BDNF a GDNF 317:318:323.324327 R oyng&z miize souviset se zvy$enou
sekreci VEGF-A, kterou jsme pozorovali u BG diferenciace. Sekretované VEGF-A by mohlo
inhibovat apoptozu, jak bylo popsano v ptipadé¢ VEGF165 u NSC potkana v in vitro i in vivo
podminkéch.!”” Dalsi studie provedend na potkanech ale ukézala, 7e suplementace VEGF-A do
dospélého mozku potkana nevede ke snizeni hladiny aktivované formy CASP3 in vivo.!”®
Narust hladiny proteini spojenych se signalni drahou VEGF je v souladu s pozorovanou
aktivaci signalni drahy HIF-1 a s naridstem hladiny sekretovaného VEGF v prib&hu
diferenciace. V nasi praci jsme prokazali vyznamny nartst koreceptoru VEGF Neuropilin-1 od
14. dne diferenciace. Na zakladé identifikovanych drah spojenych s proteiny drahy VEGF!®
lze ptedpokladat, ze jeji hlavni role v pribéhu diferenciace NSC je spojend s podporou
proliferace a pfezivani bunck a s reorganizaci aktinového cytoskeletu vedouci k riistu axonu.
Tyto vysledky odpovidaji popisu funkce VEGF-A v regulaci diferenciace neuront, vcetné

in vitro kultivace v podminkach normoxie.!’%!7!

V navazujicich experimentech jsme se zaméfili na sledovani hladiny VEGF v sekretomu
NSC v pribéhu diferenciace. Nejen samotnd ndhrada poSkozenych bungk, ale zejména
modulace mikroprosttedi pomoci rastovych faktord pii regeneraci poskozené tkané je totiz
povazovana za kli¢ovy efekt Usp&$né transplantace.* Naptiklad vneseni sekretomu NSC
stimuluje proliferaci a diferenciaci NSC v dospélém mozku a pozitivné reguluje signdlni drahu
Wnt/B-catenin, coz vede ke zlepSeni zdravotniho stavu my$iho modelu Alzheimerovy
choroby.?%® Potencial pro terapeutické pouziti ma sekretom nejen nervovych bungk, ale také
naptiklad MSC. Proteiny sekretované MSC stimuluji pfezivani NSC a rtst axonil neuronalnich
bunék (zejména sekreci BDNF).??23¢ Klinicka studie dlouhodobé suplementace GDNF do
mozku pacientll s Parkinsonovou chorobou ukazala nejen bezpecnost této terapie, ale také
vyznamné zlepSeni klinického stavu pacientdl.’é>3% RovnéZ se nabizi moznost terapeutického
vyuziti extracelularnich vacka (exosomil). Deng a kolektiv ukazali, ze extracelularni vacky
produkované NSC, astrocyty a neurony odvozenymi z linie ESC H9 inhibuji zanétlivou

bunéénou odpoveéd’ a apoptozu bunék pii ischemii.*®” Dosavadni studie sekretomu NSC se v§ak
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obvykle zaméfovaly na jeho aplikaci v in vitro a in vivo modelech, nikoliv na jeho
charakterizaci.

V nasi préci jsme analyzovali sekretom NSC odvozenych z linie ESC H9 v pribéhu
jejich diferenciace in vitro. Prokazali jsme naruast sekrece VEGF korelujici s nartistem hladiny
koreceptoru VEGF Neuropilin-1 v prubéhu diferenciace NSC. Dale jsme popsali narast sekrece
IL-6, ktery je nezbytny pro proliferaci (sebeobnovu) NSC v dosp&lém mozku mysi.>®
V dospélém mozku potkana je IL-6 sekretovan astrocyty a stimuluje neurondlni diferenciaci
NSC.*° IL-6 rovnéz sekretuji oligodendrocyty piipravené z imortalizovanych lidskych NSC
transdukci pro stalou expresi OLIG2, zde se IL-6 ziejmé podili na regulaci diferenciace
a prezivani oligodendrocytil.’”® Tyto vysledky jsou v souladu s ndmi pozorovanou pozitivni
korelaci hladiny IL-6 s neurondlni diferenciaci NSC. IL-6 také reguluje pomoci proteinu
STAT3 aktivitu dalSich signdlnich drah, naptiklad HIF-1 a VEGF, vcetné zvyseni exprese
VEGFA v mysich astrocytech in vivo.16%371:372

V soudasnosti je popsano 17 isoforem VEGF-A'*° pfi¢emz nejcastéji se vyskytuji
VEGF111, VEGF121, VEGF145, VEGF165, VEGF189 a VEGF206.'® Proteiny VEGF189
a VEGF206 jsou pevné vazany na heparan sulfaty na povrchu bun€k a v ECM, a pro jejich
uvolnéni do média je nutnd pfitomnost heparinu nebo Plasminu, zatimco VEGF165 se na
heparan sulfaty vdze vyznamné méné a VEGFI121 je volng difuzibilni.’”*** Vzhledem
k absenci heparinu a Plasminu v médiu béhem nami sledované diferenciace NSC Ize
predpokladat, Ze VEGF189 a VEGF206 nemohly byt metodou xMAP kvantifikovany. Proto
jsme dalsi analyzy zamétili na VEGF121 a VEGF165. Zjistili jsme, Ze pii pohledu pouze na
hladinu VEGF121 nebo VEGF165 na imunoblotu neodpovida jejich nariist v bunice nardstu
sekrece VEGF-A. Pokud bychom vSak uvazovali VEGF121 a VEGF165 spole¢né, rostla by
hladina VEGF-A s diferenciaci NSC podle ocekavani. Je v§ak mozné, ze hladina VEGF-A
v buiice nekoreluje s hladinou sekretovaného VEGF-A. Déle jsme ukdzali nartst hladiny
koreceptoru VEGF Neuropilin-1. Pan a kolektiv v in vitro podminkach prokazali, ze v lidskych
endotelialnich bunkach se na Neuropilin-1 vaZze 1 VEGF121, ale oproti VEGF165 nevytvoii
komplex VEGF-A/Neuropilin-1/VEGFR2.3”> Zda VEGF121 interaguje s koreceptorem
Neuropilin-1 v ptipadé lidskych NSC nebo neurontl neni znamo.

Dale jsme sledovali vliv VEGF121 a VEGF165 na proliferaci a ptezivani NSC. Zjistili
jsme, ze ptitomnost EGF a FGF-2 v médiu zcela potlacuje mozny efekt suplementace pomoci
VEGFI121 a/nebo VEGF165. V piipadé¢ S diferenciace jsme pozorovali, ze proliferaci
a pfezivani bunc¢k vyznamné stimuluje VEGF121, ne vSak VEGF165. To je v souladu

s vysledky transplantace geneticky modifikovanych NSC se stabilni expresi VEGFI121 do
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mozku potkana s mozkovou mrtvici, kterd vedla k vyznamnému zlepSeni jeho zdravotniho
stavu.?’® Oproti tomu analyza imortalizovanych mysich neuronti ukazala, z¢ VEGF121 nema
vliv na jejich ptezivani in vitro."”’

Nase vysledky ukazujici absenci vlivu VEGF165 na bunécnou proliferaci a prezivani
NSC jsou v rozporu s fadou studii provedenych na zvifecich experimentalnich modelech
in vitro a in vivo.'”37737 Interpretace studii suplementace VEGF165 v in vitro nebo in vivo
podminkach je vSak pomérn¢ komplikovand, protoze jednotlivé studie pouzivaji nejen rtizné
experimentalni modely (rizné organismy, rizné bunécné typy a linie), ale také rizné metody
pro sledovani vlivu VEGF165. Otazkou je také optimalni davka VEGF165. Zatimco in vitro
experimenty ukdzaly pozitivni korelaci mezi mnozstvim pfidaného VEGF165 a indukci
proliferace ¢&i prezivani bungk s maximem 100 ng/ml'”’3"8 in vivo experimenty ukazaly
negativni vliv vysoké davky VEGF165, vedouci ptipadné aZ k neurotoxicité.***>%* VEGF165

t373,374

oproti VEGF121 neni zcela difuzibilni, ale vdZe se na heparan sulfa a pridani heparinu

do média zvySuje jeho schopnost vazby na receptory VEGF.3#*3* Vétina studii ukazujicich
pozitivni vliv suplementace VEGF165 vs$ak heparin v kultivaénim médiu nepouzila.?”’ 37
Nami pouzita koncentrace VEGF165 (100 ng/ml) a absence heparinu v médiu by tedy nemély
branit efektu této isoformy na lidské NSC. Je také moZné, Ze roli hrala chybéjici N-glykosylace
rekombinantniho VEGF 165, kterd za normalnich podminek vede ke stabilizaci jeho struktury
po interakci s heparan sulfaty.*** Na druhou stranu, mnoho studii ukazalo vliv rekombinantniho
VEGF165, ktery byl produkovan stejnym expresnim systémem jako v naSem piipadé.

Nase vysledky jsou prvni analyzou vlivu VEGF121 na lidské NSC a ukazuji pozitivni
vliv VEGF121, nikoliv VEGF165, na proliferaci a pfezivani bunck pfi spontanni diferenciaci
NSC odvozenych z linie ESC H9. Dalsi prace by se mély zaméfit na studium vlivu VEGF121
na jiné bun&tné linie lidskych NSC, neuronid a gliovych bunck, na analyzu vlivu mnoZstvi
pfidavaného VEGF121 a na podrobnou charakterizaci bunécnych procesii regulovanych touto
isoformou. Vysoka difuzibilita VEGF121 by mohla byt vyhodna pfi terapii, nebot’ by umoznila

ovlivnit vétsi oblast tkané. Tuto hypotézu by bylo vhodné ovérit s vyuzitim zvifecich modeld.

Absence klinicky validovanych biomarkerti rozvoje HD ptedstavuje vyznamnou
komplikaci pro sledovani rozvoje HD pted objevenim prvnich pfiznakt. Idedlni biomarker
musi spliiovat tii zdkladni podminky: jeho hladina musi spolehlivé odpovidat rozvoji choroby,
musi vykazovat minimalni variabilitu mezi testovanymi osobami, a rovnéz musi byt
detekovatelny ve vzorcich ziskanych s co nejmensi invazivitou pro testovanou osobu.*®

V soucasnosti jsou obvykle sledovany hladiny proteint mHTT a Neurofilament light
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polypeptide (NF-L).*®” Hladina proteinu NF-L je zménéna u mnoha neurodegenerativnich
onemocnéni, véetné ALS, Alzheimerovy ¢i Parkinsonovy choroby, ale také naptiklad
v diisledku anestezie ¢i operaéniho zakroku.*®%3% Interpretace pozorované zmény hladiny
NF-L bez dopliujicich informaci z pozorovani dalSich biomarkerti tak mtze byt zavadéjici.
Vhodna by mohla byt kombinace napiiklad s proteiny Proenkephalin-A (PENK)
a Proenkephalin-B (PDYN), nebot' pokles jejich hladin byl pozorovan ve vzorcich
mozkomis$niho moku pacienti s HD.**°3%3 PENK byl jednim z proteint identifikovanych v nasi
analyze. Slibnym kandidatnim biomarkerem je také protein GFAP, jehoz zvysSena hladina byla
nalezena v obou naSich analyzach a byla jiz prokézéana korelace hladiny GFAP se stadiem HD
a s hladinou NF-L v krvi.>**

Vyznamnou limitaci dosud provedenych studii zaméfenych na hleddni biomarkera
rozvoje HD jsou relativné malé sledované skupiny pacientl ¢i zvifecich modelt. Ptikladem
mohou byt studie zamétfené na detekci proteinu CLU v krevni plazmé pacienti s HD
v presymptomatické a symptomatické fazi. Zatimco prvotni studie ukazovala na jeho potencial
pro sledovani rozvoje HD**, navazujici analyza neprokazala vyznamné zmény hladiny CLU
v pribéhu rozvoje HD, ale ukdzala na protein CRP (C-reactive protein) jako vhodny biomarker
pro sledovéni rozvoje HD v &asné fazi onemocnéni.’*® Pozdé&jsi studie viak nepotvrdila diive
pozorované zmény hladiny CRP v souvislosti s rozvojem HD.*7 V&tsi experimentalni skupiny
by pomohly Iépe analyzovat biologickou variabilitu mezi jedinci téze skupiny (zdravi, nebo
nemocni), a ur€it tak skutecny potencial testované¢ho kandidatniho biomarkeru.

Néami analyzované proteomické studie se zaméfovaly zejména na vzorky pacient
a zvifecich modeld HD aZ po prvnim projevu klinickych ptiznakd choroby, a informace
o presymptomatické fazi tak obvykle chybi. VétSina studii se navic vénovala nejvice zasazené
tkani — mozku, a je proto otazkou, nakolik se pozorované zmény proteomu v mozku projevi na
proteomu télnich tekutin. Ovétfeni nalezenych kandidatnich biomarkert je kli€ové nejen
z hlediska jejich schopnosti charakterizovat rozvoj HD, ale také relevanci jejich detekce v krvi

¢1 mozkomiSnim moku.
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Shrnuti

Hlavnim cilem této disertacni prace bylo zavedeni pfesnych postupli pro analyzu

diferenciace lidskych NSC v in vitro podminkach na tirovni proteinti. Zvolili jsme moderni

proteomické metody vyuzivajici MS (SRM a SWATH-MS), které bylo nejprve nutné

optimalizovat a validovat. Podafilo se nam dosdhnout splnéni téchto dilCich cilt:

1y

2)

3)

4)

Vyvinuli jsme piesnou a rychlou metodu SRM pro charakterizaci NSC v pribéhu
neuralni diferenciace. Na zéklad¢ hladin 10 sledovanych markerti bunéénych typt
(ESC, NSC, astrocyty, oligodendrocyty a neurony) je tak mozné sledovat diferenciacni
potencidl bunécné populace a vyuzit tuto metodu pro optimalizaci diferencia¢niho
protokolu.

Zavedli jsme postup pro analyzu proteomu NSC v pribéhu diferenciace pomoci metody
SWATH-MS. Tento postup umoziiuje ptesnou kvantitativni analyzu proteomu NSC
pomoci volné dostupnych néstrojt.

Optimalizovany postup analyzy proteomu metodou SWATH-MS jsme v kombinaci
s analyzou sekretomu protilatkovou metodou xMAP aplikovali na model diferenciace
NSC. Podafilo se nam identifikovat klicové signalni dradhy regulujici in vitro
diferenciaci NSC — HIF-1, IL-6, VEGF a Wnt, kter¢ se navzajem pozitivné ovliviiuji.
Provedli jsme funkéni studii vlivu VEGF-A na spontanni diferenciaci NSC a prokazali
jsme, ze VEGFI121, avSak nikoliv  VEGF165, stimuluje proliferaci a prezivani
diferencujicich bunék.

Podafilo se ndm shromazdit seznam 97 proteinovych markeri s velkym potencidlem

najit uplatnéni pfi monitorovani rozvoje a lé€by HD.

Vysledky této prace pomohly Iépe pochopit molekularni mechanismy diferenciace lidskych

NSC. Piinesly nové poznatky o vlivu signalni drdhy VEGF na proliferaci a pieZivani bunék

a ukazaly ptiklad vyhodného vyuziti kombinace celoproteomové analyzy a cilené analyzy

zaméefené na predem vybrané proteiny. Byly také vybrany zajmové proteiny pro budouci

monitorovani pacientli s HD.
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Prilohy

Ptiloha 1: Seznam primert pouzitych pro RT-qPCR

Velikost

Referenéni

CTCGAGGCACGTACTTGTGA

Gen Primery produktu sekvence Reference

TGCTCCCATTCATGCTGAGG

ATP5FIB 140 NM 001686.4 10
CTCCAGCACCACCAAAAAGC -
TATGCGCCGAAGCAAGTCTC 208

DCX 150 NM 178152.2
TACAGGTCCTTGTGCTTCCG -

GALC GCCAAGCGTTACCATGATTT 123 |NM 0012014021 199
TTTCACTCGCTGGAGACCTT - ’
ATCACCATCTTCCAGGAGCGA

GAPDH 101 |NM 001357943.2 400
TTCTCCATGGTGGTGAAGACG -
GAGGTTGAGAGGGACAATCTGG 308

GFAP 128 NM 002055.4
GTGGCTTCATCTGCTTCCTGTC -
GACTGCAGCTCTGCCTTTAG 308

MAP?2 106 NM 002374.3
AAGTAAATCTTCCTCCACTGTGAC -
CTCAGCTTTCAGGACCCCAA 208

NES 128 NM 006617.1
GTCTCAAGGGTAGCAGGCAA -

OLIGI TGTCGCAGAGAGTTTTCGCT 146 NM 1389833 0
ATGCAAGGCGGTTGGTTTTC - ’
TCGAGAACCGAGTGAGAGG 200

POUSFI 125 NM 002701.5
GAACCACACTCGGACCACA -
TTCTGGAA A AGACA

S100B CTGGAAGGGAGGGAGAC 103 NM 006272.2 398
CTCCTGCTCTTTGATTTCCTCT -
ACCTCTTCCTCCCACTCCAG 401

SOX2 134 NM 003106.4
CTCTGGTAGTGCTGGGACATG -
GGCCAAGTTCTGGGAAGTCAT 308

TUBB3 137 NM_006086.3
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Ptiloha 2: Protilatky pouzité pro imunocytochemii

transcription factor 1

International, Inc.

Antigen Vyrobce Katéails(;(%ove Organismus | Redéni
Nestin Abcam ab22035 mys 1:1000
Transcription factor Life 10 .
SOX.2 Technologies A24339 kralik 1:300
Neuronal migration y )
protein doublecortin Abcam ab135349 mys 1:200
Tubulin beta-3 chain Sigma-Aldrich T4026 mys 1:100
M1¢r9tubule-assomated Abcam ab7756 mys 1:200
protein 2
Glial fibrillary acidic Abcam ab10062 mys 1:100
protein
Protein S100-B Abcam ab52642 kralik 1:100
Galactocerebrosidase Merck Millipore MAB342 mys$ 1:100
Oligodendrocyte Chemicon MAB5540 mys 1:500
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Ptiloha 3: Protilatky pouzité pro imunoblot

Primarni protilatky

Antigen Vyrobce Kat;ilstigove Organismus | Blokace | Redéni
ATP synthase subunit Abcam | abl4748 mys 5% mléko | 1:4000
alpha, mitochondrial
Caspase-3 - activated Origene APO6;O4PU_ kralik 5% mléko | 1:1000
Catenin beta-1 illﬁrr?;'l C2206 kralik | 5% mléko | 1:4000
Glial fibrillary acidic Sigma- . o . .
protein Aldrich G3893 mys 5% mléko | 1:3000
Glyceraldehyde-3- Sigma- oy o . .
phosphate dehydrogenase Aldrich 69543 krdlik S% micko | 1:5000
Hypoxia-inducible factor | Novus | 44 153 my% 5% mléko | 1:1000
l1-alpha Biologicals
Proliferation marker (10 .
protein Ki-67 Abcam ab16667 kralik 5% mléko | 1:1000
Nestin Abcam ab22035 mys 5% mléko | 1:1000

0
Neuropilin-1 R&D | AF3870-SP ovee 7o 1:200
Amicase
E;i’igie;atmg cellnuclear 1y cam ab92552 kralik | 5% mléko | 1:2500
Protein S100-B Abcam ab52642 kralik 5% BSA 1:500
Transcription factor SOX- Cell
5 p Signaling #3579S kralik 5% mléko | 1:1000
Techn.
Eﬁg";;’mal'asso‘“ated Abcam | ab109105 kealik | 5% mléko | 1:1000
Tubulin beta-3 Exbio 11-264-C100 mys$ 5% mléko | 1:4000
VEGF121 Abbexa abx 128591 kralik 5% mléko | 1:1000
0
VEGF165 R&D AF-293-SP koza S.A’ 1:60
Amicase

Sekundarni protilatky
Peroxidase-conjugated fackson 1515 035151 osel 5% mléko | 1:10000
anti-mys IgG Immunores.
Peroxidase-conjugated fackson 1511 35152 | osel 5% mléko | 1:10000
anti-kralik IgG Immunores.
Peroxidase-conjugated Jackson | 713 035,147 | osel | 5% mléko |1:10000
anti-ovce IgG Immunores.
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Cell therapies represent a promising approach to slow down the progression of currently
untreatable neurodegenerative diseases {(e.g., Alzheimer's and Parkinson’s disease or
amyotrophic lateral sclerosis), as well as to support the reconstruction of functional
neural circuits after spinal cord injuries. In such therapies, the grafted cells could either
functionally integrate into the damaged tissue, partially replacing dead or damaged cells,
modulate inflammatory reaction, reduce tissue damage, or support neuronal survival by
secretion of cytokines, growth, and trophic factors. Comprehensive characterization of
cells and their proliferative potential, differentiation status, and population purity before
transplantation is crucial to preventing safety risks, e.g., a tumorous growth due to the
proliferation of undifferentiated stem cells. We characterized changes in the protecme
and secretome of human neural stem cells (NSCs) during their spontaneous (EGF/FGF2
withdrawal} differentiation and differentiation with trophic support by BDNF/GDNF
supplementation. We used LC-MS/MS in SWATH-MS mode for global cellular proteome
profiling and quantified almost three thousand cellular proteins. Our analysis identified
substantial protein differences in the early stages of NSC differentiation with more than
a third of all the proteins regulated (including known neuronal and NSC multipotency
markers) and revealed that the BDNF/GDNF support affected more the later stages
of the NSC differentiation. Among the pathways identified as activated during both
spontaneous and BDNF/GDNF differentiation were the HIF-1 signaling pathway, Wnt
signaling pathway, and VEGF signaling pathway. Our follow-up secretome analysis using
Luminex multiplex immunocassay revealed significant changes in the secretion of VEGF
and IL-6 during NSC differentiation. Our results further demonstrated an increased
expression of neuropilin-1 as well as catenin p-1, both known to participate in the
regulation of VEGF signaling, and showed that VEGF-A isoform 121 (VEGF121), in
particular, induces proliferation and supports survival of differentiating cells.

