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Abstrakt

Neurologickd onemocnéni postihuji velké mnozstvi lidi po celém svéteé a jejich pocet
kazdorocné stoupa. V této dizertacni praci jsem se zameéfila na neurodegeneraci a nervoveé
kmenové bunky, které predstavuji dilezity experimentdlni model v neurobiologii a také
nadéjny prostfedek pro 1écbu poruch nervové soustavy. Aby bylo mozné kmenové bunky
v regenerativni terapii bezpecné pouzivat, je nutné je presn¢ charakterizovat a urcit nejen
jejich diferenciacni potencial, ale také Cistotu bunécné populace pouzité pro transplantaci.
K tomu Ize pouzit dobfe definované bun&tné markery. V této praci detailn€ popisuji vyvoj
cilené hmotnostné-spektrometrické metody Selected Reaction Monitoring (SRM)
pro charakterizaci nervovych kmenovych bunék béhem jejich diferenciace. Tuto metodu
zalozenou na kvantifikaci skupiny znamych proteinovych markerd I1ze pouzit pro rychlé
uréeni diferenciacniho stddia nervovych kmenovych bunck. V dalsi ¢asti prace se vénuji
podrobné charakterizaci povrchového proteomu nervovych kmenovych bunék v prabéhu
diferenciace pomoci hmotnostni spektrometrie a chemického znaceni zivych bunék metodou
Cell Surface Capturing (CSC). Tento piistup umoznuje nabohaceni povrchovych proteint
ve vzorku, jejich podrobnou analyzu a do budoucna také moznost uc¢inngjsiho ttidéni bunék.
V piehledovych studiich se v€nuji hledani kandidatnich proteinovych markerii, které by
mohly slouZit jednak pro efektivnéjsi monitorovani diferencia¢niho potencialu nervovych
kmenovych bunék a pro nabohaceni subpopulace bun€k vhodnych pro transplantaci, ale také

pro sledovani rozvoje neuropatologie Huntingtonovy choroby.

Klicova slova: nervové kmenové buiiky, neurodegenerace, diferenciace, bunécna terapie,

proteomika, hmotnostni spektrometrie



Abstract

Neurological diseases affect millions of people worldwide with growing incidence every year.
In this work, I focused on neurodegeneration and neural stem cells which represent
an important experimental model for neurobiology, and also a promising tool
for the treatment of nervous system disorders. To ensure a safe regenerative therapy,
the neural stem cells need to be precisely characterized before transplantation, and their
differential potential and cell population purity must be verified. Here, I describe in detail
the development of a targeted mass spectrometry method based on Selected Reaction
Monitoring (SRM) demonstrating that this method is capable of characterizing neural stem
cells upon differentiation. Via measuring well-defined cell markers, the method quantifies
selected proteins and allows to determination of the differentiation stages of neural stem cells
in a fast and reliable manner. Then, we aimed to perform a detailed proteome analysis
of differentiating neural stem cells focused on cell surface proteins. I describe the results
obtained from mass spectrometry-based analysis of proteins isolated by the technology called
Cell Surface Capturing (CSC). The CSC method enriched cell surface proteins by chemical
tagging of living cells. Using this approach, we were able to analyze in detail neural stem
cells upon differentiation which has brought neural stem cells a step closer to more effective
sorting strategies. Last but not least, I provided a list of candidate markers that could be either
used to effectively monitor the differentiation potential of neural stem cells, or to enrich
a preferable subpopulation of the cells for transplantation experiments. I also provided the list
of candidate biomarkers for monitoring the development of Huntington's disease

neuropathology.

Key words: neural stem cells, neurodegeneration, differentiation, cell-based therapy,

proteomics, mass spectrometry
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OCT4 Octamer-binding transcription factor 4

OLIG1 Oligodendrocyte transcription factor 1
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PDGF-AA  Platelet-Derived Growth Factor-AA

PRM monitorovani paralelnich reakci (z angl. Parallel Reaction Monitoring)
SILAC Stable Isotope Labeling by Amino Acids in Cell Culture

SRM monitorovani vybranych reakci (z angl. Selected Reaction Monitoring)
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TOF analyzator doby letu (z angl. Time Of Flight)

VEGF-A Vascular Endothelial Growth Factor-A



| G170 O 1
L] KIEROVE DUFIKY ...t 2
1.2 NOUFOZENEZE ...ttt 3

1.2.1 Embryonalni vyvoj centralni nervove SOUSIAVY ........c.cecveeriieriiienieeieeniieeieenie e 3
1.2.2 Neurogeneze v doSpelém MOZKU .........ccueeeiiiieiiieeiiie e 4
1.2.3 Neurodegenerativiti ChOToDY ..........cooiiiiiiiiiiiieieee e 6
1.3 Modely neurogeneze a neurodegenerativnich OnemoCneni...............ccowevevveeverreneereeneeneene. 8
1.3.1 BUn€ene mMOAELY......coeiiiiiiiiiieiietie ettt et 8
1.3.2 ZVITECT MOACLY ..viiiiieiiieiie ettt ettt et esbe et e sabe e aeeenneenes 9
1.4 BUNEGCHA LOVAPIC...........oeeoeeveeeereeeve s s 9
1.4.1 Bunécna terapie kmenovymi bufikami.........cccceeviiiiieiiiniiiiiiiieecee e 10
1.4.2 KHNICKE STUAIE ....eeeeiieiieieeieeee ettt sttt 11
1.5  Proteiny typické pro ESC, NSC a diferencované bumiky ..................ccouovevevoneneeonenernnene. 13
1.5.1 Intracelularni Proteiny........ccccoceroieriiniriiinieienierteeeteet ettt 13
1.5.2 POVIChOVE PIOtEINY ...eeeiviiiiiiieeiiieeciiieesieeeitee ettt e et e et e e e e e snseeesnseeesnneeennee s 14
1.5.3  SeKretovane ProteInNy .........ccceeeceeeriieeniieeiieeereeeerreeeieeeeareeesaeeesaeeeseseeensseeensseens 14
1.6 PFOtEOMOVE STUAIE ... 15
1.6.1 Protilatkove MEtOAY .....cveeiiiieieiiieciee ettt ree e s 15
1.6.2 Hmotnostné-spektrometrick€ metody ........ccoecveeviiiiiieniiniiiinieeiiee e 16

2 Cile prace....eeeeecrneesnecnnnnne 22

3 Metody ...eeeececvnericccsnnenccsnnns 23
3.1 Kultivace NSC odvozenych od HY BUNCK ...............c.cocveevevneeriesisesiresevseresssesvneserins 23
3.2 Kultivace NSC odvozenych od HUES7 BUNGK .............cooeoveveereeeseeeseeeerreses e, 24

3.3 IMUNOCYIOCHEIIE ...t s 25



3.4 PFULOKOVA CYLOMEIFIC ...ttt st 25

3.5 METENT GEROVE EXPIESC........cooeeeeee st 26
3.6  Cell surface capture teChNOLOZIC................coooveeevieveiirisrsisrsiesseie e 26
3.7 Priprava vzorkii pro hmotnostni Spektrometrii ................ccovoveeeeveoreorererisersesssersnen: 27
3.8  SRM analyza neurondlni diferenciaee................owwevovovsveesrsiiesssisssisisssssississssisssssen, 27
3.9  SRM analyza povichOVYCH PIOtEINIL..........c.oooveeeeeeveieeeveerisvesse e 28
3.10 Shotgun MS analyza povichovych Proteinii...............eorororeerisriseesessssssssssnens 29
4 VysledKy...occreverereercscnercsnnnes 30
4.1  Monitorovani neuralni diferenciace pomoci cilené hmotnostni spektrometrie............ 30

4.2 Identifikace klicovych proteinii neurondlni diferenciace pomoci analyzy povrchového

IN=GIYVRODTOLCOMM. ... 44

4.3  Analyza proteomu nervovych kmenovych bunék v priibéhu diferenciace s cilem

usnadnit prechOd k DUNECTIE LOFAPII.............cc.ceeeeveeeeereieeeveieseve s 53
4.4  Hledani terapeutickych biomarkeru Huntingtonovy choroby.................cevecvevveeen. 67
5 Souhrn..........eeueeennenen. 80
5.1  Monitorovani neuralni diferenciace pomoci cilené hmotnostni spektrometrie............ 80

5.2 Identifikace klicovych proteinit neuronalni diferenciace pomoci analyzy povrchového

IN=GLYKOPFOLCOMU ...t 88

5.3  Analyza proteomu nervovych kmenovych bunék v pribéhu diferenciace s cilem

usnadnit prechod k BUNECTE LOFADTI..............c.veeveveereeeseseeeseevsesestse st 92
5.4  Hledani terapeutickych biomarkerii Huntingtonovy choroby................coneneeence, 96
(Y /7177 98
7 Publikace a prohlaseni o podilu na jejich pripravé 100

8 CHEOVANA LILEIATUT A.eeereeeeeeneeereeeereeeeesseessssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 102




1 Uvod

Neurologické poruchy jsou heterogenni skupina nemoci postihujici centralni i periferni
nervovy systém. Pfiiny mohou byt genetické, ale i zptisobené vng&jsimi faktory'? ¢&i
mechanickym poskozenim®. Tato onemocnéni postihuji miliony lidi po celém svéts, jejichz
1é¢ba je ve vétsing piipadii zaloZena pouze na tlumeni projevii nemoci’. Ve své dizertatni
praci se zaméfuji na neurodegeneraci a charakterizaci nervovych kmenovych buné¢k

(NSC, z angl. Neural Stem Cells) v prubéhu diferenciace.