Keywords: neural stem cell, proliferation, neural differentiation, secretome, proteome, VEGF, SWATH-MS
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INTRODUCTION

The neural stem cells (NSCs) are undifferentiated cells capable
of reproducing themselves and giving rise to progenitors that
may further differentiate into neuronal and glial (astrocyte and
oligodendrocyte) lineages. Establishment of techniques to isolate,
in vitro propagate, and differentiate stem/progenitor cells from
the fetal and adult central nervous system (CNS) and, more
recently, to derive such NSCs or neural progenitor cells (NPCs)
from embryonic stem cells (ESCs) or induced pluripotent stem
cells (iPSCs) opened new avenues toward our understanding
of nervous system development, enabled modeling of selected
diseases, neurotoxicity, drug testing, and importantly, opened
the research of regenerative potential of such cells [see Gage and
Temple (2013) for review].

NSCs/NPCs are among cell sources considered or already
used in clinical trials for cell-based therapies in neurological
conditions  including  neurodegenerative  diseases, e.g,
Alzheimer’s disease (Oliver and Reddy, 2019; Hayashi et al.,
20204 Liu et al., 2020), Parkinson’s disease (Diaz, 2019; Oliver
and Reddy, 2019; Harris et al, 2020), amyotrophic lateral
sclerosis (Abati et al., 2019), spinal cord injuries (Ahuja et al.,
2020), stroke (Suda et al., 2020), or multiple sclerosis (Cuascut
and Hutton, 2019; Pluchino et al., 2020). Currently, 40 studies
employing NSCs/NPCs are Active or Completed according
to Clinical Trials.gov.

The transplanted cells are expected to influence local
microenvironment, reduce cellular stress in situ, promote cell
survival, modulate inflammation, enhance remyelination, and
maintain neuronal circuits (de Gioia et al., 2020; Tischer et al.,
2020; Ottoboni et al., 2020). Some of these effects are mediated
by a direct cell-to-cell contact, others by release of simple
metabolites. However, a significant part of the effects is expected
to come from secreted proteins including cytokines, growth
factors, and other proteins essential for cellular communication
and signaling (Kupcova Skalnikova, 2013), leading to, e.g., anti-
inflammatory effects (Einstein et al, 2007) or inhibition of
apoplosis (Petrenko et al., 2020),

Vascular endothelial growth factor A (VEGF-A) is essential
for CNS vascularization and development, as its depletion leads
to reduced vascularity and consequently to decreased neuronal
proliferation and increased neuronal death in mice (Haigh
et al., 2003). Depletion of VEGF-A by inactivation of one of its
alleles causes failure of vasculogenesis and embryonal lethality in
mouse, suggesting very strict regulation of VEGF-A abundance
(Carmeliet et al., 1996; Ferrara et al., 1996). In mammals, the
VEGF protein family is represented by five factors: VEGF-
A, VEGF-B, VEGF-C, VEGF-D, and placenta growth factor
(PIGF), all acting as homodimers in vivo (Koch and Claesson-
Welsh, 2012). Tischer et al. (1991) provided evidence that three
different protein isoforms can be produced from the VEGF-
A gene through alternative exon splicing, which are composed
of 121 (VEGF121), 165 (VEGF165), or 189 (VEGF189) amino
acid residues in human, In the last decade, evidence of VEGF-A
pleiotropic functions in the nervous system was uncovered (see
Mackenzie and Ruhrberg (2012) for review].

Characterization of stem/progenitor cell populations on
the molecular level helps us to understand key processes
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involved in cell proliferation and differentiation and also
identify markers of cells on certain differentiation stages or
lineage commitment for potential sorting of highly purified
cell populations (Zizkova et al, 2015). Current proteomic
techniques based on liquid chromatography with tandem mass
spectromeltry (LC-MS/MS) can identify and quantify thousands
of proteins in biological samples (Shoemaker and Kornblum,
2016). In addition, antibody-based techniques allow highly
sensitive quantification of low abundant proteins, such as
secreted growth and trophic or chemotactic factors (Skalnikova
et al., 2011; Valekova et al., 2015). Using such techniques, we
have previously characterized changes in cellular and signaling
proteins during differentiation of porcine NSCs (Skalnikovaetal.,
2007, 2008) and in cell surface N-glycoproteins of human NSCs
(T'yleckova et al., 2016).

In this study, we performed quantitative proteomic analysis
of in vitro cultured human NSCs derived from the H9 ESC
line. We have compared cellular and secreted protein levels
between proliferating NSCs and cells differentiated for 7,
14, 21, and 28 days. Two differentiation protocols were
compared, i.e, spontancous differentiation by withdrawal
of growth factors (epidermal growth factor, EGF; fibroblast
growth factor 2, FGF2) and differentiation by withdrawal of
EGF/FGF2 with trophic support by brain-derived neurotrophic
factor (BDNF) and glial cell line-derived neurotrophic
factor (GDNF) supplementation. Our results extend the
knowledge of the regulatory networks behind NSC proliferation,
survival, migration, and differentiation. Elucidation of these
molecular mechanisms helps us to understand the stem cell
behavior in nervous system development, tissue regeneration,
and cancer.

MATERIALS AND METHODS
Cell Culture

Unless stated otherwise, cell culture reagents were obtained from
Life Technologies (Thermo Fisher Scientific). Cell cultures were
maintained at 37°C in 5% CO3 in a humidified atmosphere.

Neural Stem Cells (NSCs)

Human NSCs (Thermo Fisher Scientific) derived from the NIH-
approved H9 (WA09) human ESCs were cultivated according to
the supplier’s instructions, Briefly, NSCs were incubated on plates
coated with 20 pg/mL poly-L-ornithine and 5j1g/mL laminin
(both Sigma-Aldrich) in the basal NSC medium comprising
KnockOut Dulbecco’s modified Eagles medium (DMEM)/F-
12, 2mM GlutaMAX, 1% penicillin-streptomycin, and 2%
StemPro Neural Supplement and supplemented with 20 ng/mlL
human recombinant EGF (PeproTech) and 20ng/mL human
recombinant FGF2 (PeproTech) (proliferation medium). The
medium was changed completely every other day, and cells
were passaged every 3-5 days using Accutase (Sigma-Aldrich) or
0.05% trypsin/ethylenediaminetetraacetic acid (EDTA).

NSC Differentiations

NSCs were grown in the proliferation medium until they reached
~70% confluency. To induce spontancous (S) differentiation
by growth factor withdrawal, the medium was switched to the
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basal NSC medium. For spontaneous differentiation with trophic
support (BG differentiation), cells were cultured in basal NSC
medium supplemented by 10 ng/mL human recombinant BDNF
and 10ng/mL human recombinant GDNF (both PeproTech).
During the differentiation, half of the medium was changed
every other day. Cells in four replicates for MS analyses or in
three replicates for immunoblotting and RT-qPCR were detached
manually at day 0 (proliferating NSCs) and at days 7, 14, 21, and
28 during both NSC differentiations.

VEGF Induction

To analyze the influence of VEGF on NSC proliferation and
survival, NSCs were cultivated in an IncuCyte FLR (Essen
BioScience Inc.) incubator microscope. Cells were seeded into
24-well plates in either NSC proliferation medium or NSC
basal medium. Both media were either left as is (control) or
were further supplemented with 100 ng/ml human VEGF121,
100 ng/mL human VEGF165 (both PeproTech; 100-20A and
100-20), or their combination. Half of the medium was changed
every other day. Cell growth was followed for 8 days, with 9
images acquired per well in hourly intervals and six replicates
(wells) per condition, Data were analyzed for confluence in
IncuCyte 2010A Rev2 software. The experiment was repeated
three times from independent NSC cultivations.

Cell Viability Analysis

Cell viability was assessed by ReadyProbes Cell Viability Imaging
Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions after 8 days of cultivation (VEGF induction, see
above) within three bioreplicates and three scans per bioreplicate.
The experiment was repeated two times. The image analysis was
done in Fiji, version 1.52n (Schindelin et al., 2012). Images were
segmented by Auto thresholding plugin using the Otsu method
(Otsu, 1979). The number of Hoechst 33342-positive and SYTOX
Green-positive cells was measured by 3D Object Counter plugin
{Bolte and Cordelieres, 2006).

Sample Preparation for Secretome and MS
Analyses

A cell culture medium (4 biological replicates, ie., 4 culture
dishes per condition) conditioned for 2 days was collected at days
0,7, 14, 21, and 28 of both differentiation protocols, centrifuged
(1,000 g at 4°C for 5min), and filtered through a 0.22-pm
syringe filter to remove cells and debris. Inhibitors of proteases
(Roche) were added, and the medium was kept at —80°C until
secretome analysis.

Cells on culture dishes used for medium collection were
washed with PBS and harvested mechanically. Cells were then
lysed with 8M urea and 5mM EDTA in 50mM ammonium
bicarbonate and homogenized by MultiSpin (Grant Instruments
Ltd.) for 10 cycles, 1 min at 6,000 RPM, 20s hard, and
sonicated for 15min in an ice-cold sonication bath (Bandelin
electronic GmbH & Co. KG) with ultrasonic frequency 35kHz.
The protein concentration was determined by Pierce 660 nm
protein assay (Therme Fisher Scientific). Each cell lysate sample
was then treated with ProteaseMAX surfactant (Promega) to
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a final concentration of 0.1% (w/v), reduced with tris(2-
carboxyethyl)phosphine hydrochloride to a final concentration
of 10 mM for 30 min at 32°C and alkylated with iodoacetamide
to a final concentration of 40mM for 45min at room
temperature in the dark. Samples were diluted with 50 mM
ammonium bicarbonate to a final concentration of 1M urea
and 0.02% ProteaseMAX, followed by enzymatic digestion with
endoproteinase LysC for 2h at 37°C and trypsin overnight at
37°C, both at a 1:100 enzyme:substrate ratio. The digestion was
stopped with formic acid (FA) at a final concentration of 2%. The
resulting peptide mixtures were centrifuged at 20,000 g for 15 min
at 4°C, and the supernatants were desalted on C18 spin columns
(MacroSpin or MicroSpin columns, Nestgroup). The size of the
spin column was selected based on the initial protein sample
load. The eluted peptides were vacuum centrifuged to dryness
and resuspended in aqueous solution with 2% acetonitrile (ACN)
and 0.5% FA. The peptide concentration was determined from
absorbance at 280 nm (Synergy HTX, BioTek). The peptide
samples were diluted to a final concentration of 0.5 pg/pL with
1:30 (v/v) of spiked-in indexed Retention Time (iRT) peptides
(Biognosys AG). The pooled sample was prepared as a mix of
randomly chosen peptide samples from S and BG differentiation
(from day 7 to 28), one sample per time point and differentiation
(4 to 9 pg of each sample). The pooled sample was measured in
between the other samples as a quality control and was also used
for library development.

LC-MS/MS Analyses

Individual samples were analyzed in randomized order. The
peptide mixtures in 2% ACN in 0.5% FA were loaded for
10 min at 2 pL/min on Acclaim PepMap 100 C18 (5 pum, 0.1 x
20 mm; Thermeo Fisher Scientific) trap column. The separation
was performed on an in-house-packed 25-cm fused-silica column
(75-pm inner diameter) with ProntoSIL 120 A 3pum C18 AQ
beads (Bischofl Analysentechnik GmblI) in a trap-elute mode,
using the Eksigent nano-LC 425 (Sciex) on-line connected to
5600+ TripleTOF (Sciex). A linear gradient was set to 5-
35% ACN in 0.1% FA over 120min and 35-50% ACN in
0.1% FA over 10min at a flow rate of 200 nl/min. For data-
dependent acquisition (DDA) mode, the top 30 precursors with
accumulation time 300 ms and mass range 400-1,250 in high-
sensitivity mode were fragmented (MS/MS accumulation time
150 ms and mass range 170-1,500 Da) in each cycle (exclusion
time 13 ). For Sequential Window Acquisition of All Theoretical
Mass Spectra (SWATH-MS), 35 variable windows calculated with
a SWATH Variable window calculator (Sciex) were monitored
with 150 ms accumulation time in MS and 100 ms accumulation
time in MS/MS with mass ranges of 400-1,250 Da and 170-2,000
Da, respectively, and a cycle time of 3.5 s.

MS Data Processing

The MS/MS spectra from DDA for each condition (NSCs, S7,
S14, 521, 528, BG7, BG4, BG21, BG28) were merged and
processed in Mascot Distiller 2.7.1 (Matrix Science Ltd.} and
searched for protein identification and data export for spectral
library building in Mascot Server 2.6.2 (Matrix Science Ltd.),
using the Swiss-Prot human database (version from 6.2.2018,
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20,245 proteins) with a list of commeon contaminants and fi-
galactosidase from Escherichia coli. Mass tolerances of peptides
and fragments were set to 20 ppm, carbamidomethylation
of cysteine was set as a fixed modification, and protein N-
terminal acetylation and methionine oxidation were set as
variable modifications. One missed cleavage was allowed, and
specificity of digestion was set as cleavage after arginine, unless
proline proceed, and always cleavage after lysine. The peptide-
centric SWATH-MS data analysis was performed in Skyline-
daily (version 4.1.1.18179) (MacLean et al., 2010). The sample-
specific spectral library was built from 37 DDA runs. At least
three samples were measured in DDA mode per time point and
condition for sample library development including four pool
sample measurements for library enrichment. The library cutoff
score was set to 0.99. lon mass tolerance was 0.05 m/z Peptide
retention times were calibrated and aligned between individual
runs using the iRT peptides as standards. Raw SWATH-MS
data were extracted in high-selectivity extraction mode with
23,000 resolving power. mProphet (Reiter et al, 2011} was
used for peak picking in a range of scans within 10 min of
predicted retention time. Decoy peptides for the mProphet
model were generated with a shuffle sequence method. Repeated
and duplicated peptides were removed from the dataset. A
minimum number of two peptides (each with three transitions)
per protein were used for final data export. The quantitative
information for each transition (transition intensity defined as
an area under the curve, information about retention lime,
and detection -value) was exported from Skyline and further
processed in MSstats R package (Choi et al., 2014} to obtain
individual protein abundances. The iRT peptides, peptides with
oxidized methionine, and peptides with g > 0.01 were removed
from the data using SkylinetoMSstats function. For between-
run normalization, all intensity values were scaled by a factor
calculated as global median total ion current (TIC) divided by
run-specific median TIC, Protein abundances for each run were
calculated from log2-transformed transition intensities using
MSstats dataProcess function, with Tukey median polish (TMP)
set as a summary method, followed by quantification (type
= Sample).

Secretome Analysis

The secretome of NSCs during both differentiations was analyzed
by multiplex xMAP technology using the Cytokine 30-Plex
Human Panel kit (Thermo Fisher Scientific, LHCA003M, full list
of analytes in Supplementary Figure 1). The frozen conditioned
medium was thawed on ice, 10 times concentrated using 3-
kDa Amicon Ultra 2-mL centrifugal filters (Merck) at 4°C,
and immediately analyzed to avoid repeated [reeze-thaw cycles.
An unconditioned basal NSC medium supplemented with
EGF/FGF2 was used to dissolve and dilute calibration standards
and as a background sample to an identical matrix between
standards and samples. As this medium contained an external
source of EGF and FGF2, data for these growth factors were
excluded from further analysis. Each biological replicate was
analyzed in 2 technical replicates. The assay was prepared
according to the 30-plex kit manufacturer’s instructions, and data
were acquired on a Luminex 200 analyzer with xPonent software
build 3.1.871.0 (Luminex Corp.) adequately calibrated according
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to the manufacturer’s instructions. Fluorescence intensities of
at least 100 beads per analyte were recorded. Raw median
fluorescent intensity (MFI) values were exported from xPonent
software, analyzed in R statistical environment (R Core Team,
2020), version 3.6. MFI values were normalized to cellular protein
concentrations in corresponding culture dishes to minimize
variability of cell counts in individual samples.

Analysis of Differentially Expressed
Proteins

Protein abundances from MSstats preprocessed SWATH-MS
data were filtered to remove proteins with more than 28 missing
values across all experimental conditions. In the remaining
list of proteins, missing values were imputed before analysis
as follows: for more than 50% missing values per condition,
values were replaced by 1/3 of the lowest abundance of a given
protein; for <50% missing values per condition, values were
imputed using the k-nearest neighbor (knn) algorithm with k
= 4. Linear models for microarray analysis (limma) R package
(Smyth et al., 2020) were used to identify differentially expressed
proteins. R package EGSEA (Alhamdoosh et al., 2017) was used
to identify functional and pathway enrichment in the resulting
list of differentially expressed proteins, according to the Gene
Ontology (GO) vocabulary and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway list.

Protein Co-expression Network Analysis

The protein co-expression network was constructed using
weighted gene correlation network analysis as implemented in
R package WGCNA (Langfelder and Horvath, 2008), using all
quantifiable proteins from the SWATH-MS analysis as input
data. We set the soft-thresholding power to 5 for adjacency
matrix calculation, The protein expression dendrogram was cut
into protein co-expression modules with 30 members set as the
minimum module size. Module eigengenes (ME) were calculated
as the principal component of each module, and modules were
further simplified by merging based on the 0.25 cut height
threshold (0.75 correlation of ME). To discover the possible
relationships between protein expression profiles and observed
phenotypes, we computed the correlation of ME with selected
traits, P-values were derived by the Fisher transformation of each
correlation. R package ComplexHeatmap (Gu et al,, 2016) was
used for data visualization, and package clusterProfiler (Yu et al.,
2012) was used to identify module association with cell markers.

Identification of Proteins With Similar

Temporal Expression Pattern

The soft clustering method implemented in Mfuzz (Kumar and
Futschik, 2007) R package was used to identify temporal protein
expression patterns separately in spontaneously differentiated
cells, and cells grown in BG differentiation conditions.