NSC slouzi v neurobiologii jako dileZity experimentalni model regulace bunéénych procesti
a predstavuji také slibny prostfedek pro 1é¢bu onemocnéni nervové soustavy. Cilem bunééné
terapie je ndhrada poskozené tkdné¢ a indukce regenerace prostiednictvim sekrece
specifickych proteini’. Protokoly pro kultivaci, namnozeni a diferenciaci NSC ale obvykle
poskytuji heterogenni populace bun&k®. Velkou snahou je proto ziskani 1épe definované

bezpecné populace bunek, které Ize snadno namnozit a udrzet jejich diferenciacni potencial.

Pomoci studia proteinového sloZeni jsem usilovala o podrobnou analyzu NSC a jejich
monitorovani v pritbé¢hu diferenciace. S vyuzitim modernich metod zalozenych na hmotnostni
spektrometrii (MS, z angl. Mass Spectrometry) popisuji regulaci NSC na Urovni proteinovych
markerti dlouhodobé pouzivanych pro sledovani téchto bunék a jejich diferenciacniho
potencialu. Daéle se v této praci vénuji analyze povrchovych proteinit NSC, které mohou najit
uplatnéni pifi charakterizaci diferencujicich bungk, ale také pii nabohacovani subpopulace
bunék vhodnych pro transplantaci. Neméné dulezitou soucasti této prace je hledani novych
kandidatnich markert, které by bylo vyhodné monitorovat v prubéhu diferenciace NSC

a pfi rozvoji neuropatologie Huntingtonovy choroby (HD, z angl. Huntington s disease).



1.1 Kmenové bunky

Kmenové bunky jsou pfitomné v téle po cely zivot jedince a davaji vzniknout diferencovanym
bunkdm, které tvofi zékladni stavebni kameny tkéni a organl. Zatimco v embryonalni fazi
predstavuji kmenové nediferencované buinky vétSinu hmoty organismu, v dospélosti se
nachazi prevazné v nikach kmenovych bunék, kde vytvaii mikroprostiedi udrzujici rovnovahu

mezi sebeobnovou a diferenciaci.

Embryonéalni kmenové bunky (ESC, z angl. Embryonic Stem Cells) vznikaji z vnitini bunééné
masy blastocysty pfi vyvoji embrya. Jsou pluripotentni, tedy schopné diferencovat
do jakéhokoliv typu bunck (kromé¢ bunc¢k odvozenych z trofoblastu), a maji neomezenou
schopnost sebeobnovy. ESC jsou charakteristické pfitomnosti nebo zvySenou expresi
transkripénich faktori NANOG (homeobox protein NANOG), OCT4 (Octamer-binding
transcription factor 4) a SOX2 (SRY-box transcription factor 1 a 2), nebo proteint
ALP (Alkaline phosphatase), CD9 a dalgich™®. Studium &asné diferenciace umoziuji také
indukované pluripotentni kmenové bunky (iPSC, z angl. Induced Pluripotent Stem Cells),
které v roce 2006 vytvoril tym védci z Japonska z mysich fibroblastd’ a o rok pozdg&ji
z lidskych fibroblasti'®. Jednd se o somatické buiiky reprogramované in vitro
do pluripotentniho stavu indukovanou expresi ¢tyi transkripénich faktord OCT3/4, SOX2,
c-Myc a KIf4’. Tyto buiiky vykazujici velmi podobné vlastnosti jako ESC. Pluripotentni ESC
a iPSC nachazi §iroké uplatnéni pii studiu celé fady (pato)fyziologickych stavii'' a predstavuiji
nad&jny zdroj pro bun&ené terapie'”. Pouziti lidskych ESC v bun&ené terapii s sebou viak nese

etické problémy kvili jejich pivodu. Tento aspekt prekonavaji iPSC'.

V postnatalnim a dospélém obdobi jsou nastrojem k opravé tkanového poskozeni ¢astené
diferencované kmenové bunky. Tyto buiiky jsou multipotentni a diferencuji pouze do tkanove
specifickych bunék. VétSina tkanoveé specifickych kmenovych bunék se v nikdch nachazi
v latentni fazi a pii poranéni a regeneraci tkan& jsou aktivovany specifickymi stimuly'.
Prikladem tkanové specifickych kmenovych bunék jsou NSC, ze kterych v embryondlni fazi
vznikd centrdlni a periferni nervovy systém procesem neurogeneze. Ptikladem uspéSné
aplikované terapie kmenovymi builkami je nyni uz rutinni transplantace kostni dien¢
s vyuzitim hematopoetickych kmenovych bunck pii 1écbé napt. leukémie nebo poruch

imunity.

Velkou pozornost si také vyslouzil tzv. faleSny obchod s nadéji, ktery prostfednictvim svych

klinik nabizi aplikaci kmenovych bunc¢k na nejriiznéjsi vice ¢i méné zdvazna onemocnéni,



ale také k 1é¢bé zivot ohrozujicich stavii. Odbornici pted takovymi aplikacemi varuji, protoze
klinicky neovétena 1écba nejen, ze nemusi byt G¢inna, ale mize byt také velmi nebezpecna.
Vkladanim divéry do nespravné 1éEby se mize promeskat ¢as na vhodnou 1é¢bu. Vysledkem
aplikace nedostatecné¢ charakterizovanych kmenovych bunék mize navic po Case dochazet
ke vzniku nadort. Tyto praktiky diskredituji seriézni vyzkumy a potencial vyuziti kmenovych

buné¢k v regenerativni medicing.

1.2 Neurogeneze

1.2.1 Embryonalni vyvoj centralni nervové soustavy

Nervovy systém ma sviij ptivod ve vnéjSim zarode¢ném listu — ektodermu a nervové ploténce.
Notochord (struna hibetni) vysila do ektodermu signaly, ¢imz indukuje jeho vyvoj
v neuroektoderm a nasledné¢ nervovou ploténku. Ta se ohyba, uzavird a vytvaii neuralni
trubici. Jak neurony, tak gliové buiiky pochazeji z ventralni ¢asti neurdlni trubice. Zatimco
neuronalni buiiky opoustéji ventrikuldrni zénu v postmitotickém stadiu, prekurzory gliovych
bunek si udrzuji schopnost se délit. Z okraji nervové ploténky vznika také neuralni lista.
Buiiky neuralni liSty migruji do mnoha mist a diferencuji do mnoha typti bun¢k. Davaji

vzniknout také perifernimu nervovému systému.

Proces neurogeneze je charakterizovan migraci nezralych neuronli z mista jejich vzniku.
V okamziku, kdy neurony dosédhnou své cilové pozice v mozku, zatnou rozpinat své axony
a dendrity, coZ jim umoZni komunikovat s okolnimi neurony skrze synapse. Synapticka

komunikace mezi neurony pak vede k ustaveni funk¢nich nervovych okruhti.