RNA Isolation and cDNA Synthesis

Total RNA from cultured cells was harvested using RNeasy Plus
Mini Kit (Qiagen) with cell homogenization with QIAshredder
(Qiagen) according to the manufacturer’s instructions, The
concentration and quality of eluted RNA were determined
with a NanoDrop spectrophotometer (Thermo Fisher Scientific).
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Two g of RNA per sample were converted into ¢cDNA with
QuantiTect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s instructions. Samples were then diluted to 25
ng/|tL based on the previous concentration of RNA.

Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) was used to analyze the
relative gene expression of selected markers. The volume of
each reaction was 20 pL containing 4 pL of 5x HOT FIREPol
EvaGreen qPCR Mix Plus (Solis BioDyne), 125nM of each
primer (Supplementary Table 1A), and 25 ng of cDNA template
and PCR water. The CFX96 Touch Real-Time detection system
(Bio-Rad) was used to monitor amplification with the following
seltings: 12min at 95°C for enzyme activation, then 15s at
95°C for template denaturation followed by 40 cydles of 30s at
57°C for primer annealing and 30s at 72°C for an extension.
Endogenous control (housekeeping markers), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and ATP synthase subunit
beta, mitochondrial (ATP5F1B), were used for normalization of
cycle threshold (Ct) values.

Immunocytochemistry

NSCs were cultivated on LabTek 11 CC? (Thermo Fisher
Scientific) coated with 20 pug/mL poly-L-ornithine and 5 jpug/mL
laminin and differentiated as described above. Cells were
collected at day 0 (proliferating NSCs) and at days 7, 14, 21, and
28 from both S and BG differentiation protocols.

Cells were briefly rinsed with PBS, fixed with 4%
paraformaldehyde in PBS for 10min, and permeabilized
with 0.1% Triton X-100 in PBS for 10 min. Cells were incubated
for 10 min in 50 mM NH4Cl in PBS to remove the free aldehyde
groups, blocked in 5% goat serum in PBS for 1h, and incubated
with primary antibodies (rabbit monoclonal anti-SOX2, Cell
Signaling, 3579S, 1:400; mouse monoclonal anti-Nestin, Cell
Signaling, 334758, 1:800; rabbit monoclonal anti-S100B Abcam,
ab52642, 1:400; mouse monoclonal anti-TUBB3, Exbio, 11-264-
C100, 1:500) diluted in PBS/0.01% BSA for 3h. After incubation
with primary antibodies, cells were washed 3 times in PBS/0.05%
Tween. Secondary antibodies labeled with AlexaFluor488 (goat
anti-mouse 1gG, A28175, 1:500) and AlexaFluor647 (goat anti-
rabbit IgG, A32733, 1:1,000) were mixed with DAPI (1 jug/mL)
to mark nuclei. Cells were incubated in secondary antibodies
for 45 min in the dark. Subsequently, cells were washed 3 times
in PBS/0.05% Tween and 5min in PBS. All incubations were
performed at room temperature. Cells were coverslipped in
ProLong Glass Antifade Mountant (Thermo Fisher Scientific,
P36980). Images were acquired on a Leica TCS SP5 confocal
microscope and processed and analyzed in Fiji.

Immunoblotting

Cells were lysed in ice-cold RIPA buffer (150 mM NaCl; 5 mM
EDTA, pH 8; 50 mM Tris-HCI, pH 7.4; 0.5% NP-40; 1% sodium
deoxycholate; 1% Triton X-100 and 0.1% SDS) with 1x [Halt
protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific). Lysates were sonicated in an ice bath, and unlysed
debris was pelleted by centrifugation for 10 min at 16,000 g at
4°C. The protein concentration in supernatants was determined
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by BCA assay (Thermo Fisher Scientific). Recombinant human
VEGF121 and VEGF165 proteins (same as in the case of
VEGF induction; 1 ng) were used as positive controls for the
VEGF121 antibody.

Three g of cellular proteins (6 g for VEGF and HIF1-
a detection) were separated in 4-12% Bis-Tris or 3-8% Tris-
acetate gradient NuPAGE gels (Invitrogen) under reducing
conditions according to the manufacturer’s instructions. Proteins
were transferred by the Trans-Blot Turbo transfer system
(Bio-Rad) to the nitrocellulose (or PVDF for VEGF121
antibody) membranes. Membranes were blocked for 1 h at room
temperature and incubated overnight at 4°C with a primary
antibody (see Supplementary Table 1B for details). Membranes
were washed 3 times for 10min in Tris-buffered saline with
0.05% Tween 20 (1I'TBS) and incubated for 60min at room
temperature with the appropriate secondary antibody diluted
1:10,000 in 5% dry skim milk in TTBS. Membranes were washed
in TTBS and incubated in ECL Prime reagent (Amersham).
The Chemidoc XRS+ detection system with Image Lab (version
5.2.1 build 11) software (Bio-Rad) was used to detect the
chemiluminescent signal.

Statistical Analysis

All statistical analyses were performed in the R statistical
environment (R 2020). Statistical analysis
of proteomic data is described separately in the previous
paragraphs. For qPCR data, Luminex secretome analysis and
influence of VEGF stimulation on growth and survival of NSCs
in culture, linear mixed models with differentiation protocol
vs. time in culture as factors were fitted to the data; marginal
means and confidence intervals were estimated using emmeans
R package (Lenth, 2020); and multiple-testing adjusted p-values
for individual pairwise comparisons were derived using the
Tukey HSD test.

Core Team,

RESULTS

Neural Stem Cell Differentiation

Human HY NSCs were differentiated spontaneously by the
withdrawal of EGF and FGF2 from the cell culture media (S
differentiation) or spontanecusly with trophic support by a
combination of neurotrophic factors BNDF and GDNF (BG
differentiation) for 28 days in vitro (Figures 1A,B).

At the level of mRNA, both types of differentiation showed
similar trends of expression of selected markers of NSCs or
differentiated neural cells (Figure 1C). NSC marker transcription
factor SOX-2 (SOX2) was not significantly changed during
differentiation, and NSC marker Nestin (NES) was increased
during differentiation, compared to day 0, showing a trend for
decrease from day 7 to day 28. The expression of neuronal
markers neuronal migration protein doublecortin  (DCX),
tubulin -3 chain (TUBB3), and microtubule-associated protein
2 (MAP2) was strongly increased at day 7, compared to day 0,
and was rising during the whole differentiation. Glial marker
protein S100-B (S100B) sharply decreased at day 7 compared
to day 0 and then continuously increased with time in culture.
Astrocyle-specific marker glial fibrillary acidic protein (GFAP)
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FIGURE 1 | counterstained by DAPI (blus) in both panels. Negative controls {omitted primary artibodies) for NSCs ars shown in (A) and for days 7 and 28 of S
differentiation in (B). (C) Expression of transcripts of selected cell type markers during S and BG differentiation by RT-qPCR. dCt values for individual transcripts
nermalized to the average of two housekeeping controls (GAPCH and ATPSF1B) from three independent experiments are shown as individual points, estimated model
mean =+ 95% confidence intervals shown as black points and lines. Statistical significance was calculated from the linear mixed model of differentiation protocol (BG
vs. ) and day in culture (0, 7, 14, 21, 28) within each experiment, with Tukey adjusted p-values for all pairwise comparisons. Asterisks above the x axis denote
significant difference between BG and S protocol at given day ('p < 0.05, “p < 0.01). Symbols above (BG) and below (S) data points denote significant difference (p
« 0.05) of given group vs. day 0 (#), or day 7 (1), day 14 (1), and day 21 ($) of the same differentiation protocol
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FIGURE 2 | Sample clustering based on protein abundances from
SWATH-MS analysis. Hierarchical clustering of individual biclogical replicates
based on SWATH-MS-quantified proteins shows samples primarily
co-clustering based on time in culture (NSC, day 7, day 14, and so on) and
secondarily based on employed differentiation protocol

was detected at very low levels and was not significantly changing.
The marker of oligodendrocytes oligodendrocyte transcription
factor 1 (OLIG1) was decreasing through the differentiation.

Proteome Analysis

The cellular proteome during S and BG differentiation at days 0,
7, 14, 21, and 28 was analyzed using the SWATH-MS method.
The sample-specific library resulted in the identification of
23,645 unique peptides assigned to 2,870 human proteins with
minimal two peptides and three transitions per peptide. In
total, abundances of 2,804 proteins were obtained by SWATH-
MS data summarization in MSstats (Supplementary Table 1C).
We performed cluster analysis of SWATH-MS data based on
abundances of quantified proteins, which revealed the co-
clustering of samples from S and BG differentiation at days 7 and
14 and divergence between both differentiations at days 21 and 28
(Figure 2). These resulls show that differences between samples
in the early stages of NSC differentiation are caused mostly by the
differentiation time course rather than the type of differentiation
itself. However, differentiation type influences the later stages of
NSC differentiation.

In vitro NSC differentiation was accompanied by large-scale
changes in the global cellular proteome (1,359 and 1,446 proteins
changed between day 0 and day 28 of S and BG differentiation,
respectively) (Table I). Major changes in protein expression
occurred between day 0 and day 7 of both differentiations-
—1,024 and 1,057 changed proteins in case of § and BG
differentiation, respectively. In contrast, 242 and 254 proteins
were differentially expressed between day 14 and day 28 of
S or BG differentiation, respectively, Numbers of differentially
expressed proteins between both types of differentiation were
relatively low (e.g., 107 proteins at day 28).

Secretome Analysis

We analyzed levels of 28 secreted growth factors, chemokines,
and cytokines in a medium conditioned for 48 hours in
the presence of NSCs during the differentiation time course.
Figure 3A shows a heatmap of median fluorescence intensities
(MFI) from xMAP analysis of the conditioned medium. 1L-6
and VEGF concentrations were consistently growing with time
in culture, in both differentiation protocols used (Figures 3A,B).
At day 28, both IL-6 and VEGF levels were significantly higher in
the medium from cells differentiated by BG protocol compared to
S protocol. The other analytes were detected at the background
levels. Due to normalization to cellular protein concentrations
(~6 times higher in differentiating cell samples), the MFI values
of analytes secreted by proliferating NSCs (day 0) may be
overestimated. The complete MFI data for all analyzed cytokines
are provided in Supplementary Table 1E and graphs of logl0
(MFT) values in Supplementary Figure 1.

Protein Co-expression Network Analysis

To identify proteins with similar expression patterns and
relate these patterns to observed phenotypes, we constructed
a protein co-expression network using the WGCNA method.
The largest of the identified co-expression modules (blue)
consisted of proteins with low expression at the NSC stage and
increasing over the time course of differentiation (Figures 4A,B;
Supplementary Figure 2). The brown module contained
proteins expressed at the NSC stage and decreasing over time
(Figures 4A-C). This module also correlated with IL-6 secretion.
The green module contained proteins with low expression at the
NSC stage, increasing at an early stage of in vitro differentiation
(day 7-day 14) and declining expression at later stages (day
21-day 28) (Figures 4A,B,D). This module also had a strong
negative correlation with VEGF secretion, as this was at its
lowest at day 7 (Figures 3B, 4D). Complete data for protein
membership in identified co-expression modules and their
correlation with traits is provided as Supplementary Table IF.
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TABLE 1 | Numbers of differentially expressed proteins between differentiation time-points from total numbser of 2,515 proteins subjected to analysis.

Day 0 Day 7 Day 14 Day 7 Day 14 Day 21 Day 28
Differentiation Day 7 Day 14 Day 21 Day 28 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28
= 1,024 1,145 1,279 1359 450 242
7 87 125 107
BG 1,057 1,197 1,336 1,446 548 254

Only protains with fold change = 2 and multipie-testing adiusted p = 0.05 as analyzed in imma R package were countad, The list of all differentially exprossed proteins across the

condifions examined is provided as Supplementary Table 1D.
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Next, we used R package clusterProfiler to analyze whether
proteins positively correlated with particular phenotypic traits
within a given module correspond to known markers of
selected cell types and lineages. We found that proteins with
expression upregulated at day 7 within green and brown modules
and downregulated at day 28 within the brown module best
correspond to the “Embryonic pre-frontal cortex, Normal,
Neural progenitor cell” type, while proteins upregulated at
day 28 within blue and brown modules best correspond to the
“Embryonic prefrontal cortex, Normal, Astrocyte” cell type.
This finding is surprising, given that only limited signs of
differentiation into glial cells were observed in H9 NSCs in our
other experiments.

Identification of Proteins With a Similar
Temporal Expression Pattern

Next, we used soft clustering of proteins into groups with
similar temporal expression profiles implemented in Mfuzz R
package to further explore regulation of protein expression
in time. By clustering separately proteins quantified in S or
BG differentiation, we obtained 28 clusters for each condition
(Supplementary Table 1G, Supplementary Figure 3).

Proteomics/Secretomics of NSC Differentiation

Among these clusters, clusters 7, 14, 15, 17, 20, and
23 showed an increase in protein abundance over time
in the S differentiation and clusters 2, 5, 7, 12, 14, and
27 in BG differentiation. In total, 126 proteins were
assigned to these BG differentiation clusters, respectively,
100 proteins to S differentiation clusters, Among them
are represented proteins involved in brain/nervous system
development including synaptotagmin-1 (Figure 5A), neuronal
membrane glycoprotein Mé-a, serine/threonine-protein kinase
DCLKI1, dihydropyrimidinase-related protein 2, MAP2 (BG
differentiation only) (Figure 5D), or DCX (S differentiation
only); axon guidance/axonogenesis proteins like neural cell
adhesion molecule 1 or microtubule-associated protein 6;
proteins involved in apoptosis-like macrophage migration
inhibitory factor, cathepsin D, or caspase-3 (BG differentiation
only); transport proteins like sideroflexin-3, alpha-centractin,
cytoplasmic dynein 1 heavy chain 1, or endoplasmic reticulum-
Golgi intermediate compartment protein 1; and proteins
involved in Wnt signaling like catenin f-1 (S differentiation
only) or protein wnt less homolog (BG differentiation only).

Another group of clusters, 9, 18, 19, 22, and 24 in §
differentiation (60 proteins) and clusters 8, 18, 20, 21, and
24 in BG differentiation (69 proteins) showed a decrease
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FIGURE 5 | Selected examples of the Mfuzz clustering results. (A,D) representing Mfuzz clusters showing an increase in protein abundance over the S (A) and BG
(D) differentiation with representative proteins for these clusters: NCAM1, SYT1, and MAP2. (B,E) representing Mfuzz clusters showing a decrease in protein
abundance over the S (B) and BG (E) differentiation with representative proteins for these clusters: NHRF1, LSM3, and FUBP2. (C,F) as examples of clusters with
maximum protein abundance at day 7 of S (C) or BG (F) differentiation with representative proteins for these clusters: MCM2 and DEK.
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in protein abundance over time. Proteins decreasing over
the differentiation time course included proteins involved in
mRNA processing/splicing, including far upstream element-
binding protein 2 (Figure 5E) or U6 snRNA-associated Sm-
like protein LSm3, and regulation of translation like SAP
domain-containing ribonucleoprotein and apoptotic signaling
(Wnt signaling) like Na(+4)/H(+) exchange regulatory cofactor
NHE-RF1 (Figure 5B).

Clusters with maximum protein abundance at day 7; clusters
2,6,8, 11, and 27 in § differentiation (72 proteins); and clusters
11,13, 17, 23, and 26 (44 proteins) in BG differentiation overlap
with the green module in WGCNA analysis (32 proteins in
S differentiation and 21 proteins in BG differentiation). These
proteins are again mainly invelved in regulation of mRNA
binding or cell cycle and interestingly DNA repair (e.g, DNA
replication licensing factor MCM2, protein DEK, DNA ligase 3)
(Figures 5C,F).

Functional Annotation of Differentially

Expressed Proteins Using KEGG and GO
Lists of proteins quantified by SWATH-MS and detected as
significantly differentially expressed between particular time
points or differentiation protocols were subjected to functional
analysis using Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways and Gene Ontology (GO) biological processes.

Analysis of KEGG pathways revealed downregulation of
spliccosome and ribosome biogenesis in eukaryotes at day
28 of both differentiations, compared to day 0. Interestingly,
these processes were upregulated at day 14, compared to
both days 0 and 28. We also observed the downregulation of
DNA replication in the case of BG differentiation, compared
to both days 0 and 14, whereas it was upregulated in §
differentiation at day 28, compared to day 0. On the other
hand, global metabolism (e.g., glycolysis or fatty acid metabolism
pathways), RNA degradation, regulation of actin cytoskeleton,
axon guidance, protein processing in endoplasmic reticulum,
protein export, synaptic vesicle cyde, and HIF-1 signaling
pathway were upregulated at both days 14 and 28, and the
VEGF signaling pathway was upregulated at day 28 of both
differentiations, compared to day 0 (Figure 6A). A complete list
of identified KEGG pathways is in Supplementary Table 1H.

Our GO analysis of biological processes supported results
from the KEGG pathways and Mfuzz clustering analysis.
Similarly to KEGG results, processes of RNA splicing, mRNA
metabolic process, chromosome segregation, and DNA metabolic
process were upregulated at the day 14 but dewnregulated at
day 28, compared to day 0 (Figure 6B). Mitotic cylokinesis
was downregulated at both days 14 and 28, compared to day
0. In contrast, at days 14 and 28, lipid metabolic process,
regulation of cytoskeleton organization, response to oxidative
stress, regulation of synaptic vesicle transport, Wnt signaling
pathway, VEGF receptor signaling pathway, regulation of
neuron death, gliogenesis, and neurogenesis were upregulated
(Figure 6C). A complete list of identified GO biological processes
is in Supplementary Table 11.
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Validation of SWATH-MS Protein
Quantification by Immunoblotting for
Selected Markers of NSCs and of Neural
Differentiation

To validate quantitative SWATH-MS data (Figure 7A) and to
confirm the differentiation state of cells during S and BG
differentiation, levels of selected proteins were analyzed by
immunoblotting. Specifically, markers of NSCs (NES and SOX2),
neuronal progenitor cells (NPCs)/neurons (TUBB3), or glial
cells (S100B and GFAP), and markers of cellular proliferation
proteins Ki-67 and proliferating cell nuclear antigen (PCNA)
were monitored during the time course of both differentiation
protocols at days 0, 7, 14, 21, and 28. Abundances of markers
of proliferating cells (Ki-67 and PCNA) as well as markers of
NSCs (NES and SOX2) were decreasing over time in both §
and BG differentiations (Figure 7B), similarly to SWATH-MS
data. On the other hand, the expression of TUBB3, a marker of
NPCs and neurons, was increasing from day 7. Ongoing neuronal
differentiation was further supported by increased expression of
synaptosomal-associated protein 25 (SNAP-25) from day 14 of
both differentiations (Figure 7B), which is in agreement with
upregulation of synapse organization identified by GO analyses
(Figure 6C) at day 28 of both differentiations. Typical markers
of glial cell lineages, including GFAP, S100B, and OLIG1, were
not among proteins quantified by SWATH-MS, confirming our
observation from immunofluorescence (Figure 1B; no signal
was detected for GFAP and OLIG1, data not shown) and RT-
qPCR analyses (Figure 1C) of limited differentiation potential
of H9 NSCs into glial cells. For this reason, we aimed to
confirm or rule out the expression of GFAP and S100B by
immunoblotting. While levels of S100B were detectable and
growing over lime, expression of a marker of astrocytes,
GFAP, was detectable only in BG differentiation from day 14
(Figure 7B, Supplementary Figure 4). Based on these results,
both differentiations led to differentiation into NPCs or neurons,
while some cells were still expressing NSC markers.

Role of the VEGF Pathway in Cellular
Proliferation, Differentiation, and Survival
of NSCs During in vitro Culture

As the secretome analysis showed an increase in VEGF secretion
with ongoing cell differentiation, we decided to focus on a
deeper analysis of the role of the VEGF pathway in the
survival, proliferation, and differentiation of H9 NSCs. The
VEGF antibody used in the xMAP multiplex assay detects VEGF-
A isoforms 121 (VEGF121) and 165 (VEGF165), but binding
to other VEGF proteins was not verified by the manufacturer.
Thus, we attempted to analyze VEGF-A production by NSCs
and differentiating cells also by immunoblotting, which should
allow distinguishing isoforms based on their molecular weight.
However, post-translational modifications (N-glycosylation and
dimerization via disulfide bonds) together with many possible
isoforms of VEGF-A (Woolard et al, 2009) may affect
proper identification of VEGF121 and VEGF165. Therefore, we
employed recombinant proteins VEGF121 and VEGF165, which
were detected at expected molecular weights, showing that the
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FIGURE 6 | Functional analysis of SWATH-MS data. (A) KEGG diagram of VEGF pathway regulation and changes in abundance of pathway members identified in our
experiments. Heat shock protein beta-1 (HSPB1), serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform (PPP3CA), GTPase KRas (KRAS),
mitogen-activated protein kinase 1 (MAPK1), and Ras-related C3 botulinum toxin substrate 1 (RAC1) were upregulated, whereas mitogen-activated protein kinase 14
(MAPK14) was downregulated at day 28 of BG differentiation in comparison to day 0. (B) Selected biological processes (GO) upregulated at day 14 and
downregulated at day 28 of both differentiations. Log? fold change comparison between day O and day 14 or 28 of S and BG differentiation with fold change = 2 and
p = 0.05. (C) Upregulation and downregulation of selected terms in biological processes of the GO section in differentiated cells. Log?2 fold change comparison
between day 0 and day 28 of S and BG differentiation for selected GO biolegical processes with fold change = 2 and p < 0.05. Differentially expressed proteins were
identified with Limma R package, and KEGG/GO annctations were mapped with R package EGSEA.

VEGFI121 antibody is not specific for VEGF121 only. VEGF121  not detect any expression of VEGF165 at any time point of both
protein (likely N-glycosylated according to a slight mass shift  types of differentiation.

in comparison to recombinant VEGF121) was detected in all Increased expression of neuropilin-1, known as a receptor for
samples with the highest expression at days 7 and 14 (Figure 8B). ~ VEGF-A in neurons (Tillo et al., 2015), was observed from day
Surprisingly, VEGF121 expression in cells was decreased at 14 in SWATH-MS data as well as on immunoblot in both types
days 21 and 28, even though it was still higher than at day  of differentiation (Figures 84,B).

0, suggesting that either cellular and secreted VEGF121 levels Increased abundance of catenin p-1 from day 7 of both
do not directly correspond, or other VEGF-A isoforms were  differentiations (Figure 8B) confirmed results {rom SWATH-
quantified together during secretome analysis. Moreover, we did ~ MS quantification (Figure 8A) and is in agreement with the
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upregulation of the Wnt signaling pathway (Figure 6C), which
may also be involved in VEGF expression regulation. Activation
of the HIF-1 signaling pathway was supported by the presence
of hypoxia-inducible factor 1-at (HIF1-w) at both differentiations.
However, abundance of HIF1-a was decreased at days 21 and 28
of both differentiations, suggesting its role mainly in early stages
of NSC differentiation (Figure 8B).

To analyze the effect of VEGF-A isoforms 121 and 165 on
neural cells directly, we cultivated NSCs in the proliferation
medium with EGF and FGF2 or in the medium for §
differentiation with supplementation of VEGFI21 and/or
VEGF165. Cell proliferation potential analyzed by
monitoring of cell confluency using time-lapse live cell
microscopy for 8 days in vitro. At the experiment end point, cell
viability was analyzed by staining for damaged and dead cells.

Cell confluency analysis revealed that in a condition of §
differentiation, VEGF121 itself or in combination with VEGF165
significantly induced cellular proliferation (~1.5-fold change

was

based on area under the growth curve), compared to control and
VEGF165 (Figures 8C,D). VEGF165 supplementation alone had
no significant effect (Figures 8C,D). On the contrary, we did not
observe any beneficial effect of VEGF121 and/or VEGF165 on
NSC proliferation in the presence of EGF/FGF2.

To assess the effect of VEGF121 and VEGFI165 on cell
viability, we stained cells with SYTOX Green dye, which enters
the cells with compromised plasma membrane integrity and
labels cell nuclei. To obtain total cell counts, vital dye Hoechst
33342 was used to counterstain all nuclei. VEGF121 itself or
in combination with VEGF165 significantly suppressed cell
death/damage in the condition of S differentiation (48.31 +
10.23% and 47.52 £ 12.23%, respectively, compared to 71.83 £+
10.66% SYTOX Green-positive cells in control) (Figure 8E). In
contrast, VEGF165 itself did not affect cellular viability (70.14 £
9.91% SYTOX Green-positive cells). We did not find any benefit
of VEGF121 and/or VEGF165 to cell survival in the case of
NSC cultivation in the medium with EGF/FGF2. These results
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show that VEGF121 can induce cellular proliferation and reduce
cell damage or death of human NSCs in the absence of other
growth factors, whereas VEGF165 has no such effect, at least in
in vitro conditions.

Increased abundance of activated caspase-3 (marker of
apoptosis) was identified in SWATH-MS data (Figure 8F)
and validated by immunoblotting in both differentiation
protocols from day 7 but more pronounced in § differentiation
(Figure 8G). This result suggests that trophic support (BDNF
and GDNF) is important for cellular viability after the change
of environment, ie., withdrawal of growth factors from the
proliferation medium and VEGF secretion by differentiating cells
might act as an additional pro-survival stimulus, counteracting
activation of programmed cell death.

DISCUSSION

In the present study, we differentiated human H9 NSCs by
withdrawal of growth factors (EGF/FGF2) to simulate dramatic
change of the microenvironment after cell grafting or with
neurotrophic support of BDNF/GDNE, which were previously
shown to support survival of transplanted cells (Wang et al,
2011; Rosenblum et al., 2015). Immunocytochemistry and gene
expression analyses revealed that both § and BG differentiations
led mainly to cells of neuronal lineage, with only very limited
differentiation into cells expressing glial markers, which was
further confirmed by immunoblotting, These results are in
agreement with data from Bohaciakova et al. who observed a very
low expression of GFAP in H9 ESC-derived NSC differentiated
to astrocytes for up to 6 weeks (Bohaciakova et al., 2019). We did
not identify significant changes in expression of selected neuronal
markers between S and BG differentiation.

We then focused on temporal changes in the cellular proteome
during both differentiations. SWATH-MS analysis proved that
global changes in the cellular proteome occur at the very early
stage of both differentiation protocols likely as a response
to a dramatic change of the microenvironment. Interestingly,
hierarchical clustering of samples based on protein abundances
suggested divergence in protein expression profiles at the later
stages of S and BG differentiation. The number of significantly
differentially expressed proteins at the same time point between
the two protocols was low but mildly growing over time.

Proteomic and transcriptomic data are not fully comparable,
because the expression of a specific protein may be regulated
differentially at the mRNA and protein levels. A study of gene
expression control in mouse fibroblasts revealed that abundances
of cellular proteins are mostly regulated at the translational
level, as the average protein has about five times longer half-
life than the average mRNA and its translation rate is in general
~70 times higher than the transcription rate (Schwanhiusser
etal, 2011). This biological phenomenon was further confirmed
in studies comparing the transcriptome and proteome of
differentiating human ESCs during the formation of embryoid
bodies (Fathi et al., 2009) and during neural differentiation of
human ESCs (Fathi et al., 2014). In our experiments, we noted
a discrepancy in expression of NSC markers NES and SOX2
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as assayed by RT-qPCR vs. protein-based methods. According
to our results from immunocytochemistry, SWATH-MS, and
immunoblotting, both NES and SOX2 were dearly detectable
at high levels in NSCs, and although their expression had
a decreasing trend, it persisted at all stages of both S and
BG differentiations. Whereas, results of RT-qPCR, SWATH-
MS, and immunoblotting reflect an expression in the whole
population, immunocytochemistry revealed that some strongly
NES- or SOX2-positive cells remain in culture till day 28, but
there are also many cells completely negative for these proteins.
On the contrary, most NSCs have a uniform NES- or SOX2-
positive staining pattern. Although NES is broadly used as a
marker of NSCs, it also affects the proliferation and cell death of
NPCs or axonogenesis in immature neurons [reviewed in (Bott
and Winckler, 2020)]. Therefore, its presence during the whole
differentiation is biologically relevant. The discrepancies between
our transcriptomic and proteomic data may be further accented
by different kinds of data normalization for each method. Global
normalization was used for SWATH-MS data, and we observed
that majority of quantified proteins changed its abundance
during differentiation, mainly between days 0 and 7, including
proteins of metabolic pathways. Zheng et al. previously reported
transition from glycolysis in NPCs to oxidative phosphorylation
in differentiating cells during neuronal differentiation of human
NPCs (Zheng et al., 2016). This makes selection of housekeeping
genes for RT-qPCR experiments challenging, as highly expressed
cytoskeletal or metabolic genes are usually employed and both
of these classes can change during cell differentiation. In the
end, we selected two housekeeping genes, GAPDH (enzyme of
glycolysis) and ATP5FIB (subunit of ATP synthase—oxidative
phosphorylation), as our RT-qPCR normalizers. Based on
observed large differences in the cell proteome profile between
days 0 and 7 together with the abovementioned published switch
in metabolic pathways, it is possible that normalization based
only on two selected genes influences the apparent expression of
NES and SOX2, especially when comparing day 0 (NSC stage)
to later stages with differentiating cells. On the other hand,
for comparisons among day 7-day 28, we see an overall good
agreement of proteomic and transcriptomic data.

The secretome of transplanted cells plays an important
role in autocrine and paracrine signaling within the recipient
tissue microenvironment. Even though several recent studies
were focused on the secretome of NSCs, one may assume
that the secretome will be significantly affected by cell origin
and cultivation conditions; thus, results obtained by secretome
analysis of Olig2-transduced human NSCs (Kim et al., 2014)
or human NSCs derived from glioblastoma (Okawa et al,
2017) might not be fully transferable to other NSCs. Therefore,
we analyzed the secretome of H9 NSCs during S and BG
differentiation. Most of the 28 analyzed secreted growth factors,
cytokines and chemokines, were detected at levels close to the
lower limit of detection, However, consistently for all factors,
the highest concentrations were secreted by proliferating NSCs.
Eminent downregulation of secretion was detectable at the
beginning of both differentiations (day 7), likely associated
with abrupt microenvironment change after growth factor
withdrawal. [t is possible that levels of factors secreted by NSCs
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may be overestimated in our experiments due to the lower
cell numbers in culture at the start of the differentiation (NSC
condition) and subsequent normalization to the cellular protein
concentrations, However, this normalization should not affect
trends in differentiating cells. We detected increasing secretion
of [L-6 and VEGF in both differentiations, but again there was
growing difference between protocols over time, with cells grown
in BG differentiation protocol secreting significantly more IL-6
and VEGF at day 28. IL-6 is known to stimulate proliferation
and thus self-renewal of NSCs in murine brain (Storer et al.,
2018). Another study provided evidence that murine NSCs do
not express a functional receptor for IL-6 and do not secrete I1-
6 at the detectable level. However, treatment of these NSCs with
fusion protein consisting of IL-6 and its receptor resulted in NSC
differentiation into neurons and astrocytes (Islam et al., 2008),
Nevertheless, Oh et al. showed that IL-6 secreted by astrocytes
stimulates differentiation of NPCs to neurons in rat brain (Oh
el al,, 2010). Secretion of IL-6 by human NSCs transduced with
Olig2 suggests that IL-6 may also play a role in differentiation
into oligodendrocytes (Kim et al., 2014). Interestingly, secreted
1L-6 induces VEGF expression (Cohen et al., 1996). The effect of
VEGT on NSCs will be discussed in detail below.

KEGG, GO, and Mfuzz analyses confirmed high similarity
between § and BG differentiation and revealed downregulation
of mRNA splicing and mitotic cytokinesis during both
differentiations as expected for differentiating cells. On the
other hand, neurogenesis, gliogenesis, synaplic vesicle cycle, Wnt
pathway, fatty acid metabolism, and regulation of cytoskeleton
organization were upregulated during both differentiations,
and such processes may correspond to changes in cellular
morphology and metabolism of differentiated cells (NPCs and
neurons). The discrepancy in expression of proliferation markers
Ki-67 and PCNA that we observed at the early stage of NSC
differentiation is likely caused by additional functions of these
proteins. Ki-67 plays roles in the regulation of the cell cycle,
perichromosomal layer assembly during mitosis, or maintenance
and localization of heterochromatin [reviewed in Sun and
Kaufman (2018)]. PCNA plays essential roles in DNA replication
and repair (Essers et al.,, 2005). This is in agreement with our
results from Mfuzz clustering, which revealed that proteins
with the highest abundance at day 7 of both differentiations
are connected to DNA repair processes. Indeed, published
results of gene expression analyses of abovementioned processes
and pathways during NSC/NPC differentiation support our
data, e.g, inhibition of proliferation, downregulation of
RNA transcription, and activation of the Wnt pathway in
differentiating cells (Gurok et al, 2004; Cai et al, 2006).
Although several proteomic studies of neural differentiation
from ESCs or NSCs exist, these studies were mainly focused
on identification of novel differentiation markers [reviewed in
Melo-Braga et al. (2015)]. Fathi et al. analyzed proteome changes
during neural differentiation of human ESCs and observed an
increased expression of proteins connecled to transport (of
vesicles, proteins, and neurotransmitters), redox homeostasis,
and glycolysis in differentiated cells, whereas proteins connected
to mRNA processing were decreased (Fathi et al., 2014). A study
of proteome and phosphoproteome during differentiation of
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immortalized human NSCs showed downregulation of proteins
involved in cell cycle and proliferation, while proteins invelved
in gliogenesis, neurogenesis, synaplogenesis, and Wnt signaling
pathway were upregulated (Song et al, 2019). Wang et al.
analyzed phosphoproteome during rat NSC differentiation and
identified changes of phosphorylation status of 20 proteins
participating in Wnt signaling (canonical and non-canonical
pathways) and confirmed the Wnt signaling pathway as a key
regulator of NSC differentiation (Wang S. et al., 2016}. All these
data agree with our results from KEGG and GO analyses.

Among the pathways identified as activated during both
S and BG differentiations in our SWATH-MS data were
the HIF-1 signaling pathway, Wnt signaling pathway, and
VEGF signaling pathway. HIF1-a aclivales gene expression in
response to hypoxia including gene for VEGF (Forsythe et al.,
1996). However, our cultivations were performed in normoxic
conditions, suggesting that the HIFI-a signaling pathway
plays another role(s) in NSC differentiation. Recently, HIF1-
o was shown to regulate neurogenesis by blocking premature
differentiation of NSCs to neurons (Vecera et al., 2020). Our
immunoblotting results show decrease of HIFl-a abundance
during both differentiations, which may correspond te increase
in neuronal differentiation. Interestingly, expression of both
HIF1-ut and VEGF may be regulated by IL-6 via signal transducer
and activator of transcription 3 (STAT3) (Loefler et al., 2005; Xu
et al., 2005). Moreover, activation of the Wnt signaling pathway
in glioblastoma under normoxic conditions leads to an activation
of the VEGEF signaling pathway via HIF1-u signaling (Vallée et al.,
2018). We observed a positive correlation between secretion of
IL-6 and VEGE as well as between abundance of catenin p-
1 and VEGF secretion during both § and BG differentiations.
Therefore, one can assume that these three signaling pathways—
HIF-1, Wnt, and VEGF—play important and coordinated roles
in NSC differentiation in vitro, which are independent on
oxygen level.

As secretome analysis revealed elevated secretion of VEGE-
A during both differentiation protocols, we wanted to know
which VEGF-A isoform is secreted. Using immunoblotting,
we detected increased abundance of VEGF121 during both
NSC differentiations compared to NSCs. However, the highest
expression of VEGF121 in cells was at the early stage of
differentiations, whereas VEGE-A secretion was highest at the
end of the differentiations. Surprisingly, we did not detect
any protein expression of VEGFL65, although this is the most
expressed isoform in rat NSCs (Schanzer et al., 2004). We also
detected increased abundance of VEGF-A receptor neuropilin-1
during both differentiations. Neuropilin-1 was initially identified
as a receptor for VEGF165 (Soker et al., 1998) but later was
shown to bind also VEGF189, but not VEGFI121 in mouse
neurons in vivo (Tillo et al., 2015). However, neuropilin-1 binds
VEGF121 in human endothelial cells in vitro (Pan et al., 2007).
Although expression of neuropilin-1 is induced by VEGF165 in
rat NSCs (Maurer et al., 2003), our results suggest that increased
abundance of neuropilin-1 during both differentiations may not
be connected to VEGF165 expression and secretion in H9 NSCs.

VEGF165 is the most studied VEGF-A isoform. It was
shown that VEGF165 stimulates proliferation of chicken retinal
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progenitor cells and inhibits their differentiation to retinal
ganglion cells both in vitro and in vivo (Hashimoto et al., 2006),
suppresses apoptosis and induces proliferation of rat NSCs in
both the presence or absence of EGF/FGF2 in vitro (Schinzer
et al., 2004), and supports survival of rat neurons in vitre (Hao
and Rockwell, 2013), Moreover, supplementation with exogenous
VEGFI165 or transplantation of genetically engineered cells
expressing VEGF165 provides neuroprotection and decreases
histopathological changes in a rat model of brain ischemia
(Manoonkitiwongsa et al., 2004; Yao et al, 2016), alleviates
neuronal death in rat models of Huntington’s (Ellison et al., 2013)
and Parkinson’s (Yasuhara et al., 2005) disease, and prolongs
the lifespan of a mouse model of amyotrophic lateral sclerosis
(Wang Y. et al., 2016). In contrast, we did not observe any effect
of VEGF165 supplementation on proliferation and survival of
NSCs, independently on the presence or absence of EGF/FGF2.
This might be caused by a different regulation or sensitivity of
the VEGF-A pathway in H9 NSCs or possibly by a too high
dose of VEGFL65 in our experiment. Several studies showed
that VEGF165-induced proliferation and apoptosis inhibition are
dose-dependent, i.e., higher concentration of VEGF165 (up to
100 ng/mL) has higher impact (Schanzer et al., 2004; Hashimoto
el al., 2006), while other studies provided evidence that higher
doses of VEGF165 (100 ng/mL and more) have lower or even
opposite effects and may be neurotoxic (Manoconkitiwongsa et al.,
2004; Yasuhara et al., 2005; Ellison et al., 2013).

We found that VEGFI21 supplementation induced
proliferation and enhanced the survival of H9 NSCs in the
absence of other growth factors but had no additional effect in
the presence of EGF/FGF2. Herrera et al. showed that VEGF-A
expression is decreased in the spinal cord injury region for up
to 1 month, but VEGF165 supplementation has no effect on
neuronal survival. However, antibody inhibition of all VEGF-A
isoforms led to an even lower number of surviving neurons,
suggesling that other VEGF-A isoform(s) than VEGF165 may
play a neuroprotective role (Herrera et al, 2009). Indeed,
rat NSCs transfected with VEGF121 gene survived, migrated
after transplantation to ischemic brain, and improved the
Neurological Severity Scale score earlier when compared to
control NSCs (Zhu et al., 2005). Furthermore, secreted VEGF121
is highly diffusible as it lacks the heparin-binding domain,
VEGF165 contains one heparin-binding domain and thus is
partially diffusible and partially bound to extracellular matrix,
and VEGF189 with its two heparin-binding domains is tightly
bound to the extracellular matrix (Park et al,, 1993). Thus,
VEGFI121 secreted by transplanted cells or infused during
medical treatment could possibly affect a larger region of
tissue than the other two isoforms, which could be beneficial
for therapy.