Centralni nervova soustava (CNS) obsahuje neurony a gliové buiiky. Gliové builky jsou
nejhojnéjsim typem bunék v CNS a patii mezi né astrocyty, oligodendrocyty, Schwannovy
bunky, satelitni buniky, ependymové buiiky, mikroglie a radidlni glie. VSechny tyto bunky
jsou dilezité pro spravné vyuziti mozkovych funkci. Astrocyty poskytuji podporu neurontim.
Mohou také uvoliovat gliotransmitery (napf. glutamat) a tim vysilat signaly sousednim
neurontim. Kromé toho astrocyty prosttednictvim svych vybézki rozsituji nebo zuzuji cévy
a kontroluji tim tok zivin a kysliku do mozku. Samotné astrocyty piedstavuji vice
nez 50 % vsech bun¢k v mozku a jsou 10krat hojné;j$i nez neurony. Oligodendrocyty tésné
obklopuji neuronalni axony v CNS a vytvaieji myelinovou pochvu zajistujici rychlejsi prenos

vzruchu a udrZeni integrity axonl. Myelinovou pochvu v perifernim nervovém systému



pomahaji vytvaret Schwannovy buniky. Metabolickou ulohu =zastavaji satelitni bunky
a ependymové bunky. Ependymové bunky tvofi epitelovou vystelku dutin a hraji klicovou roli
v homeostaze mozkomisniho moku. Mikroglie hraji roli ve vyvoji a udrzb& neuronovych siti
a pii opravé poranéni. Na rozdil od ostatnich glii nepochazeji z neuroektodermu'® a maji
imunitni vlastnosti, protoze dokazou detekovat molekuly uvoliované z poskozenych neuronti
a produkovat v reakci na to zanétlivé mediatory'>'®. Radialni glie jsou bipolarni buiiky
se dvéma dlouhymi vybézky. V nejvétsim poctu se vyskytuji v pocatecnim obdobi vyvoje
CNS, kdy slouzi jako progenitory novych neuront, astrocytti a oligodendrocytt a jako vodici

skelet pro transport do mista uréeni takovych bun&k'’.

1.2.2 Neurogeneze v dospélém mozku

Lidsky mozek byl dlouhou dobu povazovan za neschopny regenerace. V soucasnosti vSak uz
vime, Ze v dospélém centrdlnim nervovém systému se nachdzi kmenové builky s potencidlem
vytvafet neurony, astrocyty a oligodendrocyty. Takovd neurogeneze je proces zacinajici

N ’ 7 v “ror N ’ r v o . 7 1
délenim kmenové buiiky a konéici ptitomnosti zralého, funké&niho, integrovaného neuronu'®.

Nervové kmenové buriky jsou multipotentni buiikky s neomezenou schopnosti sebeobnovy,
které davaji vzniknout v§em slozkam CNS béhem embryogeneze. Udrzuji také urc¢itou troven
neurogenni aktivity po cely dospély Zivot jedince. Multipotentni progenitorové buiiky jsou
proliferujici bunky s omezenou schopnosti sebeobnovy, které davaji vzniknout n¢kolika malo
diferencovanym bunéénym liniim. Liniové specifické prekurzory nakonec sméfuji pouze

do jedné bun&éné linie - neuronalni, astroglialni nebo oligodendroglialni (shrnuto v '*).

NSC se v dospélém savéim mozku nachéazeji ve dvou oblastech, v oblasti hippokampu zvané
gyrus dentatus, konkrétné v jeho subgranuldrni zoné, a dale v subventrikularni zéné
postrannich komor pfedniho mozku, odkud putuji podél rostrdlniho migra¢niho toku

do &chového laloku'’.
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Obr. 1. Diferenciace NSC a jejich terapeuticka uloha. NSC uvoliiuji rozpustné rustové
a neurotrofni faktory chranici NSC pted poskozenim. NSC diferencuji do neuronti, astrocytti
a oligodendrocytli skrze stddia bunécnych progenitorti. Podpora a nahrada bunék pak
prispivaji k regeneraci pti 16&bé& neurologickych poruch (prevzato z *°).

Déleni NSC v dosp&lém sav&im mozku probiha dvéma zpisoby - symetricky a asymetricky™.
V piipadé¢ symetrického déleni dochédzi ke vzniku dvou stejnych bunék, bud’ dvou
diferencovanych bun¢k, nebo dvou dcefinych kmenovych buné€k, které zlstavaji uvnitf
ventrikularni zény. V ptipadé asymetrického déleni vznikd jedna kmenovéa buika, kterd
zistava ve ventrikularni zonég, a jedna diferencovana burika, kterd putuje do vyse umisténé

intermediarni zony.

NSC v subventrikularni zoné preferuji symetrické déleni, pticemz asi 80 % bunék se déli
na diferencované bunky a jen 20 % bun¢k ma za ukol sebeobnovu. Toto rozlozeni vyznamné
snizuje zasoby NSC v subventrikularni zéné, ale zaroven produkuje velké mnoZstvi
prekurzorovych bungk®. P priichodu subventrikularni zénou mohou dat NSC vznik
neuronalnim prekurzorovym buiikkam, zatimco pii poskozeni michy mohou diferencovat
do astrocytil, které vytvaii gliovou jizvu®'. Na druhé strang, NSC v subgranularni zon& se déli
pfevazné asymetrickym zplsobem, kdy vznikd stejny pocet diferencovanych bunék jako

’ 1
kmenovych'.



1.2.3 Neurodegenerativni choroby

Onemocnéni nervového systému piedstavuji ve starnouci populaci vyspélych zemi enormni
zatéz pro zdravotnicky a socidlni systém. V této praci se zaméiuji na neurodegenerativni
choroby ovliviyjici Zivoty miliont lidi po celém svété. Presto, ze ptiCiny a klinické projevy
neurodegenerativnich chorob jsou rozmanité, tato onemocnéni jsou v zasad¢ charakterizovana
postupnou ztratou nervovych bunék, primarné neurontli, coz se projevuje zhorSenou funkci
nervového systému. Mezi nejzndméjsi nemoci patii Alzheimerova choroba, Parkinsonova

choroba, Huntingtonova choroba nebo amyotroficka laterdlni skleroza.

Alzheimerova choroba (AD, zangl. Alzheimer’s disease) patii mezi nejcastéjsi priciny
demence ve vyS§im véku. AD je charakterizovana extracelularnim hromadénim plakt
amyloidu beta a vzniku neurofibrilarnich spleti Tau proteinu, v disledku ¢ehoZz dochazi
k poskozeni nervovych synapsi a k smrti neuroni pfedevSim v mozkové kiife?.
AD se projevuje poruchami paméti, zménami chovani a ztratou kognitivnich funkci®.
U vzacnéjsi familidrni formy AD hraji roli hlavné genetické faktory, zatimco u sporadické
formy AD, kterd je mnohem castéjsi a jeji projevy prichazi az v pozd¢j$im veéku, jsou klicové

vngjsi faktory a bézné opotiebeni tkani*.

Parkinsonova choroba (PD, zangl. Parkinson’s disease) je znamd svymi motorickymi
projevy, piedev§sim nekontrolovatelnymi pohyby a tfesem. Projevuje se ale také zhorSenim
kognitivnich ~ funkci, depresemi nebo poruchami spanku®*. Toto onemocnéni je
charakterizovano ubytkem neuronti produkujicich dopamin v ¢asti mozku zvané substantia
nigra®. Nespravné slozené oligomery alfa-synukleinu tvoii intracelularni Lewyho t&liska,
ktera zptisobuji oxidagni stres a mitochondrialni dysfunkce v dopaminergnich neuronech®.
Smrt téchto neuroni méa za nasledek pokles produkce neurotransmiteru dopaminu, ktery je
nezbytny pro regulaci pohybt. Pfi vyvoji PD hraji roli pfedevS§im genetické faktory (zejména

mutace genu pro alfa-synuklein), i kdyZ environmentalni vlivy jsou také dobie popsany*>~°.

Amyotroficka lateralni skleroza (ALS) je zpusobena degeneraci bulbarnich, kortikalnich
a miSnich neuronti vedouci v konecném dusledku k jejich ztraté. VétSina pripadi ALS jsou
sporadické a pouze pfiblizn€ 10 % ma rodinnou anamnézu spojenou s mutacemi v fad¢ gend,
jako je SOD1, TDP43 a FUS. Klinické projevy onemocnéni jsou v obou piipadech velmi
podobné a jsou charakterizovany nevratnou paralyzou ¢i poruchami feci, polykani i dychani

(shrnuto v 7).