Based on the results of VEGFI121 supplementation and
increased abundance of VEGF121 during both differentiations, it
is possible that VEGF121 is secreted during NSC differentiations
to support survival of neuronal cells. In fact, we observed
increased activation of caspase-3 (apoptotic marker) at the
early stage of NSC differentiation, which can be assigned to a
change of the microenvironment, but activation of Caspase-3
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was decreased at a later stage of both differentiations, which may
correlate with increased secretion of VEGE-A.

CONCLUDING REMARKS

Previous studies showed that cell lines of the same cell type
may differ in their gene expression and differentiation potential,
thus making generalization of results complicated [reviewed in
Melo-Braga et al. (2015)]. Although our results in global are
supported by previously published data, we observed preferential
differentiation of H9 NSCs into neurons, which is net typical
for NSCs in general. This represents a limitation of the H9
NSC line as a model of true multipotent NSCs. However, NSCs
derived from H9 ESCs are broadly used for both in vitro and in
vivo (cell transplantations to animal models) studies related to
CNS pathologies, including autism spectrum disorders (Nguyen
et al, 2018), brain ischemia (Green et al,, 2018), glioblastoma
(Balbous et al., 2014), neuroblastoma (Carr-Wilkinson et al.,
2018), or Parkinson’s disease (lacovitti et al., 2007). Moreover,
protocol for isolation of the clinical grade NSCs from H9 ESCs
was recently established (Bohaciakova et al,, 2019). Thus, we
believe that our comprehensive proteome and secretome analyses
provide additional information applicable in future H9 NSC
studies. In potential clinical settings, commitment into NPCs and
neural lineage could be beneficial. In a pro-inflammatory, pro-
glial microenvironment in spinal cord injury, leading to glial scar
formation (Bradbury and Burnside, 2019), neurally committed
cells might be a better option for supporting restoration
of neuronal connections, A case study of tumorigenesis via
glioneuronal tumor formation after NSC transplantation in
human (Amariglio et al., 2009) shows yet another risk of
multipotent stem cell transplantation, which could be potentially
diminished by use of only neurally committed cells.

Overall, our results show large-scale proteome changes in
human H9 NSCs differentiating in vifro, consistent with the
program of committed neural differentiation. Key pathways
identified as regulated during this process were VEGE, Wnt, and
HIF-1 signaling pathways. We proved that VEGF121 induces
proliferation and support survival of differentiating cells, which
is accompanied by the increased expression of the VEGF-A
receptor neuropilin-1, by the increased expression of regulators
of VEGF expression IL-6 and catenin $-1 (and also HIF1-u in
the early stages of NSC differentiation), and by the fluctuating
levels of the apoptotic marker caspase-3. H9 NSCs on their
own secreled increasing levels of IL-6 and VEGF-A over the
differentiation time course. This secretory phenotype could be
potentially beneficial as part of neuroprotective and modulatory
effect of transplanted cells in cell-based therapies.
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ABSTRACT

Human multipotent neural stem cells could effectively be used for the
treatment of a variety of neurological disorders. However, a defining
signature of neural stem cell lines that would be expandable, non-
tumorigenic, and differentiate into desirable neuronal/glial phenotype
after in wvivo grafting is not yet defined. Employing a mass
specirometry approach, based on selected reaction monitoring, we
tested a panel of well-described culture conditions, and measured
levels of protein markers routinely used to probe neural differentiation,
i.e. POU5F1 (OCT4), SOX2, NES, DCX, TUBB3, MAP2, S100B,
GFAP, GALC, and OLIG1. Our multiplexed assay enabled us to
simultaneously identify the presence of pluripotent, multipotent, and
lineage-committed neural cells, thus representing a powerful tool to
optimize novel and highly specific propagation and differentiation
protocols. The multiplexing capacity of this method permits the
addition of other newly identified cell type-specific markers to further
increase the specificity and quantitative accuracy in detecting
targeted cell populations. Such an expandable assay may gain the
advantage over traditional antibody-based assays, and represents a
method of choice for quality control of neural stem cell lines intended
for clinical use.

KEY WORDS: Neural stem cell, Neural differentiation, Selected
reaction monitoring, Mass spectrometry, Cell line characterization,
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INTRODUCTION

Neurological disorders affect approximately one-sixth of the human
population (United Nations, Nearly 1 in 6 of world’s population
suffer from neurological disorders — UN report, 2007), and represent
a major economic burden for society (United Nations. Nearly [ in 6
of world’s population suffer from neurological disorders — UN
report, 2007; Wittchen et al., 2011; World Health Organization.
Neurological disorders: public health challenges, 2006). Since the
figures are expected to grow (World Health Organization.
Neurological disorders: public health challenges, 2006), it is of
utmost importance to develop an effective therapy, as currently
this is mostly limited to symptomatic treatment, physiotherapy,
and occasional surgical interventions. The adult central nervous
system (CNS) was long considered a relatively static tissue with
very limited regenerative capacity. Nevertheless, ground-breaking
discoveries throughout the past two decades demonstrated that in
humans, new neurons were produced continuously from neural stem
cells (NSCs) residing mainly in the subventricular zone, in the
dentate gyrus of the hippocampus (Doetsch et al., 1999; Eriksson
et al., 1998; Johansson et al., 1999), and possibly in the striatum
(Ernst et al.,, 2014). Human NSCs can be derived from the fetal
CNS, embryonic stem cells (ESCs), or induced pluripotent stem
cells (iPSCs), and such in vitro-propagated cells survive, divide,
migrate, and differentiate into neurons and glial cells in host CNS
tissues upon transplantation (Carpenter et al., 1999; Flax et al.,
1998; Kobayashi et al., 2012; Svendsen et al., 1997; Vescovi et al.,
1999; Yuan et al., 2013; Zhang et al., 2001).

In vitro-propagated NSCs cultured in monolayer require fibroblast
growth factor-2 (FGF-2) and/or epidermal growth factor (EGF)
to survive, retain multipotentiality, and neurogenic efficiency
(Carpenter et al., 1999; Conti and Cattanco, 2010; Flax et al.,
1998; Vescovi etal., 1999). Simple withdrawal of the mitogens leads
to a spontaneous differentiation mainly into neurons, then astrocytes,
and oligodendrocytes (Cattaneo and McKay, 1991; Vescovi et al.,
1999; Zhang et al., 2001). Differentiated cells die in the absence of
FGF-2 (Vescovi et al., 1999), which can be prevented by using either
low levels of FGF-2 (Vescovi et al., 1999) or supplements such as N-
2 or serum (Carpenter et al., 1999; Flax et al., 1998), trophic factors
such as brain-derived neurotrophic factor (BDNF), glial cell-derived
neurotrophic factor (GDNF), nerve growth factor or signalling
molecules such as dibutyryl cyclic AMP (Lee et al., 2007; Yuan
et al., 2011). Other protocols were developed to direct the NSC
differentiation towards particular neural cell types, such as using
fetal bovine serum (FBS) together with the N-2 supplement for
astrocytes (Meyer et al., 2014). NSCs can also be ‘primed’ or ‘pre-
differentiated” to enrich for cells of particular interest (Yuan et al.,
2011), or genetically modified to overexpress relevant proteins
(Klein et al., 2005), and this self-production and/or secretion of
protein(s) may significantly affect the uniformity of such cell lines.
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NSCs can be derived from multiple sources, and properties of
such NSC lines differ (Conti and Cattanco, 2010). Many protocols
generate a rather heterogeneous population containing NSCs,
committed neuronal and glal cells, or neural crest cells. In the
case of ESC- or iPSC-derived NSCs, residual undifferentiated
pluripotent stem cells can also be present in cultures, which may
cause tumour formation after in vive transplantation (Yabut and
Pleasure, 2016). Thus, both differentiation potential and purity of
human NSC lines should be periodically screened during the
production period, and only a population of NSCs that fulfils the
release criteria used for in vive grafting assays.

To develop a potent, specific, and predictable screening assay that
defines the NSCs clones of high purity, several criteria need to be
met, including the ability to (i) define the NSCs population by the
presence of specific markers, (ii) identity the presence of pluripotent
stem cells or other cell type contaminants, including the mesoderm
and endoderm derivatives, and (iii) offer a quick turnaround from
data analysis to interpretation.

Morphology of live cells in culture is regularly checked as a part of
good laboratory practice. Next-generation (deep) RNA sequencing
offers the potential for a detailed characterization of human NSC
lines and for the discovery of novel NSC markers (Bohaciakova et al.,
2019). Deep RNA sequencing, however, is currently not fast enough
to serve as a screening method, and protein effector levels can be
predicted from the RNA levels only with limited accuracy. Although
traditional antibody-based screenings such as immunofluorescence
(IF) imaging, western blotting, or microarrays are well established for
the detection of proteins, their throughput potential is relatively low.
Immunoassays such as ELISA or flow cytometry may increase the
throughput, but their multiplexing capacity is limited (Kupcova
Skalnikova et al., 2017). Mass cytometry, flow cytometry augmented
by mass spectrometry (MS)-based detection improves multiplexing
potential. Imaging mass cytometry, a technique combining IF and
mass cytometry (Bodenmiller, 2016), allows for simultaneous and
spatially-resolved quantification, but cannot ensure rapid read-out
and analysis.

The application of quantitative proteomics provided essential
insights into NSC biology, generating a number of differential protein
maps and partial functional networks (Shoemaker and Kornblum,
2016; Zizkova et al., 2015). MS-based quantifications following
enrichment strategies for capturing candidate markers of NSCs were
performed (Melo-Braga et al., 2014; Song et al., 2019; Tyleckova
etal., 2016) using a conventional shotgun approach, where a subset of’
peptides was automatically and in part stochastically measured in the
process of data-dependent precursor selection (Acbersold and Mann,
2003). Recently, we applied the data-independent acquisition MS
method that combined global feature detection with targeted data
extraction to simultancously quantify thousands of proteins in the
course of NSC differentiation (Cervenka et al,, 2021). This altogether
helped to improve our understanding of the NSC differentiation and
to identify potential protein markers of distinct steps in this process.
However, such studies are not suitable for routine cell line
characterization due to time requirements for data processing.

‘We aimed to develop an assay that would allow fast, efficient, and
accurate monitoring of human NSC cultures using a targeted MS
approach based on selected reaction monitoring (SRM). The
essence of the SRM is the generation of specific, quantitative MS
assays for each protein of interest and their subsequent application to
multiple samples (Lange et al., 2008). To achieve this, several
independent proteotypic (detectable and unique) peptides of the
same protein are targeted, substantially increasing the confidence in
the specific detection. The endogenous peptides are measured

together with isotopically labelled reference peptides, and their
quality can be verified by a fragment ion spectrum. Multiple data
points are integrated to quantify proteins of interest, increasing the
method statistical power and the precision of determined abundance
changes. All this offers higher data reliability compared to the
antibody-based methods routinely used for protein quantification.
Samples can be processed mn a single 30-min multiplexed MS
method which makes it possible to collect and analyse the data
about a cellular state in a matter of hours without the computational
overhead (Soste et al., 2014).

Here we present a novel SRM assay to measure qualitatively and
quantitatively the levels of protein markers broadly used to probe
neural differentiation, 1.e. POU domain, class 5, transcription factor 1
(POUSFI; also known as octamer-binding transcription factor 4,
OCT4), transcription factor SOX-2 (SOX2), nestin (NES),
doublecortin (DCX), tubulin beta-3 chain (TUBB3), microtubule-
associated protein 2 (MAP2), protein S100-B (S100B), glial
fibrillary acidic protein (GFAP), galactocerebrosidase (GALC), and
oligodendrocyte transcription factor 1 (OLIGI). Such assay can be
used to monitor the purity and the differentiation potential of human
NSCs, and to identify their optimal culture conditions.

RESULTS

Markers selection and SRM method development

We aimed to target a set of protein markers routinely used in
NSC differentiation studies (Table S1), including ESC markers
(homeobox protein NANOG, NANOG; OCT4), NSC markers
(SOX2: NES; paired box protein Pax-6, PAX6; proliferation marker
protein Ki-67, MKI67), neuronal markers (DCX, TUBB3, MAP2),
astrocyte markers (GFAP, S100B), and oligodendrocyte markers
(GALC, OLIG1). We also intended to test the ability to detect
low-abundant proteins previously found in our differentiation
experiments, namely vascular endothelial growth factor A (VEGEF-
A) (Cervenka et al,, 2021) and growth-regulated alpha protein
(CXCLI) (unpublished work, Institute of Animal Physiology and
Genetics of The Czech Academy of Sciences).

The level of endogenous peptides is typically stoichiometric to
the level of proteins (quantotypic). We developed SRM assays using
heavy-labelled synthetic reference peptides (Table S2) that do
not recapitulate the complexity of post-translational or translational
modifications. Incomplete digestion during sample processing may
also impact the quantotypic properties, so we performed preliminary
measurements of NSCs differentiated with BDNF and GDNF
for 21 days. This allowed us to spot discrepancies, exclude outlier
peptides (if present), and ensure accurate quantification of protein
levels.

For quantitative measurements, we had selected proteins
successfully detected by SRM in our conditions (Fig. 1), and
evaluated their capability to provide a read-out for NSCs and
their differentiated counterparts by immunocytochemistry (Fig. 2;
Table $3), and by gene expression analysis (Fig. 3; Table S4). Then,
we assembled optimal coordinates of specific assays for ten markers
(OCT4, SOX2, NES, DCX, TUBB3, MAP2, GFAP, S100B,
GALC, OLIG1) into a multiplexed SRM method (Table S5).
Proteins were represented by two to eight proteotypic peptides with
good quantotypic properties, accurately representing the abundance
level, and their four to ten most suitable transitions.

BDNF and GDNF differentiation defined by
immunocytochemistry and gene exp ion lysi

NSCs generated from the NIH approved human ESCs line H9 were
cultured in the NSC proliferation medium with EGF and FGF-2.
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Fig. 1. Design of multiplexed SRM method. (A} Synthesized peptides (orange string in the vial) containing a heavy-isotope label were spiked into peptide
mixtures extracted from differentiating NSCs after trypsin cleavage (purple strings). These samples were measured by SRM on a triple quadrupole to monitor
the chromatographic co-elution of endogenous peptides (purple peak} and spiked-in heavy surrogates (orange peak}, and a match in relative intensities of
fragment ions. Multiple coloured traces in the method optimization graph represent the detection of different fragment ions from common peptide precursor
(SRM transitions). (B) Optimal coordinates were assembled info a multiplexed method, and representative heavy peptides of protein markers are displayed.

The cells were directed into neurons using the differentiation
medium without EGF and FGF-2, and supplemented by BDNF and
GDNF (BG) to support cell survival for 7, 14, 21, and 28 days
(Fig. 2A). To evaluate the cellular identity of proliferating NSCs and
differentiating cells at protein and transcript levels, we applied
antibody-based IF imaging and quantitative reverse transcription
polymerase chain reaction (RT-qPCR).

All protein markers analysed, excluding OCT4 and GFAP, were
detected in NSCs by IF imaging, fibrillar localization of NES, DCX,|
TUBB3, MAP2, and S100B was mainly apparent in differentiating
cells, and only sporadic positivity for GALC and OLIG1 was
detected in the later stages (Fig. 2B). Once the BG differentiation
had been triggered, the mRNA level of neuronal (DCX, TUBB3,
and MAP2) and NSC (NES, SOX2) markers was strongly induced
(Fig. 3A). In the second week, the expression of neuronal markers
had further increased, and remained stably high, while the
expression of NSC markers had gradually decreased (Fig. 3A).
Glial markers had dropped in the first week which was followed by
steeply rising levels of the astrocyte marker S100B but steady levels
of oligodendrocyte markers (GALC, OLIG1) (Fig. 3A).

The clustering of expression profiles (Fig. 3B) showed a separation
of NSC (NES, SOX2) and neuronal (DCX, TUBB3, MAP2) markers
from glial lineage markers (S100B, OLIGI, GALC). As we
expected, our [F and RT-qPCR data showed an induced expression
of neuronal markers and a reduced expression of glial markers at the
early stages of neuronal differentiation, which was followed by a
reduced expression of NSC markers in the later stages.

BDNF and GDNF differentiation defined by SRM

The BG differentiation peptide samples were subjected to
simultaneous quantitative measurement by SRM (Table S6). Only
proteins detected with >2 peptides in either BG differentiated
cells or control cells (NSCs) were assigned as quantifiable.
This included neuronal and NSC markers (DCX, TUBB3, MAP2,
NES, S0X2), and the astrocyte marker S100B (Fig. 4A). If only
one peptide of a protein had been detected, this marker was
assigned as detectable in a particular condition (GFAP, GALC,
OLIGI) (Table S6). In agreement with IF imaging results,
OCT4 was not detected by SRM in BG differentiating NSCs
(Table S6).

DCX was quantifiable only in differentiating BG cells and not in
proliferating NSCs, reaching its maximum level after 3 weeks of
differentiation with the highest abundance change recorded in our
study. MAP2 and TUBB3 were gradually rising from day 7 and 14,
respectively. NES and SOX2 were decreasing from day 7 and 14,
respectively. Only one of two analysed SOX2 peptides remained
detectable after 4 weeks of differentiation, SRM quantification
results show that the method ecnables monitoring of NSC
differentiation (Fig. 4A). All neuronal markers are increased in
differentiating BG cells, and all NSC markers are decreased in these
cells.

A significant positive correlation over the differentiation time-
course was observed for the neuronal markers TUBB3 and MAP2,
DCX and MAP2, but also for the glial marker S100B with
TUBB3 (Fig. 4B). Despite differences in the S100B peptides
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A EGF, FGF-2 BDNF, GDNF BDNF, GDNF BDNF, GDNF BDNF, GDNF BDNF, GDNF
proliferation differentiation
— == 7 days = Tdays 7day57days ==
NSC NSC BG7 BG14 BG21 BG28

B BG21

NES

SOX2

DCX

TUBB3

MAP2

S100B

GALC

OLIG1

Fig. 2. NSC differentiation analysed by immunocytochemistry. (A} Scheme of NSC differentiation into neurons by the exchange of EGF and FGF-2 for
BDNF and GDNF (BG) for 7, 14, 21, and 28 days. (B) Representative IF images of BG differentiation show protein markers in green; cell nuclsi
counterstained by DAPI in blue. Scale bar: 50 pm. Images of negative controls (no primary antibody) are shown in Table S3 with the table of used antibodies.

performance (Fig. 4A), the changes at the protein level reliably original level in the later stages of BG differentiation (Fig. 4A). The
reflected the changes at the mRNA level (Fig. 4C). The S100B  levels of DCX and MAP2 measured by SRM also positively
protein level decreased in the first week, and returned to its  correlated with mRNA levels measured by RT-qPCR (Fig. 4C;
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Fig. 3. Analysis of gene expression during NSC differentiation. (A) mRNA levels analysed by RT-qPCR. Individual transcripts were normalized to two
housekeeping mRNA controls (GAPDH and ATP5F1B). Data from three independent experiments are displayed as mean (point) dCt values +95%
confidence intervals (vertical lines). (B) A heatmap of normalized dCt values from A shows similar co-expression profiles of neural and glial markers over the

course of in vitro differentiation. Primers are listed in Table S4.

Table S7). The significant negative correlation of SOX2 versus
DCX (Fig. 4B) confirms the switch from NSCs to differentiating
neuronal states.

Our data indicate that major changes occur in the first week of the
BG differentiation (Figs 3 and 4), so we zoomed in, and analysed
differentiating NSCs daily for the first § days. We found that DCX
and TUBB3/MAP2 increased from day 2 and 3, respectively, NES
and SOX2 decreased from day 4, and SI00B decreased until day 8
(Fig. 5). The expression of neuronal and NSC markers, and the
astrocyte marker S100B is regulated at the very early stages of
in vitro differentiation.

SRM n
astrocytes

Next, we tested a panel of additional culture conditions. NSCs were
directed into neurons using the differentiation medium without EGF
and FGF-2 supplemented with different combinations of BDNF and
GDNF, and into astrocytes using FBS (Fig. 6A). Our recent data
revealed that these neurotrophic factors affected the later stages of
differentiation ((v”..ervenka et al., 2021), so we employed our SRM
assay to depict this effect after 4 weeks of differentiation. As a
reference, pluripotent ESCs and mature astrocytes were processed
for MS analysis (Fig. 6A).

ing of differ ing NSCs, ESCs, and
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Fig. 5. SRM quantification of 8-day BG differentiation. Median abundances (black lines) of each pratein marker in a given time interval of BG
differentiation (1-8 days). Dots of the same colour represent peptide abundances in four biological replicates. This is defined as the median of log2-

transformed peak area of all transitions of the same peptide.

S0X2, DCX, and MAP2 were quantifiable in the course of
neuronal differentiation induced with BDNF and/or GDNF (BG28,
B28, (G28), in the spontaneously differentiated NSCs (S28), and
in the astroglial differentiation induced by FBS (Astrol) (Fig. 6B:
Table $6). NES and TUBB3 were detected by SRM at a quantifiable
level in all conditions (Fig. 6B), regardless of their expected
specificity. OCT4 was quantifiable in the reference ESCs (ESCI,
ESC2) and GFAP in the reference astrocytes (Astro2), exclusively
(Fig. 6A; Table $6). In agreement with our SRM data (Fig. 6B),
the expression of OCT4 pluripotent ESC marker was previously
confirmed in the ESCI and ESC2 cell lines (The International Stem
Cell Initiative*, 2007). S100B astrocyte marker was recognized as a
suitable protein for quantification in both astrocyte conditions, and
in NSCs induced to neuronal differentiation (Fig. 6B).

Our neural cell cultures do not contain detectable amounts of
terminally differentiated oligodendrocytes, GALC levels could be
quantified by SRM in the pluripotent ESCs and in the astrocyte
differentiating NSCs (Table S6), highlighting the validity of
this protein as a target for stem cell studies. OLIG1 was identified
in differentiating NSCs only as detectable, without possible
quantification. This marker was retained in the assay for its
prospective use in oligodendrocyte differentiation studies where
QOLIGI levels are expected to rise and for its correlation with GALC
levels. Protein abundance changes prove the validity of all protein
markers, except OLIGI, for their simultancous quantification by
SRM (Table S6).

The SRM data showed that neuronal markers, and the astrocyte
marker S100B were strongly induced, while NSC markers were
mostly reduced in all differentiation conditions (Fig. 6B). A weak
signal of the astrocyte marker GFAP was detected only in the
BG-induced NSCs for one of its unique peptides (Table S6).
Different levels of astrocyte markers were identified in the Astrol
cells derived from NSCs and in the Astro2 mature astrocytes

(Fig. 7). S100B increased in abundance in the astrocyte
differentiating NSCs, but not in the mature astrocytes (Fig. 7A,B).
All four peptides of the GFAP marker were detected specifically in
the mature astrocytes, but not in the astrocyte differentiating NSCs
(Fig. TA). In mature astrocytes, antibody-based imaging confirmed
strongly positive cells for GFAP (Fig. 7C), which was negative in all
differentiation conditions of H9-derived NSCs (data not shown),
BG cells were positive for S100B (Fig. 2B) without expected
morphological changes, compared to mature astrocytes (Fig. 7C).
Importantly, proteins marked in our study as quantifiable in the
pluripotent ESC1 and ESC2 cells (OCT4, GALC) were also
observed in the Astrol cells exposed to FBS (less defined culture
conditions) (Table S6). Based on SRM, we demonstrate that all the
differentiation conditions we considered have pleiotropic effects,
and simple removal of EGF and FGF-2 is sufficient for triggering
neuronal phenotype changes. The astrocyte differentiating H9-
derived NSCs manifest rather neuronal than astroglial phenotype.,

DISCUSSION

The animal in vive grafting experiments with human NSCs derived
from fetal tissue, ESCs, or iPSCs have accumulated convincing and
valuable data to support cell-replacement therapies in neurological
disorders and CNS injuries (Cizkova et al., 2007; Hefferan et al.,
2012; Jensen et al., 2013; Kelly et al., 2004; Lu et al., 2012, 2014;
Svendsen et al., 1997; van Gorp et al., 2013; Yuan et al., 2013).
Fetal tissues come with inherent ethical and logistical issues (Barker
and de Beaufort, 2013), and it is evident that the source of such a
tissue is limited. However, fetal cerebral tissue grafting experiments
into human patients with neurodegenerative diseases provided
us with invaluable information about feasibility, safety, and
experimental procedures. It thus paved the way for the use of
proliferating NSC lines generated from a single donor ( fetal tissue,
embryo, or skin biopsy-reprogrammed cells) that may represent the
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>3 biological replicales), grey colour means thai protein abundances were below quantification levels in particular conditions.

cells of choice. While the development of new grafting and
immunosuppression strategies is ongoing (Bjarkam et al., 2010;
Boulis, 2010; Cunningham, 1998; Marsala, 2014; Usvald et al.,
2010), it is essential to establish in parallel a reliable and reasonably
fast screening protocol that would assess the potential of the selected
NSCs as well as their safety.

To address shortcomings of antibody-based screens, targeted
MS analysis by SRM can be used not only to accurately verity
protein abundance changes emerging from global transcriptome
and proteome profiling (Cervenka et al., 2021; Donega et al., 2019;
Tyleckova et al, 2016; Yocum et al., 2008), but rather to
identify markers that would provide a reliable read-out for the
differentiation potential of NSCs, We had developed a quantitative
high-throughput assay for neuroscience studies, and evaluated its
capability to monitor neurogenic potential and maturity of lineage-
directed populations of NSCs. A variety of expected responses were
detected by SRM, including increased neuronal markers from
very early stages of in vitro differentiation and decreased NSC
multipotency markers in later stages. Persisting expression of NES
and SOX2 in differentiated cells might indicate that multipotent
NSCs are still present in this population, providing a

potential source for ongoing proliferation and differentiation upon
transplantation into the host CNS, Alternatively, it may suggest
persistent NES and SOX2 expression in non-neuronal populations,
e.g. differentiating glia. Either way, it would make NES and SOX2
ideal negative selection markers for pure neuronal populations.

Our data show that DCX, TUBB3, and MAP2 represent more
neuro-specific markers compared to NES and SOX2. For this
reason, no single marker should be used as definitive proof of a
particular cell type. Instead, a quantitative evaluation of several
markers in a combinatory assay should be used to identify a protein
profile (cell signature) of a selected cell population. Combinatory
quantitative assays targeting protein markers may indeed represent a
powerful method that would report on the multidifferentiation
potential of NSCs, both i vitro and in vive (Nagato et al., 2005).
Dunkley et al. (2015) introduced a human pluripotent stem cell-
derived cellular model of neuronal development. The SRM-based
protein profiling applied in this study enabled the identification of
time-dependent patterns conserved across multiple cell lines.
However, care should be taken to include only reliable and
independently verified markers, to avoid measuring uninformative
markers.
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of used antibodies.

Tdeally, reference pure cell populations would be used as controls
for individual markers, but the post-mitotic nature of terminally
differentiated ncurons and oligodendrocytes makes this impossible
for human cells. Immortalized or progenitor human cell lines still
depend on in vitre differentiation and/or suffer from biased protein
patterns {Conti and Cattaneo, 2010; Melo-Braga et al., 2015). FBS
had been used in our study to differentiate NSCs into astrocytes, and
the OCT4 marker became detectable, indicating the potential of H9-
derived NSCs to dedifferentiate and manifest pluripotent traits. The
GALC marker did not reach the limit of quantification in the course
of BG differentiation, but appeared at a quantifiable level in
pluripotent ESCs and in the FBS-induced NSCs.

S100B levels varied considerably in H9-derived NSCs exposed
to various stimuli. Although S160B is a broadly accepted marker
of astroglial cells, its dynamic expressicn was reported in NSCs
in developing rat brain (Patro et al., 2015), and in human NSC

lings (Lam ¢t al., 2019), S100B expression in rat neural progenitor
cells correlated with their proliferative potential. When  the
progenitor cells had stopped dividing, S100B was downregulated,
and its expression was restored in mature astrocytes, together
with an astrocyte marker GFAP (Patro et al., 2015). GFAP was
readily detected in our mature astrocytes, and was at detection,
but not quantification limit in BG neuronal differentiation cells,
demonstrating the presence of sporadic astrocytes in this population.
As we reported recently, NSCs derived from human ESCs showed
no detectable GFAP signal during 3- 6 weeks of the FBS-induced in
vitro differentiation. However, 26 months after in vivo grafting into
immunosuppressed rats and minipigs, a high number of GFAP
positive human astrocytes is clearly detectable (Bohaciakova et al.,
2019), These findings resemble in vivo embryonal development of
the human cercbral cortex, where no expression of GFAP was
detectable at week 11, whereas S100B was expressed (Vine et al.,
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2016). Our results suggest that classical protocols are not optimal
for in vifro differentiation of mature astrocytes from the ESC-
derived NSCs.

Here we show that the SRM-based quantification of suitable
proteins/peptides is a powerful tool to report on the presence of
pluripotent, multipotent, and committed neuronal and glial cells.
SRM allows fast and reproducible detection of a predefined set of
proteins, spanning a broad range of abundances (Lange et al., 2008).
Some of the potential specific markers were not accessible by
SRM due to the lack of tryptic peptides specific for a single protein
with respect to the human proteome (NANOG). For other targets,
specific SRM assays could be developed using synthetic heavy-
labelled peptides, but were below the limit of detection in our cultures
(PAX6, MKI67, VEGF-A, and CXCL1). These proteins can be
substituted by other markers, such as minichromosome maintenance
complex components as additional markers of proliferation, or other
relevant proteins expected from the literature to report on neural
(stem) cell populations and their derivatives (Zizkova et al,, 2015).

The quantitative SRM assay presented here can be applied to an
unlimited number of human NSC lines at high throughput and
reproducibility, and using ~300,000 cells to be able to perform this
high-accuracy quantitative measurement repeatedly. Since the in
vitro differentiation takes long periods of time, we suggest running
the assay before commencing large-scale experiments to ensure
high reproducibility. On top of that, relatively low cell numbers
required fora successful SRM measurement brings the possibility of
using identical samples for multiple high-throughput screens,
including bulk or single-cell deep RNA sequencing, thus offering
unique gene/protein expression cross-validation.

We propose the application of the developed neural cell SRM
assay as quality control for optimizing culture conditions during
NSCs propagation and differentiation. The multiplexing capacity
enables to include broad spectra of targets (~150 proteins) that
could be selected from relevant molecular pathways (e.g. cell cycle,
apoptosis, stress response, etc.) and measured together with the
current panel of markers within the 30-min MS method (Soste et al.,
2014). However, novel candidate markers need to be screened for
their biological relevance and MS detectability with respect to the
number of targeted peptides and their suitability for quantification.
Fluorescence activated cell sorting (FACS) analysis of proliferating
NSCs could increase the throughput in the SRM assays validation
step, which could be further combined with a sorting strategy
coupled to SRM. This would make it possible to distinguish
between maturity and purity of neural populations generated from
NSCs, adding another level of information.

Conclusions

In summary, we developed a novel SRM-based assay that could be
easily employed to assess the neurogenic/gliogenic potential of
NSCs during the propagation phase. The assay can be further
exploited in in vifro experiments which could lead to improved
or even novel differentiation protocols. The sensitivity and speed
could eventually allow for testing of banked NSCs to test their
differentiation potential upon long-term storage. Moreover, the
SRM assay can be simply adapted to the analysis of additional cell
types and experimental approaches.

MATERIALS AND METHODS

Neural stem cells differentiation

Unless otherwise stated, cell culture reagents were obtained from Life
Technologies (Thermo Fisher Scientific Inc., Waltham, MA, USA). Cells
were maintained at 37°C in 3% CO, in a humidified atmosphere.

Gibco Human Neural Stem Cells (H9-derived) generated from the NIH
approved human ESCs (WA09; 46, XX) had been obtained from Life
Technologies (catalogue number 510088, lot number 1402001, Thermo
Fisher Scientific Inc.) and cultured as described previously (Cervenka et al.,
2021) with modifications. Briefly, the H9-derived NSCs (condition NSC)
were grown on 20 pg/ml poly-L-ornithine and 5 pg/ml Jaminin-coated
plates (both from Sigma-Aldrich, $t. Louis, MO, USA) in the NSC
proliferation medium containing KnockOut Dulbecco’s modified Eagle's
medium (DMEM)/F-12, 2 mM GlutaMAX, 1% penicillin-streptomycin,
2% StemPro Neural Supplement, 20 ng/m1 human recombinant FGF-2, and
20 ng/ml human recombinant EGF. The NSC proliferation medium was
changed every other day, and cells were passaged every 5-7 days using
0.05% trypsin/ethylenediaminetetraacetic acid (EDTA). Once the NSC
culture had been established, low-passage cells were directed toward a
specific lineage using an appropriate differentiation medium.

For directed differentiation into neurons, the NSC proliferation medium
was switched to neuronal differentiation medium by exchanging FGF-2 and
EGF for human recombinant BDNF and human recombinant GDNF (10 ng/
ml of each; both from PeproTech, Rocky Hill, NJ, USA). Half of the
differentiation medium was changed every other day, directing the NSC
differentiation into neurons upon the treatment with BDNF and GDNF for 7,
14, 21, and 28 days (conditions BG7, BG14, BG21, BG28).

In the zooming experiment, NSCs were supplemented with BDNF and
GDNF for 1-8 days (conditions BG1-8).

To evaluate the effect of BDNF and GDNF, these factors were applied
exclusively for 28 days (conditions B28, (G28). For spontaneous neuronal
differentiation, neither BDNF nor GDNF was used, and NSCs differentiated
by removing FGF-2 and EGF (condition S28).

For differentiation into astrocytes, NSCs were grown on Geltrex-coated
plates, and the NSC proliferation medium was switched to astrocyte
differentiation medium containing KnockOut DMEM/F-12, 1% N-2
Supplement, 2mM GlutaMAX, 1% FBS, 1% penicillin-streptomycin.
The astrocyte differentiation medium was changed every 3-4 days, directing
the NSC differentiation into astrocytes for 28 days (condition Astrol).

Reference cell populations

Gibco Human Astrocytes generaled from brain  progenitor-derived
astrocytes were obtained from Life Technologies (part number K1884, Jot
number 1640797, Thermo Fisher Scientific Inc.). Astrocytes (condition
Astro2) were cultured according to the manufacturer’s instructions on
Gelirex-coated plates in the astrocyte proliferation medium containing
Gibco  Astrocyte  Medium, 1% N-2 Supplement, 1%  penicillin-
streptomycin, and 10% FBS. The astrocyte proliferation medium was
changed every other day, and cells were passaged every 3-4 days using
0.05% trypsin/EDTA.

Human ESC lines CCTL-12 [46, XX, del(18): condition ESC1] and
CCTL-14 (46, XX: condition ESC2) (The International Stem Cell Initiative®,
2007) were grown on gelatin-coated plates in the presence of mitotically
mactivated primary mouse embryonic fibroblasts (derived from 12.5-day-old
maouse embryos, stain CF1; density 24,000 cells/em?®). DMEM/F-12 was
supplemented with 15% knockout serum replacement, 2 mM L-Glutamine,
1% minimum essential medium non-essential amino acids, 0.5% penicillin-
streptomycin, 100 pmol/I-2 mercaptoethanol (Sigma-Aldrich), and 4 ng/ml
FGF-2 (PeproTech). The embryonic culture medium was changed every day,
and cells were manually passaged every 5-7 days. For sample preparation,
ESC colonies were manually detached from the cell culture dish to avoid
contamination with mouse embryonic fibroblasts.

Immunocytochemistry

Selected markers were monitored in BG-differentiating NSCs and in
astrocyte conditions by IF imaging. Cells were seeded on Nunc Lab-Tek
chambered slides. Cells cultured as described above were washed with pre-
heated phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde
in PBS for 15 min, and washed three times with PBS. The cells were then
permeabilized and blocked with 0.1% Triton X-100, 5% goat serum, and 1%
bovine serum albumin in PBS for 45 min. For the cell surface marker
GALC, Triton X-100 was omitted. Antibodies (Table S3) were diluted in
3% goat serum in PBS and incubated with the cells overnight at 4°C. After

10

169

Biology Open



METHODS & TECHNIQUES

Biology Open (2021) 10, bic058727. doi:10.1242/bio.058727

three washing steps with PBS, antibodies were detected using fluorescently-
labelled secondary antibodies (goat anti-mouse or goat anti-rabbit; Alexa
Fluor 488; both from Thermo Fisher Scientific Inc.) diluted to 1:300 in 3%
goat serum in PBS for 60 min in the dark. Afler three washing steps with
PBS, DNA was stained with DAPL In the negative controls, primary
antibodies were omitted (Table 53). Fluorescent images were captured using
an inverted fluorescent microscope in 16-bit depth (DMIG0O0O B: Leica
Microsystems, Wetzlar, Germany) and assembled in Imagel software
(v1.49k, National Institutes of Health, Bethesda, MA, USA) (Schneider
etal, 2012).

Quantitative reverse transcription PCR

Gene expression analyses of selected markers were performed as described
previously (Cervenka et al., 2021). Briefly, total RNA was isolated from
BG-differentiating NSCs and astrocyte conditions by RNeasy Plus Mini Kit
(Qiagen) with QIAshredder (Qiagen), and converted into ¢cDNA with
QuantiTect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s instructions. The reaction mix for one quantitative PCR
contained 5% HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne),
125 nM of each primer (Table S4), 25 ng of ¢cDNA template, and PCR
water. Following settings were used on CFX96 Touch Real-Time detection
system (Bio-Rad): 12 min at 95°C for enzyme activation, then 15 s at 95°C
for denaturation with 40 cycles of 30 s at 57°C for annealing, and 30 s
at 72°C for an extension. Cycle threshold (Ct) values were normalized
to the average of two housekeeping genes Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and ATP synthase subunit beta, mitochondrial
(ATP3FIB).

Sample preparation for MS analysis

Cell samples in four bioreplicates for each condition were washed with PBS
and resuspended in a buffer containing 8 M urea (Sigma-Aldrich), 50 mM
ammonium bicarbonate (NH;HCO,, Sigma-Aldrich), and 5 mM EDTA (Carl
Roth GmbH, Karlsruhe, Germany). The cells were distupted by vortexing (ten
consecutive rounds of 1.2 min) and by sonicating on ice (15 min). The
samples were centrifuged at 20,000 g for 15 min (4°C) to remove any
remaining debris, and protein concentrations were determined (Pierce 660 nm
Protein Assay, Thermo Fisher Scientific Inc.). The protein extracts were then
supplemented with ProteaseMAX Surfactant (Promega, Madison, W1, USA)
to a final concentration of (0.1%. After vortexing and sonicating as described
above, proteins were reduced with 10 mM tris(2-carboxyethyl)phosphine for
30 min at 32°C and alkylated with 40 mM iodoacetamide for 45 min at 25°C,
in the dark. Samples were diluted with freshly prepared 0.1 M NH4HCO; and
0.01% ProteaseMAX to a final concentration of 1 M urea, and incubated at
37°C with sequencing-grade Lysyl Endopeptidase (Wako Chemicals GmbH,
Neuss, Germany) and sequencing-grade porcine trypsin (Promega) proteases
for 4 hand 14 h, respectively, both in an enzyme/substrate ratio of 1/100 (w/
w). The digestion was stopped by acidification with formic acid (FA) to a final
pH <3. The peptide mixtures were loaded onto C18 spin columns (The
Nest Group Inc., Southborough, MA, USA) to desalt according to the
manufacturer’s instructions. Peptides were eluted with 80% acetonitrile.
Peptide samples were desiccated on a vacuum centrifuge and re-solubilized in
0.1% FA for LC-MS analysis. Samples were processed in paralle]l with their
respective controls (NSCs).