Huntingtonova choroba je autozomalné¢ dominantné dédi¢né onemocnéni zpisobené mutaci
genu pro protein huntingtin (HTT), konkrétné expanzi CAG tripletu v 1. exonu tohoto genu.
Vysledkem je produkce mutovaného huntingtinu nesouciho prodlouzeny polyglutaminovy
fetézec. PoCet CAG tripleta je hlavni faktor urcujici pocatek prvnich projevii nemoci a délku
zivota. HTT se vyskytuje v n€kolika isoformach a jeho funkce a aktivitu reguluji prevazné
jeho postranslacni modifikace a interakce s jinymi proteiny. Pfitomnost mutovaného
huntingtinu (mHTT) ma za nasledek jeho proteolytické St€peni a hromadéni fragmenti HTT
zejména ve form¢ agregati v jadie a cytoplazmé, coz vede k naruseni bunécnych procest
(napt. transkripce, autofigie, jaderného transportu nebo synaptického ptenosu), které ma
za nasledek odumirani GABAergnich neuroni zejména ve striatu a jeho atrofii (obr. 2,
shrnuto v **). Vzhledem k rozmanitému pasobeni HTT ve vét3ing bunék t&la jsou u pacientd
s HD casto zasazeny vedle CNS 1 dalsi tkdn¢, napft. kosterni svalstvo a srdce, varlata nebo
krevni buiiky”. Mezi klinické projevy patii hlavnd mimovolni pohyby t&la, poruchy fedi,
poruchy kognitivnich funkci, deprese, ztrata paméti>’.

Obr. 2. Neurotoxické procesy a
transfer to nucleus navazujici patologie HD. Priklady

and aggregation
proteinll nalezenych v
proteomovych studiich jako
aggregation regulované. Nevalidované proteiny

eytoplasmic aggregates jsou zobrazeny Sed¢ (pfevzato z

Ny ¢ N, NN-% publikace Challenges of
Sii proteolysis 5_/0 oligomerisation %:/CC Hum‘lngl‘on ,S diSease and queSl‘fOV

therapeutic biomarkers™).

N-terminal fragment of mtHtt
abnormal conformation

pathological protein interactions

transcriptional dysregulation and epigenetic regulation

mitochondrial impairment and deficiency in energy metabolism
(acomitase, apolipoprotein A-iV)

impaired axonal transport and cytoskeleton
(calmodutin, syntaxin-1, VAMP1, VAMP2, SNAP-25, DARPP32)

neuronal vulnerability to oxidative stress and glutamate excitotoxicity
(glial fibrillary acidic protein, peroxiredoxins 1, 2 and €)

immune system, microglia activation and inflammation
(IL-6, IL-8, TNFa, IL-4, IL-10, MCP-1, eotaxin, C-reactive protein, haptoglobin)

cell death



1.3 Modely neurogeneze a neurodegenerativnich onemocnéni

Z praktickych a etickych divodii se pro neurovédecky vyzkum hojné vyuzivaji bunééné
kultury a zvifeci modely. Zatimco diky zvifecim modelim se podafilo popsat celou fadu
funkci CNS, prilom v neurobiologii piineslo vytvoieni linii lidskych ESC a iPSC. Diky
dalSimu rozvoji je mozné v in vitro podminkach vytvorit témét jakykoliv bunécény typ vcetné
nervovych bunék a bunky v kultufe 1ze pozorovat, podrobné analyzovat a také kontrolované

: I
manipulovat'’.

1.3.1 Bunécné modely

Ptesto, Ze 1ze u zvifecich modelt simulovat mnoho neurologickych onemocnéni, ne vzdy tyto
modely vérné napodobuji pritbéh nemoci u lidi na molekularni urovni. V nékterych piipadech
pro studium mechanismi, které jsou podstatou onemocnéni, l1€pe poslouzi kmenové bunky
izolované z nemocné tkané nebo kmenové buiky geneticky modifikované tak, aby

exprimovaly mutantni proteiny.

iPSC predstavuji pokro€ily in vitro model nejriznéjSich onemocnéni. Preprogramované
somatické bunky Ize pomoci specifickych faktori diferencovat do neuronti ¢i gliovych bunék
a u takto pfipravenych bunék miliZze byt zkoumén jak mechanismus vzniku a pribéhu
onemocnéni, tak mohou slouZit pro vyvoj a efektivni testovani novych 1é€iv, jejich u€innosti
i toxicity'~'. Nesmirnou vyhodou je, Ze iPSC mohou byt pfipraveny pfimo z bunék pacienta
a obsahuji tak jeho konkrétni genotyp, vetné specifickych mutaci vedoucich k onemocnéni.
Patofyziologie daného onemocnéni se pak v in vitro podminkach miiZe projevovat bez dalSich

vnéjSich zasah.

Ve zkumavce Ize za specifickych podminek s vyuZitim specialnich kmenovych bunék vytvoftit
malé &asti nazyvané organoidy, tj. zmensené verze organd jako je napiiklad mozek’>. Protoze
tkan€ jsou tvofeny buiikami propojenymi mezibunécnou hmotou ve struktuie, ktera ovliviiuje
jejich funkei, tuto organizaci Ize Gspésné rekapitulovat s vyuzitim organoidii, ve kterych si
buiiky vytvaii specifické 3D mikroprostfedi pro riist a vyvoj*>. Experimenty s vyuZitim

s 1o v s . . 7 v . . . . 33-35
organoidi pfindsi nové neobjevené moznosti studia neurobiologie

a do budoucna jiste
také etické otdzky s nutnosti nastavit pravidla pro pouzivani téchto modeli s obrovskym

potencialem.



1.3.2 Zviteci modely

Zviteci modely jsou velmi cenné jak pro studium etiopatogeneze neurodegenerativnich
onemocnéni, tak pro vyzkum v oblasti terapeutickych piistupti. Obecné Ize zvifeci modely

rozdélit na geneticky modifikované a indukované (farmakologicky, toxicky).

Historicky se u vétSiny lidskych chorob nejvice vyuzivaji mysi modely, které piedstavuji
dualezity nastroj pro zkoumani a pochopeni nejriiznéjsich patologickych stavi. Jejich vyhodou
je kratka doba Zivota s moznosti brzkého vyvoje fenotypu, velka reprodukcni kapacita a nizké
ekonomické ndklady na chov. Pro plnohodnotné modelovani lidského onemocnéni maji vSak
mySi modely urcitd omezeni. Jsou zde zejména limity v disledku malé velikosti
experimentalniho zvifete a z toho vyplyvajici omezené moznosti pouziti zobrazovacich
metod, chirurgické intervence apod. Omezena je také moZnost testovani kognitivnich funkci

T . 008
a behavioralnich projeva™.

Tyto limity je moZzné piekonat s vyuzitim modelii velkych zvifat: transgenni ovce, primati
a (mini)prasata. Vzhledem k délce jejich Zivota umoziuji vérngj$i pozorovani progrese
choroby. U velkych zvifecich modeld 1ze pouzit neurochirurgické procedury a neinvazivni
zobrazovaci metody podobné tdm pouZivanym v humanni klinické diagnostice™®. Diky
mnohym anatomickym, fyziologickym a metabolickym podobnostem se pro studium lidskych
chorob s vyhodou vyuZzivd modelu miniprasat, ktera jsou pro své sofistikované kognitivni

a motorické schopnosti idealni také pro dlouhodobé studie uéeni, paméti a chovani®’.

1.4 Bunéc¢na terapie

YV 1

V soucasnosti existuji desitky variant seridzni bunécéné terapie s vyuzitim riznych typl bunék
vklddanych do rGznych organi a tkédni za rlznych podminek. Jejich plsobeni lze
charakterizovat dvéma zdkladnimi principy. Zaprvé, buiiky vloZzené do urceného mista
pusobeni nahrazuji poskozenou tkan. Zadruhé, transplantované bunky generuji v misté
pusobeni ristové faktory, cytokiny nebo chemokiny, které podporuji vlastni opravu

poskozenych tkani**~.



1.4.1 Bunécna terapie kmenovymi bunkami

Lidské pluripotentni kmenové buniky maji schopnost neomezené sebeobnovy a diferenciace
do témét vSech typt zralych bunck. Vyhoda iPSC spocivd v zamezeni etickych obav
spojenych s pouzitim lidskych ESC a dlazdi cestu k personalizované medicin€. K bunécné
terapii lze vyuzit multipotentni kmenové builkky, mezi néz patii nejcastéji pouzivané
hematopoetické kmenové bunky (HSC, z angl. Hematopoietic Stem Cells), epidermové
kmenové bunky, NSC a mezenchymové kmenové bunky (MSC, z angl. Mesenchymal Stem
Cells)"".