SRM assays development

Proteotypic peptides matching 14 frequently used protein markers of the
NSC differentiation (Table S1) were retrieved from publicly available
resources of targeted proteomics assays (SRM Atlas, http:/www.srmatlas.
org/). Development and validation of SRM assays to measure protein
abundances were performed as previously described (Soste et al., 2014)
using heavy-labelled unpurified synthetic peptides (Thermo Scientific
Biopolymers, Thermo Fisher Scientific Inc.). These were mixed and
monitored by LC-SRM using a 5500 QTrap triple-quadrupole/ion-trap mass
spectrometer (Sciex, Framingham, MA, USA) equipped with a nano-
electrospray ion source (Sciex). On-line chromatographic separation of the
peptides was achieved with an Eksigent 425 nanoLC system (Eksigent/
Sciex) equipped with a 20-cm fused-silica column with a 75-um inner

diameter (New Objective, Woburn, MA, USA), packed in-house with
ProntoSIL €18 AQ 3um beads (Bischoff Analysentechnik GmbH,
Leonberg, Germany). The peptide mixtures were loaded and separated
with a linear gradient from 5% to 35% acetonitrile over 30 min at a flow rate
set 1o 350 nl/min. The instrument was operated as described in Soste et al.
(2014). SRM analysis was conducted with Q1 and Q3 operated at unit
resolution (0.7 m/z half-maximum peak width) with a dwell time of 10 ms
and a eycle time ~3.5s. For each peptide, doubly and triply charged
precursar ions, and the 20 maost probable singly or doubly charged fragment
ions from the b- and y-ion series were selected using Skyline (v3.1.1.7490,
release date 20 May 2015, MacCoss Lab Software, University of
Washington, Seattle, WA, USA) (MacLean ct al., 2010) and measured by
SRM. The indexed retention time peptides (Biognosys AG, Ziirich,
Switzerland) were annotated and used to schedule the acquisition of
selected SRM traces within retention-time (RT) windows. Synthesized
peptides containing a heavy-isotope label were then spiked into cell
samples, and corresponding heavy and light transitions were targeted to
monitor the co-elution of endogenous (i.e. light) peptides and the spiked-in
(heavy) surrogates in different conditions. The raw data can be accessed at
http:/www.peptideatlas.org/PASS/PASS00872. Data were analysed with
Skyline, and ten validated markers represented by >2 proteatypic peptides
per protein and the >4 most suitable transitions ( precursor and fragment ion
pairs) per peptide were experimentally selected for quantification
experiments.

Protein quantification

To track the system performance, commercial predigested Beta-
Galactosidase (Sciex) was diluted with indexed retention time peptides
(Biognosys AG) and Glu-1-Fibrinopeptide B (Sciex) to a working solution
of 20 fmol/ul, and monitored prior to analysis. In time-scheduled SRM
experiments, protein markers were targeted in all bioreplicates of each
condition (total 258 transitions, 4-min RT window, 1.7-s cvcle time, 1 ug
peptides, 30-min gradient) (Table S5). Corresponding conditions and
controls (NSCs) were analysed with the same RT window using the
instrument settings described above. The raw data can be accessed at http:/
www peptideatlas org/PASS/PASS00873. SRM  peaks were manually
inspected using Skyline by checking for co-elution, peak shape similarity,
amatch in relative intensities of fragment ions and retention times compared
to the assay development phase. Only SRM peaks detected with a signal-to-
noise ratio of >3 for at least the top transition were considered for
quantification. Raw SRM data ( peak areas) were exported from Skyline and,
for transitions below the transition specific background level, the peak areas
were assigned 1o one-third of the background level. Protein significance
analysis was performed using an open-source statistical environment R (R
Core Team, 2020) (version 4.0.2) with package MSstats (version 3.20.1),
which combines the quantitative measurements for peptides, charge states,
and transitions, and detects proteins that change in abundance between
conditions while controlling the false discovery mte (Chang et al., 2012;
Choietal,, 2014). The peptide and protein abundances were calculated from
log2-transformed peak areas of individual transitions. A linear mixed-
effects model was used for the relative quantification of a given condition
with respect to its control (NSCs). Significant abundance changes were
reported as log? fold-changes with standard error, T value, degrees of
freedom, and P-value adjusted for multiple comparisons (Table S6). A false
discovery rate-adjusted P-value cut-off’ of 0.05 was used. The R
environment (R Core Team, 2020) was used to generate a variety of
different plots.
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Abstract

The unique properties of stem cells to self-renew and differentate hold great promise in disease modelling
and regenerative medicine. However, more information about basic stem cell biology and thorough
characterization of available stem cell lines is needed. This is especially essential to ensure safety before
any possible clinical use of stem cells or partially committed cell lines. As proteins are the key effector
molecules in the cell, the proteomic characterization of cell lines, cell compartments or cell secretome and
microenvironment is highly beneficial to answer above mentioned questions. Nowadays, method of choice
for large-scale discovery-based proteomic analysis is mass spectrometry (MS) with data-independent
acquisition (DIA). DIA is a robust, highly reproducible, high-throughput quantitative MS approach that
enables relative quantification of thousands of proteins in one sample. In the current protocol, we describe a
specific variant of DIA known as SWATH-MS for characterization of neural stem cell differentiation. The
protocol covers the whole process from cell culture, sample preparation for M$ analysis, the SWATH-MS
data acquisition on TTOF 5600, the complete SWATH-MS data processing and quality control using
Skyline software and the basic statistical analysis in R and MSstats package. The protocol for SWATH-MS
data acquisition and analysis can be easily adapted to other samples amenable to MS-based proteomics.

Key words Proteomics, Data independent acquisition, SWATH-MS, Neural stem cell, Neural
differentiation, Spectral library, Skyline, Mass spectrometry

1 Introduction

The unique ability of embryonic stem cells (ESCs) to differentiate
into different cell types of the adult body makes them an attractive
model system for various human diseases. They are useful for
hvpothesis testing, understanding underlining biological processes
and developmental mechanisms of these diseases, testing of new
pharmaceuticals or cell transplantation therapies [1]. However, iso-
lation of ESCs from human embryos is burdened with ethical issues
[2]. These obstacles can be overcome by using induced pluripotent

Supplementary Information The online version contains supplementary material available at [ https: //doi.org,/
10.1007 /7651 2022 462].

3356

173



336

Jirina Tyleckova et al.

stem cells (iPSCs) derived by reprograming ot adult fibroblasts or
other terminally differentiated cells [3]. ESC- /iPSC-derived neural
stem cells (NSCs) that can differentiate into all neural subtypes are
in addition a great hope for treatment of nervous system injuries,
neurodegenerations and autoimmune diseases affecting nervous
system [4, 5]. For example, NSCs could compensate deficits of
cholinergic neurons in the cerebral cortex in Alzheimer discase
[6], medium spiny neurons in striatum in Huntington disease [7]
or dopaminergic neurons in the substantia nigra in Parkinson dis-
case [8]. However, the translation of NSCs into cell-replacement-
based application has been limited so far, with many concerns
regarding ethical and safety issues (e.g., potential for tumorigen-
esis). Moreover, availability of numerous cell lines with unclear
origin and high variability in both ESCs and NSCs differentiation
protocols make proper standardization and characterization
required for clinical use difficult. Presence of mixed cell populations
of various differentiation stages common to many protocols used in
research settings is unacceptable in clinic and reliable method to
test for presence of such undesired populations is needed.

Transcriptomic approaches are often used to identify changes in
gene expression connected to proliferation and differentiation of
NSCs and indirectly gain insight into regulation of these processes.
However, changes in protein abundance and post-translational
modifications are ultimately responsible for changes in cellular
phenotypes and functions. Therefore, proteomic approaches that
enable the detection and quantification of a large number of pro-
teins in multiple conditions without any prior knowledge by large-
scale experiments employing mass spectrometry (MS) represent a
method of choice [9].

Traditional shot-gun MS proteomic data-dependent acquisi-
tion (DDA) strategy is due to the partially stochastic sampling of
MS2 spectra not suitable for fully reliable quantification. Other
approach is targeted analysis using Selected Reaction Monitoring
(SRM) method, which is precise and sensitive, but limited to
approximately one hundred of preselected protein targets in one
analysis. Recently, we developed SRM-based assay for specific and
sensitive monitoring of cell type-specific (human ESCs, NSCs, glial
cells, and neurons) protein markers expression, which allows char-
acterization of cell populations in culture and further optimization
of differentiation protocols [10]. Nowadays, another approach
called data-independent acquisition (DIA) is gaining more popu-
larity, mainly due to the reproducibility and accuracy of label-free
protein quantification. In DIA, MS1 scan is divided into windows
with specific /2 values and all precursor ions in every particular
window are fragmented, which should theoretically lead to identi-
fication and quantification of all detectable spectra. The same pre-
cursor isolation windows are measured in repeated cycles across the
whole chromatographic separation [11]. This process results in
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very complex fragmentation spectra from different precursor ions
within the same isolation window, making classical peptide identifi-
cation by search against protein sequence databases impossible.
This can be resolved by generation of sample specific spectral library
from parallel measurement of DDA, ideally on the same sample and
instrument [12], or computationally by generation of spectral
libraries in silico [13]. Currently, number of different DIA proto-
cols for distinct MS instruments have been developed [14]. One of
specific DIA  implementations represents  Sequential Window
Acquisition of all Theoretical Mass Spectra (SWATH-MS) data
acquisition on TripleTOF 5600 (AB Sciex). SWATH-MS combines
advantages of sensitivity of SRM-like data extraction with in depth
proteome coverage. Thousands of proteins may be measured and
quantified in a single sample.

This chapter presents complete protocol for SWATH-MS char-
acterization of NSC differentiation starting from cell culture, fol-
lowed by sample preparation protocol for MS analysis, the MS
analysis on TTOF 5600+ itself, then SWATH-MS data processing
and quality control in Skyline [15] and finally the basic statistical
analysis using MSstats package in R [16]. The aim of the protocol is
to provide an overview of one of the numerous possibilities of DIA
analyses of human cell lines using procedures that are easily to
repeat in a general wet lab with the main software tools freely
available (Skyline, R). This protocol is focused on the analysis of a
complete cell lysate. We performed a comprehensive characteriza-
tion of cellular proteome during spontaneous differentiation of
human H9 ESC-derived NSCs and quantified changes in expres-
sion of more than 2500 proteins by employing this protocol
[17]. Further modifications of sample preparation allow for analysis
of a specific cell compartment or cell conditioned media/secretome
as well.

2 Materials

2.1 Cell Culture and
Differentiation

All material for cell culture should be prepared in sterile conditions
according to basic laboratory practice (see Note 1).

1. Sterile delonized water.

2. Sterile Phosphate buftered saline 1x (PBS), pH 7.4 at 25 °C.

3. Poly-L-ornithine working solution 20 pg/mL in sterile deio-
nized water.

4. Laminin mouse protein working solution 10 pg/ml. in
sterile PBS.

5. Human Neural Stem Cells (H9 ESC-derived) (Thermo Fisher
Scientific, N7800100) (sec Note 2).
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6.

2.2 Consumables for 1.

Cell Lysis and Sample )
Preparation

Stem Pro™ Neural Stem Cell Serum Free Medium (SFM)
(Thermo Fisher Scientific) containing KnockQut™ DMEM /
F-12 with 2 mM GlutaMAX™, 2% StemPro™ Neural Supple-
ment (v/v) without the growth factors, 20 ng/mL recombi-
nant human EGF, 20 ng/ml. recombinant human FGF basic
and combination of antibiotics 1% penicillin-streptomycin (see
Note 3).

. Stem Pro™ Neural Stem Cell differentiation medium: Knock-

Out™ D-MEM /F-12 including 2 mM GlutaMAX™ with 2%
StemPro™ Neural Supplement without the growth factors and
with combination of antibiotics 1% penicillin—streptomycin.

. Cell culture plastics.

Sterile polypropylene 15 mL and 50 mL tubes.

. Sterile polypropylene 2 mL microtubes that withstand centri-

fugation forces of 20,000 x g.

. Precision pipettes with tips up to 1000 pL.

4. 96-well flat bottom plates or cuvettes for protein concentration

determination assay.

5. Cell scrapers.
6. Hamilton glass syringe.
7. pH indicator strips for pH 1-7.
8. Ready-to-usc spin columns of porous €18 reverse-phasc resin
(see Note 4).
2.3 Chemicais for All the solutions for peprde cleanup, peptide sample dilution and
Cell Lysis and Sample mobile phases for liquid chromatography (LC} have to be in
Preparation LC-MS gradc quality,
1. Ammonium Bicarbonate, 50 mM in LC-MS water.
2. Denaturadon huffer containing 8 M urea, 5 mM EDTA, and
50 mM ammonium bicarbonate.
3. Assay kit for determination of protein concentration (see
Note 5).
4. ProteaseMAX™ Surfactant, Trypsin Enbancer (Promega), pre-

parc 1% solution by adding 100 pL of 50 mM ammoniom
bicarbonate to 1 mg vial of lyophilized Protease MAX™.

. Tris(2-carboxyethyl)phosphine hvdrochloride (TCEP),

100 mM stock solution in LC-MS water (see Note 6}.

. Jodovacetamide (TAA), 400 mM stock soludon in LC-MS

warer.

. Proteases Endoproteinase Lys-C MS grade and Trypsin MS

grade, 1 pg/pL LysC/Trypsin in 50 mM acetic acid.

. Formic acid (FA).
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2.6 Standards for
Nano-LC/MS Analysis
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. Acetonitrile (ACN).
10.

Water.

. Spectrophotometer for determination of protein and peptide

concentration with appropriate software.

2. Ultrasonic water bath.

s

5.
6.

. Vortex.

. Refrigerated centrifuge with fixed angle rotor for microtubes,

up to 20,000 x gat 4 °C.
Thermo Shaker incubator for microtubes.

Acid-Resistant Centrifugal Vacuum Concentrator.

Workflow described in this protocol is designed and optimized on
following hardware and software setup.

1. 5600+ TripleTOF mass spectrometry system (AB Sciex).
2. Eksigent 425 Nano-LC system (AB Sciex).

12.

W

. Trap column Acclaim™ PepMap™ 100 C18 (100 A 5 pm,

0.1 x 20 mm; Thermo Fisher Scientific).

. 25-cm fused-silica analytical column (75-pm inner diameter)

packed in-house with ProntoSIL 120 A 3 pm C18 AQ beads
(Bischott Analysentechnik GmbH).

. Analvst TF software 1.7.1 Components for NanoCell

(AB Sciex).

. Eksigent Control Software 4.2 (AB Sciex).
. PeakView 2.2 (AB Sciex).
. SWATH Acquisition Variable Window Calculator Excel Sheet

(AB Sciex).

. Mascot Distiller 2.7.1 (Matrix Science Ltd.).
10.
11.

Mascot Server 2.6 (Matrix Science Ltd. ).

Skyline-daily (version 20.1 or higher, MacCoss Lab
Software) [15].

R (R Core Team) interactive statistical environment [18] (see

Note 7).

. Mix of indexed retention time (iRT) standard peptides (see

Note 8).

. 25 fmol Beta-galactosidase (Bgal) digest (AB Sciex) with

67 tmol Glu®-Fibrinopeptide B peptide (AB Sciex) in aqueous
solution of 10% acetonitrile and 0.1% formic acid for calibra-
tion mass spectra of precursor and product ions.

. A complex digested lysate as quality control of mass spectrom-

eter performance (see Note 9).
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3 Methods

3.1 Cell Culture and 1.
Differentiation

2,

e ‘ ’\\,1
X2
S

Culture the NSCs under sterile condition according to guide-
lines tor culturing GIBCO human H9 ESC-derived NSCs
(GIBCO H9 Protocol). In summary, culture the NSCs on
poly-L-ornithine /laminin coated tissue-culture dishes in Stemn-
Pro NSCs SFM complete medium at 37 °C in a humidified
atmosphere of 5% COj3 in the air (see Note 10). Replace the cell
culture media with fresh media every other day (se¢ Note 11).

When cells reach approx. 70% confluence, the differentiation
may be started. Perform the spontaneous differentiation by
growth factors withdrawal from the cell culture media (Stem
Pro NSCs differentiation medium). Change half of the media
(see Note 12) every other day for 7 and 21 days after growth
factors withdrawal (Fig. 1). Prepare at least four biological
replicates per condition.

S
AT YA

%

Fig. 1 Morphology and immunocytochemistry characterization of spontaneously differentiated NSCs. Human
H9 ESC-derived NSCs were spontaneously differentiated by withdrawal of growth factors for 21 days. Cellular
morphology is significantly changed from still NSC-like at day 7 (a) to neuronal at day 21 (b). Sporadic signals
of neuronal marker Tubulin beta-3 chain (green color) and astrocyte marker protein S100-B (red color) were
detectable at day 7 (c), but expression of both markers was highly increased at day 21 (d). Nuclei were stained

by DAPI (blue color)
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3.2 Cell Harvesting
and Cell Lysate
Preparation

3.3 In-Solution Cell
Lysate Digestion and
Peptide Desalting

l6.

17.

18.

19.

20.

21.

Proteomic SWATH-MS Analysis of NSC Differentiation 341

. Remove medium from the plate with differentiated cells.

. Caretully wash the plate with prewarmed PBS solution (37 °C).
. Add cold (4 °C) PBS to the plate.

. Place the plate on box with ice.

. Using a cell scraper, scrape cells from the bottom and collect

them in the corner of the dish (sez Notes 13 and 14).

. Transfer the cells in PBS solution from plate to polypropylene

tube with polypropylene pipette (see Note 15).

. Add more PBS (4 °C) to the plate to wash it and transfer PBS

with remaining cells to the same tube from step 6.

. Pellet cells by centritugation at 4 °C, 300 x g for 5 min.
. Remove PBS with fluid aspirator.

10.
11.
12.
13.
14.

Resuspend cells in PBS (4 °C).

Repeat steps 8-10 two more times.
Centrifuge at 4 °C, 700 x g for 5 min.
Remove supernatant (see Note 16).

Add denaturation buffer to the pellet (minimally 50 pL of
denaturation buffer/1 x 10° of cells).

. Disrupt the cell pellet by vortexing for 10 s and centrifuge at

room temperature, 1000 x g for 2 min. Transfer the cell
samples to 2 mL microtubes.

Add ProteaseMAX™ to the protein lysate to final concentra-
tion of 0.1% (v/v) (see Note 17 ).

Incubate on ice for approx. 12 min with occasional vortexing
and spinning (see Note 18).

Sonicate lysate on ice in an ultrasonic water bath with fre-
quency approximately 40 kHz for 15 min (see Note 19).
Repeatedly pipette the sample through a thin pipet tip (see
Note 20).

Centrifuge samples at 4 °C, 20,000 x g for 15 min, keep the
supernatant (se¢ Note 21).

Determine protein concentration to ensure that initial amount
of proteins is the same in all samples (optimal is approx.
50-100 pg of proteins per sample) (see Note 22).

There are numerous methods for sample preparation for MS
proteomic analysis. Here we describe a universal technique for
peptide isolation, which is in-solution protein digestion. It is one
of the most common, reproducible and error-proof protocol. Alter-
natively, Filter Aided Sample Preparation (FASP) [19] protocol is
often used for removing detergents from lysis buffer, which inter-
fere with digestion and MS measurement. For deeper proteome
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3.4 LC-MS/MS
Methods and
Measurements

coverage abundant protein depletion, enrichment and fractionation
methods are highly recommended.

1.

Add reducing agent TCEP to the protein lysate to a final
concentration ot 10 mM.

2. Incubate for 30 min at 32 °C under agitation.

3. Add alkylating agent IAA to the protein lysate to a final con-

14.

15.

17.

centration of 40 mM.

. Incubate for 45 min at room temperature in the dark under

agitation.

. Dilute the sample with freshly prepared 50 mM Ammoniom

Bicarbonate and 1% Protease MAX™ to final concentration of
1 M urea and about 0.02% Protease MAX™,

. Add LysC in 1:100 enzyme—substrate ratio.