Transplantace NSC v 1é€bé neurodegenerativnich chorob a mechanickych poskozeni nervové
soustavy ma velky potencial, predev§im diky jejich schopnosti produkovat neurotrofni
Nékteré z téchto pozitivnich efektd probihaji skrze bunécny kontakt, jiné skrze sekreci
cytokintl, rastovych faktori, jednoduchych metaboliti a proteini dilezitych pro bunécnou

komunikaci’.

Pro terapeuticky uc¢inek v CNS je rozhodujici schopnost transplantovanych bunék migrovat
z mista vpichu do vzdalené¢jSich oblasti nebo alespont v postizenych mistech. V dospélé
mozkové tkéani totiz chybi difuzni radidlni glie Gi¢astnici se navadéni NSC do vhodné cilové
oblasti. Migrace a integrace transplantovanych NSC do hostitelského mozku muze dale
zéaviset na stadiu diferenciace darcovskych bunék, coz ovlivituje tspéch ptihojeni (shrnuto
v °). Bylo publikovano n&kolik experimenttl ukazujicich, Ze k transplantaci nejsou vhodné
nezralé NSC ani terminalné diferenciované neurony, ale spi§ neurony ve stfedni fazi

diferenciace®. Dulezity je dostatek navad&cich signali’.

Uspé&$na integrace neuronti odvozenych od NSC do hostitelské nervové sité vyzaduje, aby
transplantované neurony byly schopné prodlouzit své axony na dlouhé vzdalenosti, coz Ize
podpofit pomoci genetické manipulace lidskych NSC smérem k vyssi produkcei transkripcnich
faktori zodpovédnych za rast axond®. Daldi moznosti je oSetieni darcovskych NSC
specidlnimi latkami podporujicimi rist axonti jeSté¢ pied transplantaci nebo modifikace

vnitfniho prostiedni CNS k vét3i propustnosti pro migraci bun&k a axonalni rist*'.

Zvyseni terapeutického u¢inku NSC je mozné také prostfednictvim modulace exprese
vybranych rlstovych faktord. VSeobecné NSC se zvySenou expresi neurotrofini BDNF
(z angl. Brain-Derived Neurotrophic Factor), GDNF (z angl. Glial cell line-Derived
Neurotrophic Factor), NT-3 (Neurotrophin-3), IGF-1 (z angl. Insulin-like Growth Factor-1)
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nebo NGF (z angl. Nerve Growth Factor) vykazuji lepsi schopnost pfezivat a maji zvySené

proliferaéni a neuroprotektivni vlastnosti’*.

1.4.2 Klinické studie

Pro klinické studie bunécné terapie neurologickych onemocnéni se nejcastéji vyuzivaji MSC,
a to jednak z divodu jejich snadné dostupnosti z kostni diené ¢i tukové tkané, ale také protoze
jsou schopné integrace do mista poskozeni a maji imunomodulacni efekt. Navic jsou imunitné
privilegované, takze je mensi pravdépodobnost jejich odhojovani po alogenni transplantaci
(shrnuto v **). V poslednich letech vrista také zdjem o terapii neurologickych onemocnéni,
predevsim mozkové obrny a hypoxické ischemické encefalopatie, pomoci HSC. HSC ziskané
z kostni dfen¢ pacienta nebo pupecnikové krve jsou tradiéné vyuzivané v terapii nddorovych

v s v s cr . 38
onemocnéni krve nebo onemocnéni imunitniho systemu .

Terapie neurologickych poruch pomoci NSC se zamétuji pfedev§im na mrtvici, roztrousenou
skler6zu, misni poskozeni nebo ALS, vSechny se zatim vyskytuji v klinické fazi I nebo II
(shrnuto v **). Nervové kmenové buiiky neni mozné ziskat pifimo od pacienta, proto se
vyuzivaji bud’ lidské ESC pro alogenni transplantace, nebo iPSC a MSC, které 1ze pomoci
specifickych protokolti diferencovat na NSC pro autologni transplantace®. Ptisobeni NSC
v nemocné tkani je zaloZeno na produkci neurotrofnich faktord a na jejich schopnosti
diferencovat se do neuronli a gliovych bunék, a tedy nahradit poskozené nebo odumielé

buiiky™®.

Misni poskozeni

Terapie miSniho poskozeni se nachéazi ve vétSing piipadi v 1. fazi klinického testovani. Jejim
cilem je pomoci NSC nebo MSC transplantovanych do mista poSkozeni pfeklenout mezeru
v misnich drahach vzniklou poranénim a dodat do michy nové bunky, které pomohou
pienaset signal z mozku do mista za poranénim. Existuje nékolik mechanizmi, jakymi piisobi
kmenové builkky na misni 1ézi. PfedevSim je to remyelinizace demyelinizovanych vlaken,
podpora puceni axonil, angiogeneze, imunosupresivni efekt ¢i sekrece neurotrofnich faktort,
které mohou vést k funkénimu zlepSeni*’. Soulasny stav klinickych studii nedovoluje
vzhledem k malému poctu pacienti s miSnim poranénim v jednotlivych studiich

a heterogenité souborti vyvodit jednozna¢né zavéry ve smyslu funkéniho vyznamu aplikace,
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zatim lze pouze vyvodit jednoznacné pozitivni zavéry ve smyslu bezpecnosti transplantace

kmenovych bungk™®.

Amvyotroficka lateralni skleroza

Bunécna terapie ALS probihd v mnoha klinickych studiich za vyuziti NSC i MSC. Ty maji
za ukol chranit a vyzivovat zbyvajici motorické neurony a pfipadné opravit poskozené
neurony, a to prostfednictvim sekrece ristovych faktori, imunomodula¢nim plsobenim
na aktivované astrocyty a mikroglie, nebo diferenciaci do podoby funkéni glie*®. Ackoliv
mnohé experimentalni prace dokladaji pozitivni efekt bunééné terapie na priabéh nemoci,
dosud publikované studie mohou stejné jako v ptipadé misniho poskozeni pouze potvrdit

bezpeénost bun&éné terapie, at’ uz pomoci NSC*” nebo MSC*,

Jednim z ptikladd je transplantace autolognich MSC indukovanych k vyS$§i expresi
neurotrofnich faktord firmou Brainstorm-Cell Therapeutics. Transplantace téchto MSC
do michy pacienta v II. klinické fazi prokéazala bezpecnost terapie, faze III ale bohuZzel
neprokazala klinicky vyznamné zlepseni*. Dalsi z klinickych studii testovala transplantaci
neuralnich progenitorovych bunék do spinalni michy, které se diferencovaly do astrocytl
a pomoci zvySené¢ exprese GDNF podporovaly piezivani miSnich motorickych neuront
pacienta. Nicméné ani zde se nepodafilo prokéazat vic nez bezpeénost terapie*’. Je nezbytné
poznamenat, Ze v drtivé vétSin€ experimentalnich studii je 1é€ba zahdjena v presymptomatické
fazi nebo bezprostfedné po objeveni se ptfiznakd. Vzhledem ke zna¢né prodlevé od prvnich
symptomt k diagnéze nelze takovou situaci reprodukovat v klinickych studiich a v kontextu

rychle progredujici neurodegenerace se pak jedna o vyrazn& pokro¢ilejsi patologicky proces™.

Ptesto, ze terapie pomoci kmenovych bunék ma velky potencial a 1€kati 1 pacienti do ni
vkladaji nad¢je, vétSina téchto bunéénych terapii je doposud ve fazi klinického testovani.
Dosud jediny prokazatelny uspéch terapie kmenovymi bunikami tedy stile predstavuje
transplantace krvetvornych kmenovych bunék pii 1é€bé leukémie, selhani kostni diené,
nekterych vrozenych krevnich onemocnéni, tézkych poruch imunity a dédi¢nych poruch
metabolismu’. Cestou k efektivn&jsi bun&éné terapii pomoci NSC je zdokonaleni protokoli
pro jejich izolaci, kultivaci a diferenciaci poskytujici co nejméné heterogenni bunécéné
populace. Déle je zapotiebi podrobnéjsi charakterizace vnasenych bunék a intenzivni vyvoj

podplrnych strategii pro uspé€Snou migraci a integraci transplantovanych bun¢k.
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1.5 Proteiny typické pro ESC, NSC a diferencované bunky

K cilené¢ a bezpecné bunétné terapii je nezbytna presnad charakterizace bunck. Jednotliva
stadia diferenciace od ESC, NSC az po zralé¢ neurony a gliové bunky lze charakterizovat

mimo jiné podle hladiny intracelularnich, povrchovych a sekretovanych proteind.

1.5.1 Intracelularni proteiny

Nejznadméjsimi a nejlépe popsanymi markery ESC a iPSC jsou transkripcni faktory NANOG
a OCT4, které jsou zodpovédné za udrzeni pluripotence a schopnosti sebeobnovy”'. Indukce
pluripotentnich bunék do NSC probiha skrze formaci embryoidnich télisek a jejich kultivaci
v bezsérovém mediu s ptidavkem ristovych faktorit EGF (z angl. Epidermal Growth Factor)
a/nebo FGF (z angl. Fibroblast Growth Factor) na plastiku potazenym lamininem, ktery
vytvaii specifické prosttedi podobné extracelularni matrix v mozku®. Pro udrzeni nervovych
kmenovych bunék v nediferencovaném stavu a zachovani jejich schopnosti sebeobnovy jsou
nezbytné transkripéni faktory PAX6 (Paired box protein Pax-6), SOX1 a SOX2 **** SOX2
ma svou ulohu jak pti udrzovani pluripotence v ESC a iPSC, tak pfi diferenciaci do NSC, kde
ale jeho hladina klesa™. Vyskyt intermedialniho filamentu Nestinu znadi preménu
v multipotentni neurdlni prekurzor s omezenou schopnosti sebeobnovy a regeneracni

kapacitou®.

Diferenciace NSC do liniové specifickych subpopulaci je doprovazena ptitomnosti ristovych
faktort BDNF a/nebo GDNF smérujicich NSC k neurdlnim prekurzorim, nebo PDGF-AA
(z angl. Platelet-Derived Growth Factor), ktery sméruje diferenciaci k oligodendrocytim

2
(shrnuto v 22637

). V pribéhu neurondlni diferenciace se zacCinaji objevovat markery
DCX (Doublecortin), MAP2 (z angl. Microtubule-Associated Protein 2) a BIII Tubulin
(TUBB3, z angl. Tubulin beta- 3 chain)’®*°. Buiiky méni svoji morfologii, formuji axony a
dendrity a vytvaii propletené sité vldken®. Prekurzory astrocyti jsou typické pritomnosti

GFAP (z angl. Glial Fibrillary Acidic Protein) nebo S100B (Protein S100-B)"".

13



1.5.2 Povrchové proteiny

Pro klinické aplikace a transplantacni experimenty je nezbytné nabohatit a ocistit specifické
populace buné¢k, k ¢emuz mtize slouzit selekce na zaklad¢ pritomnosti/nepfitomnosti proteintl.
Mezi nejznaméjsi povrchové markery lidskych pluripotentnich bun¢k patii SSEA-3, SSEA-4
(z angl. Stage Specific Embryonic Antigen 3/4), TRA-1-60 a TRA-1-81%%. Selekce bungk
negativnich pro tyto markery mtize eliminovat pfitomnost nediferencovanych bunék, a tedy
tvorbu teratomd po transplantaci. Neurdlni prekurzory lze charakterizovat expresi
promininu-1 (CD133), SSEA-1 (CD15) nebo FORSE-1"%. Diferencované nervové buiiky
exprimuji PSA-NCAM (CD56) a CD24, zatimco astrocytadlni prekurzory jsou
charakterizované expresi A2B5, CD44 a oligodendrocytalni expresi PDGFR (CD140a),
Ol a 04 (shrnuto v °). Uroveii exprese proteinti miZe byt ovlivnéna experimentalnimi
podminkami, proto je pro zvySeni specifity separace nejvhodnéj$i zamétit se na kombinaci

povrchovych markeri (shrnuto v 2663y

1.5.3 Sekretované proteiny

Pozitivnim efektem transplantace NSC je jejich schopnost sniZit zan&tlivou reakci®. NSC
dale podporuji pieZivani a regeneraci endogennich neuront tim, Ze produkuji neurotrofni
faktory jako jsou BDNF, GDNF, NGF, NT-3, CNTF (z angl. Ciliary Neurotrophic Factor),
VEGEF-A (z angl. Vascular Endothelial Growth Factor-A) and IGF-1 a 2 (shrnuto v °). Tyto
faktory podporuji axondlni/dendritické spoje a zvySuji pfezivani a piihojovani
transplantovanych NSC. Prevazna vétsina studii se vSak spoléhd na nepfimou korelaci pfi¢iny
a ucinku, aby prokazala, Ze transplantované buniky maji imunomodulaéni roli spiSe, neZ aby

zobrazovaly specifické molekularni mechanismy®.
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1.6 Proteomové studie

Proteom je soubor proteint, které se nachdzi v urcitém case na urcitém misteé, naptiklad
v buiice organismu ¢i specificky v nékteré bunécné organele za plsobeni konkrétnich vnéjsich
1 vnitinich podminek. Proteomika se pak zabyva studiem zmén hladin nebo posttranslacnich
modifikaci proteint, nebo reakci proteinii mezi sebou. V oblasti proteomiky je k dispozici
Sirok4 paleta separacnich a identifikaénich metod, které umoziuji provadét explorativni
i cilené analyzy proteomu. Kazda z dostupnych metod ma sva specifika, ktera predurcuji jeji
vyuziti. Kombinace riiznych proteomickych metod a technologii vymezuje fadu dobie

definovanych proteomickych pristupa®®.

1.6.1 Protilatkové metody

Detekce proteinti pomoci specifickych protilatek vynika vysokou citlivosti a jednoduchosti.
Skute¢ny proteomicky protilatkovy pfistup spociva v dostupnosti technologii, které umoziuji
analyzovat v jednom vzorku desitky aZ stovky riznych proteinii®. Nevyhodou protilatkovych
metod je, Ze specifita a selektivita nékterych protilatek neni vzdy dostate¢né otestovana, a tak

mohou tyto metody nékdy poskytovat fale§né pozitivni nebo negativni vysledky®.

Protilatkové c¢ipy umoznuji screeningové vySetfeni vzorkl. SlouZi naptiklad k porovnani
vzorkl s cilem vybrat kandidatni proteiny pro konkrétnéjsi studium. Na pevném podkladu je
imobilizované Siroké spektrum protilatek, které na sebe vaZzou vybrané proteiny. Detekce poté

probiha navazanim sekundarni protilatky se znadkou®®.

Multiplexni analyza typu Luminex funguje na stejném principu jako protilatkové Cipy, ale
protilatky jsou imobilizované na kuli¢kach, nej€astéji magnetickych. Vyhodou této metody je
vysoka citlivost a mala spotfeba vzorku. Naopak nevyhodou je moZnost detekce omezeného

mnozstvi proteinti béhem jedné analyzy v diisledku vzajemné reaktivity protilatek®.

Prutokova cytometrie umoziuje analyzu jednotlivych bunék, zivych i fixovanych. Vzorek je
vstiikovan do pratokového cytometru a tenky proud tekutiny unési jednotlivé bunky do mista,
kam je namifen paprsek laseru. Pfi interakci s bufikami dochazi k absorpci, fluorescenci
a rozptylu svétla. Parametry proslého, vyzareného a rozptyleného svétla jsou charakteristické
pro rizné bunky a jejich ¢asti. Ackoli prutokova cytometrie umoznuje analyzu velkého

mnozstvi bunék za velmi kratky Cas, spektrum parametrd, které 1ze hodnotit, je velmi malé
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(shrnuto v *'). Buitky mohou byt béhem pritokové cytometrie také tiidény podle nastavenych
kritérii, tato metoda se nazyva FACS (z angl. Fluorescent Activated Cell Sorting). Princip
tiidéni je zalozen na elektrostatickém vychylovani nabitych kapének nesoucich bunky
na zékladé fluorescen¢ni charakteristiky. Castice obsahujici sledovany fluorescenéni znak je
pozitivné¢ nebo negativné nabita a poté dochdzi u kapiCek obsahujicich nabité Castice

k vyklon&ni z proudu a zachyceni bun&k do testovacich zkumavek®’.