. Incubate for 2-4 h at 37 °C on a shaker under agitation.

. Add Trypsin in 1:100 enzyme-substrate ratio.

. Incubate for 14-16 h (overnight} at 37 °C in the dark under

agitation.

. Stop the digestion by adding FA to a final concentration of 2%

(see Notes 23 and 24).

. Centrituge at 20,000 x g tor 15 min (4 "C) and keep the

Rupcrnamnt.

. Usc pH indicator strip to check that the pH is lower than 3 for

the peptide cleanup.

. Desalt samples, for example, on C18 spin columns according

to manufacrurer’s directions. Selectr the C18 spin column size
according te sample load (see Note 25}.

Vacuum centrifuge the eluted peptides after desalting step to
dryness at 45 “C.

Resuspend dry peptides in aqueous solution with 2% ACN and
0.5% FA and sonicate in water with ice bath for 5 min.

. Centrifuge at 20,000 x g for 15 min (4 *C) and collect pure

supcrnatants.

Determine the peptide concentration by measuring absorbance
at 280 nm with Nanodrop or equivalent spectrophotometer
with low sample volume requirement.

Prepare peptide samples of defined concentration (e.s.,
1 pg/ply with 1:30 of spike-in iRT peptides in aqueous solu-
tion with 2% ACN and 0.5% FA into MS vials (sec Note 26).

Separate the peptide mixture by reversed phase C18 in a trap-clute
mode using the nano-LC system coupled online to MS.
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2 LC Method Settings A
Selected Method
Name TE_120mn_5_35_1u 200

Summary | fun Condiions  Gradient Profile | Gradiert Tabls |

13 ||[ 2 LC Method Settings B
Selected Method

Name TE_120mn_5_35_1u_200 4 Save Pt
Summary Fun Condtions. | Gradient Protie | Gradiert Tatie

Pre-Run

D 168 36 504 6712 8

teme (man)

1008 1176 144 1512 169

7| Fhush cobamn for
Firss, estadlish & okt pressure of 3000 psi

! miadesusing 100 % inbial fiowrate condtions

Sample injection
None
[ © Standerd Sample vaive opens peior 10 beginrnyg Flow: Protie and remens open I
Meteredt Inject niofsample ® 100 % riis flowrale condtions.

3500
Ropid  Inject 1L of sample ol masmun fowrste, manbaning indisl nidure ConRoNS

Post.Run

Fush cohamnfor 1 mirades using 100 % ending fvwrabe condtions

Delete] | view Ak Tral

Delete] | oo it Tiad oK Cancel

Fig. 2 Example of LC method settings. (a) Graphical summary of LC method of 120-min linear gradient of
5-35% ACN followed by column wash with 95% ACN and column equilibration with 5% ACN with flowrate
200 nl/min and total run time 168 min. (b) Settings of LC method. For frap-and-elute configuration choose
standard type for sample injection

1. Set the autosampler method injecting 1 pL of sample.

2. Set the LC loading method using a loading pump flow rate

2 pL/min of 2% ACN and 0.5% FA for 10 min and the analyti-
cal gradient method using a flow rate 200 nl./min on a linear
gradient of 5-35% (v/v) ACN with 0.1% FA (from 0 to
120 min), 35-95% ACN with 0.1% FA (from 125 to
130 min), 95% ACN with 0.1% FA (from 130 to 135 min),
95-5% ACN with 0.1% FA (from 135 to 140 min) and column
equilibration in 5% ACN with 0.1% FA (from 140 to 168 min)
(Fig. 2).

. In Analyst 1.7.1 create a new IDA acquisition method (sze

Note 27). Sect Experiment 1 to TOF MS with m/z
400-1250 (see Note 28), the accumulation time 300 ms and
positive polarity (Fig. 3a}). Click on Edit parameters button and
fill the Source/Gas and Compound Parameters settings
according to Table 1, and Fig. 3a (see Note 29). Set Experi-
ment 2 to Product Ion, select IDA experiment. Set accumula-
ton time to 150 ms and m/z to 170-2000. Monitor
20 candidate ions (se¢e Note 30) per one survey scan with
charge state 2-5, which exceeds 150 cps with mass tolerance
50 mDa and exclude former target ions for 13 s after one
MS/MS spectra is collected (Fig. 3b) (see Note 31). Check
Rolling collision energy (RCE) (see Note 32) box in IDA
advanced settings. Set the duration of MS method to
140 min. Save the LC-MS acquisition method with LC sync.

4. Ahead of creating SWATH-MS method prepare the Variable

Window text file by computing from previously acquired IDA
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MS | Advanced MS | Switch Crtena | Include/Exciude | DA Advanced| A
Exparment [ v 7/ IDA Experiment | Cieate IDAExp | [Create SWATH™ Exp)
s ] TOF Masses [Da) ;
N P (10F Ms ) Parameter Settings =
0300065 Min 400 Max 1250 r
Aceumbstion time (secs) SourceiGes | Compound
Polaty len Soumce:  DunSpiay lon Souce
@ Postive
HNegative
fon Source Gas 1 (0S1) [ 14
[ Ede Pasametess | fon Source Gas 2 (GS2) [ 0=
Pesiod Curtain Gas (CUR) | 3
Durationc  137.979 [mns)  Cycles: 2471 = Delay Tire O (sect) Tempersture (ITH) ‘ 100 =
Cycle me 33504 (socs)  Perod |1 | lonSgray Votage Floaing 0SVF) [ 24000
DMS Oif
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Sowce/Gas Compound
oK. ] [ cancel |
[MS_ | AdvancedMs | Switch Citeria [Inchude/Exchs | M5. | Advanceds | seach s | ke Erc| A Abvrces | B
Survey <> I1DA Experiment
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—— =
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Exclude izotopes within 4 Da T
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005 2
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Fig. 3 (a) Example of typical IDA acquisition method settings for TOF MS. Typical Source/Gas Parameter
Settings are 2300-2500 V for ISVF; 1015 for GS1; 0 for GS2; 25-35 for the Curtain Gas and 100-150 for IHT.
(b) Example of Switch Criteria settings and the IDA Collision Energy Parameters that need to be actualized

time-to-time

data of your specific sample. Use the Variable windows calcula-
tor that can be downloaded from AB Sciex webpage after
registration (SWATH Variable Window Calculator). Follow
the steps in the Instructions. Select the number of variable
windows (sze Note 30), set the mass range (tvpically
400-1250 tor TripleTOF 5600} and the window overlap (usu-
ally 1 Da). Set the CES to 15 and minimum window width
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Typical Source/Gas and Compound settings that must be optimized for each TTOF source

Parameter Typical settings Note

Ion source gas 1 (GS1) 10-15

Ton source gas 2 (GS2) 0

Curtain gas (CUR) 25-35

Interface heater temperature (IHT) 100-150 see Note 29
TonSpray voltage floating (ISVE) 2300-2500 V

Declustering potential (DP) 80-100 V

Collision energy spread (CES) 10-15 V

3.5 Data Analysis

(no lower than 4). After calculating the windows, copy the Q1
start, Q1 stop and CES columns in the OUTPUT for Analyst
tab and save it as text file (Fig. 4a, b).

5. Create a new SWATH-MS method. Open the IDA method and
in the acquisition method tab click on Create SWATH Exp
button, choose Manual button. Under the fragmentation con-
ditions check RCE. SWATH Detection Parameters set to
170-2000 with accumulation time 100 ms (se¢ Note 33).
Tick the Read SWATH Windows from Text File and upload
the variable windows text file (Fig. 4¢). Save the SWATH-MS
acquisition method and check the TOF MS settings.

6. Set the queue with random NSC differentiation samples posi-
tions and both IDA and SWATH-MS methods for each sample
and with quality control and calibration Bgal samples among
them and run the queue.

For processing SWATH-MS data (or DIA data in general), several
workflows using different tools have been introduced. There are
two main strategies of processing DIA data. The first one and the
most prevalent is a peptide-centric approach that uses spectral
libraries established from previous DDA measurements for targeted
extraction of the SWATH-MS (DIA) data. The most common tools
used for this type of SWATH-MS data analyses are QOpenSWATH
(ETH Ziirich) [20, 21] and PeakView (AB Sciex) [22]. The second
one is a spectral-centric approach that uses data from DIA measure-
ment for the library building. This kind of analysis still has lower
number of identified precursor ions when compared to the peptide-
centric approach, but software tools are regularly improving. This
approach is supported by a DIA-Umpire [13] and Group-DIA
[23]. MaxDIA (MaxQuant software from Cox laboratory) [24],
Skyline (MacCoss Lab Software) [25], and Spectronaut (Biog-
nosys) [26, 27 ] allow both types of analyses.
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A Variable Window Calculation "‘i: l‘c":”‘:" B A 3 C
1 | Qlstart Q1lstop CES
i 2 3995 425.6 15
5| 3| 4246 4464 15
- g | 4| 4454 4647 15
= | 5| 4637  ama 15
: 2| 6| 4811 498.7 15
= | 7| a97.7 5144 15
8 | 5134 529.7 15
9 | 528.7 544.6 15
o 200 400 600 800 1000 1200 1400 10 543_6 559‘9 15
c - 11| 5589 5752 15
Fragmentation Conditions
Rolling Collison Energy |V 1 CES (V)
Charge State +1 @42 +3
SWATH Detection Parameters
Start Mass (Da) 150 Stop Mass (Da) 2000 “"m(",:;'f'" ™* 100000  TOW C(‘f)b Time  3.500
High Resclution @ High SensRivity
v Read SWATH Windows from Text File Y

| Browse |

Fig. 4 (a) An example of using SWATH-MS Variable windows calculator for constructing variable windows
pattern (red line) from mv/z density histogram (blue ling) from the NSCs sample TOF MS IDA data. In high m/z
dense regions with high number of precursers smaller Q1 windows are used (b). A text file characterizing the
Q1 isolation window strategy that can be loaded into the SWATH-MS method editor for SWATH-MS method

building (¢)

In the next section, we describe the use of Skyline for SWATH-
MS data analysis of spontaneous differentiation of H9 ESC-derived
NSCs and MSstats package in R for statistical analysis of the data.
We choose Skyline because it is a free software with incorporated
options for spectral library building (se¢ Note 34) and mProphet
peak picking for SWATH-MS data. Unlike OpenSWATH and
DIA-Umpire, Skyline has a user-friendly graphical interface with
unique options of data visualization. Skvline is optimal for small
laboratories and beginners, who need to quickly learn how to
process data from MS measurements. Skyline creators provide
their users with free webinars, tutorials and quick support feedback.
Skvline may be also preferred by users familiar with SRM data
analysis.

For SWATH-MS data analysis in Skyline you will need to build
a spectral library and create a retention time calculator. Before this,
you will specify peptide and transition settings in Skyline document,
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Transition Settings
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accordingly to parameters from your measurements. For peak pick-
ing and finding a match in your assay library Skyline has
incorporated the mProphet model. Finally, Skyline allows basic
statistical analysis using MSstats plug-in or export of data for fur-
ther advanced analysis in other statistical programs such as R.

Complete published dataset [17] comprising spectral library
and SWATH-MS measurements analyzed in Skyline is available in
the Panorama Public repository (https://panoramaweb.org/
NSCsdifferentiation.url). For simplicity, selected samples of this
dataset were processed separately and are provided as Electronic
Supplementary Material (Data 1 and 2) for this protocol in the
form of the example input data for further MSstats analysis.

1. Start with resetting Skyline parameters by clicking on Set#ings,/
Defaunlt (see Note 35).

2. In Settings/ Transition Settings/ Full-Scan (Fig. 5) both for
MS1 and MS/MS filtering choose your Product mass
analyzer and set Resolving power from your measurements

(see Note 36).

Transition Settings X

Prediction Fiter Lbrary Instrument Ful-Scan  jon Mobiity

MS1fitering
Isotope peaks included: Precursor mass analyzer:
Count ) TOF v
Peaks: Resclving power:
[3 ] 23000
Isotope labeling endchment:
Default ~
MS/MS fitering
Acquistion method: Product mass analyzer:
DIA v TOF v
Isolation scheme: Resolving power:

H9-NSC_project 23000

[ Use high-selectivity extraction
Retention time fitering
(O Use only scans within 5 minutes of MS/MS IDs
@ Use only scans within (10 minutes of predicted RT

O Include all matching scans

[0k ] [ cance

Fig. 5 Example of full-scan parameters in transition settings
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3.5.2 Spectral Library
Building from IDA
Measurements in Skyline
and Peptide Settings

98]

(a) In MSI filtering choose Isotope peaks included/Count
(see Note 37).

(b) In MS/MS filtering choose Acquisition method/DIA.

(¢) In MS/MS filtering create isolation scheme through Iso-
lation scheme/Add/ Prespecified isolation windows/
Import—choose one of the raw SWATH-MS data .wiff
files (se¢e Note 38).

(d) Tick Use high-selectivity extraction in case you measured
the data in high-selectivity mode.
(e) Set window width in minutes in Retention time filter-

ing/ Use only scans within N minutes of predicted RT (see
Note 39).

. In Settings/ Transition Settings/ Filter sct Peptides/ Precur-

sov chavges: 2, 3, 4; Ion charges: 1, 2, 3 and Ion types: v, b. In
Product ion selection select From: ion 3 and To: last ion. Tick
Use DIA precursor window for exclusion and Auto-select all
maiching transitions (see Note 40).

. For future assay library settings choose in Settings/ Transition

Settings/ Libvary/Ton match tolevance: 0.05 m/ =z tick If &
lLibvary spectrum is available, pick its most intense ions,
Pick: 6 product ions and 3 minimum product ions and select
From filteved product ions.

. In Settings/ Transition Settings/ Instrument copy parameters

from your SWATH-MS method settings. For example, on
TTOF 5600+ we measure with Min m/z: 170 m/z and Max
m/z: 2000 m/z with Method match tolevance m/z: 0.05 m/ z.

. In Settings/ Transition Settings/ Prediction and in Settings/

Transition Settings/ Ion Mobility leave everything default.

. Run protein sequence database search of your IDA measure-

ments against annotated database of your sample species (see
Notes 41 and 42). For example, we use Mascot Distiller with
Mascot Server (see Note 43) and a human Swiss-Prot FASTA

file extended by a list of common protein contaminants for MS.

. Export sequence database search from your search engine in

tormat acceptable in Skyline like .dat file.

. Specify in  Settings/ Peptide settings/ Digestion, which

enzyme,/’s you used (see Note 44) and how many missed clea-
vages you allow (see Note 45). If you used combination of
enzymes, build background proteome in Background prote-
ome/Add using the same FASTA file as set in your search
engine and Enforce peptide uniqueness by: None (Fig. 6a).
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Peptide Settings A X B
Digestion Prediction Fiter Library Modfications Quantfication &y Build Library X
Enzyme: N’"" - .
TpenRIPL |~ [H3NSC_poec ]
Max missed cleavages: o Path
LR [C\Users'\G2cic02\Deskiop \HI_NSC_projectbib. | Browse...
Data source
@) Fies
Background proteome: -
2018_HUMAN_LAPA 21 [FASTA file Clfes fo/Settras
Acton:
£
N::epemde:umm Create [ Keep redundant lbrary
[ Fiterfor document peptides
[ Inchude ambiguous matches
iRT standard peptides
Biognosys-11 §RTC18) v
==
ok ]| cance [k || cace
&4 Spectral Library Explorer C X
Library:
HI-NSC_project v
- ~ 19-NSC_project - AAAAAAAAAAAAAAAGAGAGAK, Charge
— ] B T ;
Peptide T+ ¥7 (rank 1) X
|y,
;g*mmmenn . : o7 (rafk2)
AAAAAAAAAAGAAGG s 3
9, AVMAAAAAAVSRee . E° O34 ) &
.E‘WDSDSWDNJAFSVEDPVHKM § 4 B a,],] ) m
AAMAAAALQAK -+ 2 b | ¢
-izmamwswmu» =3 - T 11 (rank 9) (2]
ié"m‘”,nﬁﬁmﬁmm‘" 2 §(rankp4 [Pidank 11)2) 42
é: ARAAAAGEAR b7y anki15) ) g) &
8, A TAAARS e "D T d
|2, AAMAAAVGPGAGGAGSAVPGGAGPCATVSVI o thulshly f m | i | &
|9 AAAAADLANR++ t t |
:‘:?: AAAAAEQQOFYLLLGNLLSPDNWR+es v | 500 1000 1500 2000
<< Previous Page 10of 303 Next >> il
Peptides 1through 100 of 30 26Stotal Fle: 20181009_IDA24_BGO_8_032 wif AT 77.14
wo [roim | @ rcaemens |
Fig. 6 Example of library building in Skyline with steps (a) to (¢)
4. In Settings/ Peptide settings/ Filter choose Min length: 7 and

Max length: 36, set O to Exclude N-terminal AAs and tick
Auto-select all matching peptides.

5. In Settings/Peptide settings/ Modifications set your peptide
modifications, most common are carbamidomethylation of
cysteine, oxidation of methionine and acetylation of N-term,
Max vaviable mods: 3.
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6. Build your spectral library and iRT calculator predictor in one
window through Settings/Peptide settings/Library/Build,
name your library and choose output path. Choose your type
of spiked-in standard peptides for building retention time pre-
dictor (Fig. 6b). In our case, we used 11 iRT peptides from
Biognosys and set cut-off scove: .99 (see Note 46). Click on
Nextand Add files from your search engine (e.g., .dat files) and
click on Finish. After finishing the library building, click on
OK ftor Add iRT Peptides. Then click on Yes for Do you want
to vecalibvate the iRT standavd values velative to the peptides
being added? (see Note 47). Skyline will ask you for Add
Retention Time Predictor—name it and set Time window:
10 min. When library is prepared, in Settings/Peptide set-
tings/ Librarvy set Pick peptides matching: Library and Filter.

7. In Settings/ Peptide settings/ Prediction and in Settings/ Pep-
tide settings/ Quantification leave everything default.

8. After confirming all Settings/ Peptide settings Skyline may ask
you for Add Standard Peptides—set Maximum transitions
per peptide: 3 and click on Yes. This step will add Biognosys
standard peptides to your protein targets.

9. To add protein targets to your Skyline go to View/Spectral
Libraries, in Library: choose your library, tick Associate pro-
teins and click on Add all (Fig. 6¢). Click on Do not add for
peptides matching multiple proteins as well as for peptides not
matching the cuvvent filtev settings.

3.5.3 Importing the 1. Adjust settings for vour data analvsis in Refine/ Advanced—set
SWATH-MS Data into Remaove repeated peptides and Remove duplicate peptides (see
Skyline and Peak Picking Note 48). In the same window set Min peptides pev protein:
with mProphet 2 and Min transitions per precuwsor: 3. In Refine/Remove

Empty Proteins. In case your FASTA file for background pro-
teome contains iRT peptides, delete them from the Targets
prior this step. Otherwise, both your iRT peptides and Biog-
nosys standards added in Subheading 3.5.2, step 8 will be
removed from vour Targets.

2. In Refine/ Add Decoys choose Decoy genevation method: Shuf-
fle Sequence (see Note 49). Number of decoy peptides should
correspond to the number of all peptides in protein targets
without iRT peptides.

3. File/ Import/ Results—choose Add single-injection veplicates
in fileswith Optimizing: None (see Note 50).

4. In Refine/Reintegrate tick Integrate all peaks and in Peak
scoving model choose Add. Name your model, Choose model:
mProphet, tick Use decoys and click on Train Model. Perform a
quality control of mProphet model. View graph of decoys and
targets discrimination (Fig. 7).
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Fig. 7 Example of mProphet quality control. The generated Decoys (red histogram) should match the Decoy
normal distribution. When using sample specific library, the Targets distribution (blue histogram) should be
clearly distinct from the Decoys distribution

5. Perform a manual quality control check of your extraction
parameters (see