Hmotnostni cytometrie kombinuje principy prutokové cytometrie s detekci signalu pomoci
MS s induk¢né vazanym plazmatem a analyzatorem doby letu (TOF, z angl. Time Of Flight).
Protilatky jsou znacCeny stabilnimi izotopy kovl, jednotlivé oznacené bunky jsou
vaporizované, atomy kovll jsou ionizované a analyzované pomoci MS. Tento pfistup
umoziuje simultdnni pouziti vice stabilnich isotopii kovi a analyzu vétstho mnozstvi
parametrl, ¢imz je piekondno omezeni dané spektralnim prekryvem fluorescencnich znacek.

Neumoziuje viak analyzu a t¥idéni Zivych bungk (shrnuto v °%).

1.6.2 Hmotnostné-spektrometrické metody

Hmotnostni spektrometrie je diky své pfesnosti, citlivosti a vSestrannosti nepostradatelnym
nastrojem pro analyzu proteinid. MiiZe byt pouzita ke stanoveni aminokyselinovych sekvenci
peptida a k charakterizaci Siroké $kély posttranslacnich modifikaci, jako je fosforylace nebo
glykosylace. MS lze v kombinaci s Gi€innou separaci pomoci kapalinové chromatografie (LC,

z angl. Liquid Chromatography) pouzit ke kvantifikaci tisice proteini z komplexnich vzorkl
(shrnuto v ©).

Obr. 3. Vyvoj a princip proteomickych pristupu.

a. Casova osa zobrazuje vyvoj od pocateéniho pfistupu ke studiu proteinti pomoci
biochemickych metod, které maji omezenou multiplexni kapacitu (imunoblot, ELISA),
pies prvni skutecné proteomické metody (2-D elektroforéza s identifikaci diferencnich
proteinii pomoci MS, protilatkové Cipy, multiplexni protilatkova analyza na kuli¢kach), az po
moderni metody zalozené na méteni LC-MS/MS (DDA, DIA). Ve vyhledu lze ocekévat
Cast¢j$i kombinaci s vysledky analyz transkriptomu a dal$i rozvoj DIA ve smyslu vyssi
rychlosti analyzy, citlivosti a rozliSeni na trovni jednotlivych bun¢k nebo molekul.

b. Pfi analyze zalozené na LC-MS/MS méieni jsou proteiny Sté€peny specifickou protedzou
na peptidy, které jsou separovany kapalinovou chromatografii, ionizovany a analyzovany
v tandemovém hmotnostnim spektrometru. Analyty jsou filtrovany, fragmentovany
a detekovany na zdklad€ velmi pfesného stanoveni pomeéru jejich hmotnosti a nadboje (m/z).
V ptipad¢ globalnich analyz DDA a DIA jsou cyklicky méfena kompletni spektra
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prekurzorovych ionti MS1. Pii DDA je fragmentovano zvolené mnozstvi nejintenzivngjSich
iontl, jejichz produktové ionty jsou detekovany v MS2 s vysokym rozliSenim (Orbitrap,
TOF). Pii DIA je MS1 spektrum rozdéleno do definovanych oken a k fragmentaci jsou
do MS2 poslany vSechny prekurzorové ionty z tohoto okna. Cilené méteni LC-MS/MS
vyuzivaji metody PRM a SRM, které vyzaduji znalost m/z prekurzorovych iont. Pfi PRM
se zaznamenavaji celd spektra MS2 ve vysokém rozliSeni. Pii SRM je nutné znat také m/z
produktovych iontl, které jsou pred detekci opét filtrovany, coz umoznuje sledovéani pouze
vybranych iontovych pfechodii. Zaznamenana data jsou po integraci kvantifikovana. DDA,
Data-Dependent Acquisition; DIA, Data-Independent Acquisition; ELISA, Enzyme-Linked
Immuno Sorbent Assay; LC, Liquid Chromatography, MS, Mass Spectrometry; PRM,
Parallel Reaction Monitoring; SRM, Selected Reaction Monitoring; TOF, Time Of Flight.
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1.6.2.1 Data-dependent acquisition

Na datech zavisla analyza (DDA, z angl. Data-Dependent Acquisition), také nazyvana
shotgun MS, je pfistup pouzivany k identifikaci proteini bez nutnosti predchozich znalosti
vzorkil. Metoda vyzaduje pouziti tandemového hmotnostniho spektrometru a probiha
v cyklech. Nejprve se provadi MS1 skenovani prekurzorovych iontl, poté jsou prekurzorové
ionty postupné vybirany pro fragmentaci na zaklad¢ intenzity jejich signalu. Fragmentové
ionty jsou nasledné¢ méfeny v MS2. Pomoci DDA Ize identifikovat a kvantifikovat tisice
proteinil, vCetné jejich posttranslacnich modifikaci. Nejcastéji se ke kvantifikaci pouzivaji
label-free metody zaloZené na pocitani spekter pro konkrétni peptid nebo na méteni intenzity
piku prekurzoru na urovni MS1. Hlavni slabinou této metody je fragmentace a méfeni pouze
nejintenzivngjSich prekurzort, coz muize negativné ovlivnit kvantifikaci v ptipad€é porovnani

7071 " Stochasticitu

vzorki, ve kterych je specificky protein zastoupen v fddové odlisné miie
DDA Ize obejit znacenim a kvantifikaci na tirovni MS2. Existuje cela fada moznosti tohoto
znaceni, naptiklad metabolické znac¢eni pomoci aminokyselin se stabilnimi izotopy v bunééné
kultufe (SILAC, zangl. Stable Isotope Labeling by Amino Acids in Cell Culture)”,
proteolytické znaGeni 1807, nebo chemické znaeni pomoci izobarickych znadek

pro relativni a absolutni kvantifikaci iTRAQ nebo tandem-mass-tags)’ .

Dynamicky rozsah proteinil ve smési je velkou vyzvou proteomickych analyz. Pokud chceme
detekovat 1 proteiny s nizkou hladinou, je moZné pied LC-MS analyzou odstranit ze smési
proteinti ty majoritni s vysokou hladinou’®. Tento piistup se vyuziva napiiklad pii analyze
télnich tekutin jako je krevni plazma, mozkomisni mok apod. U vzorkti bun¢k nebo tkani lze
mén¢ zastoupené proteiny nabohatit nejriiznéjSimi technikami jako je imunoprecipitace,
izolace vackl (napf. exosomy, synaptosomy), nebo tieba izolaci proteinli s konkrétni
modifikaci. V této praci jsme vyuzili nabohaceni membranovych proteini pomoci technologie

CSC (z angl. Cell Surface Capture) fungujici na principu chemického znaéeni Zivych bungk’’.

Prestoze je DDA z podstaty méfeni méné vhodna pro kvantifikaci, je idealni metodou pro
tvorbu knihovny spekter, kterd je klicovd pro vysoce spolehlivou a piesnou kvantifikaci

pomoci cileného méfeni.
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1.6.2.2 Cilena hmotnostni spektrometrie

Kvantitativni omezeni DDA piekonavaji cilené metody MS. Tyto metody umoziuji
kvantifikaci souboru proteinil s vysokou piesnosti a reprodukovatelnosti. Typicky se pouzivaji
cilené techniky — analyza nezavisla na datech (DIA, z angl. Data-Independent Acquisition),
monitorovani vybranych reakci (SRM, z angl. Selected Reaction Monitoring) a monitorovani
paralelnich reakci (PRM, zangl. Parallel Reaction Monitoring). Peptidy pouzité pro
kvantifikaci musi byt peclivé vybirdny a hodnoceny s ohledem na jejich jedinecnost
a vhodnost pro kvantifikaci (napi. je vyhodné se vyhnout peptidim s interferenci nebo

aminokyselinami s nekonzistentni strukturalni modifikaci jako je oxidace methioninu).

Monitorovani vybranvch reakci (SRM)

Pomoci metody SRM lze kvantifikovat desitky pfedem vybranych proteini v ramci jedné
analyzy a diky Sirokému linedrnimu dynamickému rozsahu je tak moZzné stanovit proteiny
obsazené v mnozstvi 41 az 1,3 x 10° kopii na buiiku v jedné analyze’. Pro analyzu SRM se
pouziva hmotnostni spektrometr s trojitym kvadrupolem (QQQ). Pfedem vybrané
prekurzorové ionty s definovanou hodnotou m/z jsou s rozliSenim 0,7 Daltonu filtrovany
v prvnim kvadrupolu (Q1), odeslany do kolizni cely (druhy kvadrupol — Q2)
a fragmentovany. Fragmentové (produktové) ionty jsou poté vedeny do tfetiho kvadrupdlu
(Q3), ve kterém jsou pfedem vybrané fragmentové ionty s definovanou hodnotou m/z
filtrovany a odeslany do detektoru. Specificky par prekurzorovych a fragmentovych iontl
jednotlivych hodnot m/z se nazyvéa ptechod (tranzice). Métfeni pouze vybranych piechodl
zarucuje vysokou specificitu a selektivitu metody SRM. Hlavni nevyhodou metody SRM je
omezeny pocet peptidl, které Ize monitorovat v jedné analyze, nutnost znalosti proteind

a potfeba vyvoje metody (vybér vhodnych peptidl a prechodi).

Monitorovani paralelnich reakci (PRM)

Tato metoda je principialné stejna jako SRM, jen misto hmotnostniho filtru QQQ se pouziva
kvadrupdl s analyzatorem s vysokym rozliSenim (Q-TOF, Q-Orbitrap). Pfedem vybrané
prekurzorové ionty jsou filtrovany v kvadrupdlu, odeslany do kolizni cely a poté jsou

detekovany viechny fragmentové ionty’".

V SRM i PRM lze pro vyvoj metody vyuzit peptidy znacené stabilnimi izotopy, které se
pfidaji do zdjmového vzorku. Ze znalosti charakteristik tohoto ,,t€Zkého* peptidu jsme

naslednym porovnanim signdlu MS schopni potvrdit identitu a porovnat mnoZzstvi
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endogenniho peptidu mezi vzorky. Pii pouziti syntetickych peptidi vysoké kvality je mozna

také absolutni kvantifikace proteini a jejich PTM®.

Data-independent aquisition (DIA)

Na rozdil od metody DDA, které selektivné vybira nejintenzivnéj$i peptidy pro fragmentaci,
DIA piistup fragmentuje viechny ionty v ur&itém rozsahu m/z"'. Poskytuje tak informace
o mnozstvi vSech detekovanych proteinti bez predchoziho vybéru peptidl pro analyzu. Jednou
z DIA metod je SWATH-MS (z angl. Sequential Windowed Acquisition of all Theoretical
Mass Spectra). Kvadrupol Q1 funguje i zde jako hmotnostni filtr, ktery postupné propousti
do kolizni cely soubory peptidii spadajicich do oblasti m/z okna o Sifce piiblizné 25 Da.
Vsechny propusténé ionty jsou pak fragmentovany v kolizni cele (Q2) a analyzovany pomoci
analyzatoru TOF™. Okno pro vybér peptidi k fragmentaci je iri nez v piipadé SRM, coz
sice snizuje selektivitu méfeni, ale citlivy a presny koncovy analyzator (TOF nebo Orbitrap)
umoziuje simultanni piesnou kvantifikaci mnohonasobné vétStho mnoZzstvi proteint.
Vyhodou DIA je moZnost pozd¢jsiho vyuziti naméfenych dat pti hledani novych kandidatnich
proteinti. Data je mozné kdykoli znovu analyzovat, naptiklad pomoci nové knihovny spekter

s hlub§im pokrytim proteomu.

Vysledna fragmentacni spektra jsou diky velkému mnoZstvi paralelné métenych ionth
poméme¢ slozitd. K identifikaci a kvantifikaci peptidovych prekurzori se pouzivaji dva
ptistupy, zaloZené na pouZziti ¢i nepouziti knihovny spekter. Metoda zaloZend na pouziti
knihovny analyzuje data pomoci pfedem vytvofené knihovny obsahujici relativni intenzitu
peptidovych fragmentovych ionthh a retencni ¢as (RT, zangl. Retention Time). Ptistupy
bez knihovny vyuZivaji k analyze DIA-MS dat databdzi proteinovych sekvenci nebo
predikované knihovny. Zatimco metody bez knihoven nabizeji vétsi flexibilitu, asto vyzaduji
dalsi kontrolu pro stanoveni FDR (z angl. False Discovery Rate). Vybudovani komplexni
knihovny pomoci frakcionovanych dat DDA je stale klicové pro analyzy DIA, zatimco malé

. v v sro v . 1
knihovny se &ast&ji nahrazuji piistupem bez knihovny®'**,
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1.6.2.3 Software pro vyhodnoceni hmotnostné-spektrometrickych dat

Klicové je v proteomice bioinformatické zpracovani dat, které umozni z velkého mnozstvi
namétenych dat ziskat relevantni vysledky. K dispozici je Siroka skala softwart, at’ uz jde
o voln¢ dostupné nebo komer¢ni verze softward. Pro zpracovani dat z DDA metod lze vyuzit
voln¢ dostupny software MaxQuant, ktery vyuziva také tfada biologickych laboratoii bez
proteomického vybaveni. Je navrzeny pro analyzu velkych soubori MS dat a umoznuje
zpracovani dat pro kvantifikaci pomoci nékolika metod znaceni (napi. SILAC) i bez znaceni
(label-free)**. Pro analyzu SRM dat je volng dostupny software Skyline. Tento software je
vhodny jak pro vytvafeni a optimalizaci cileného méfeni, tak pro kvantitativni analyzu dat™.
Pro zpracovani dat z DIA analyz s pouzitim spektralni knihovny lze pouzit voln¢ dostupné
softwary, napf. Skyline®, DIA-NN™, EncyclopeDIA® nebo OpenSWATH®*. MaxQuant
a jeho MaxDIA umoziiuje analyzu jak s vyuzitim specifické knihovny spekter, tak s vyuZzitim
in silico knihovny ze sekvenci FASTAY. Z komerénich softwarti je asto vyuzivany napf.
Spectronaut od firmy Biognosys . Pro analyzu dat bez pouziti spektralni knihovny lze pouZit
napiiklad software DIA-Umpire”’ nebo GroupDIA®?. Zakladni i pokrogilou statistickou

analyzu umoZituje prostiedi R s vyuzitim bali¢ka MSstats”®, DEP** ¢i iQ”.

21



2 Cile prace

V této dizertaCni praci se zamétuji na neurodegeneraci a neuralni kmenové buiky v priabehu
diferenciace. Tyto buiiky klicové pro spravné fungovani CNS predstavuji dilezity model
pro studium neurobiologie za fyziologickych i patologickych podminek. Jsou také slibnym
zdrojem bunék pro regenerativni medicinu. Ve snaze pfispét k ziskani 1épe definované
populace NSC jsem s vyuzitim proteomickych metod usilovala o podrobnou analyzu téchto

bunék a jejich monitorovani v pribéhu diferenciace.

Specifické cile této dizertacni prace jsou:

1. podrobna charakterizace NSC v prubé¢hu diferenciace pomoci cilené metody SRM
2. analyza povrchového proteomu NSC v prubéhu diferenciace

3. identifikace novych biomarkert pro monitorovani diferenciace NSC

4. identifikace biomarkert pro sledovani progrese HD

22



3 Metody

3.1 Kultivace NSC odvozenych od H9 bunék

NSC odvozené od lidské ESC linie H9 (Thermo Fisher Scientific Inc.) byly kultivovany
v mediu s pfidavkem lidského rekombinantniho FGF-2 (téZ oznaCovany jako bFGF,

z angl. Basic Fibroblast Growth Factor) a EGF, jak je popsano v *°.

Pro fizenou diferenciaci do neuronli bylo proliferaéni médium NSC vyménéno za neuronalni
diferencia¢ni médium vyménou FGF-2 a EGF za lidsky rekombinantni BDNF a lidsky
rekombinantni GDNF. Diferenciace NSC byla smérovana do neuroni po dobu 7, 14, 21
a 28 dnti (podminky BG7, BG14, BG21, BG28, obr. 4) a po dobu 1-8 dnl (podminky
BG1-8). Pro spontdnni neurondlni diferenciaci nebyl pouzit ani BDNF ani GDNF a NSC
diferencovaly diky odstranéni FGF-2 a EGF (stav S28). Dalsi podminkou bylo odebrani
FGF-2 a EGF a vyména za samotné BDNF (B28) nebo GDNF (G28) (obr. 5).

Pro diferenciaci do astrocytd byly NSC kultivovany v mediu s pfidavkem 1% FBS
(z angl. Fetal Bovine Serum), ¢imz se diferenciace NSC smérovala do astrocytli po dobu
28 dnli (Astrol, obr. 5). Referen¢ni lidské astrocyty (Gibco) byly kultivovany dle instrukci
vyrobce v mediu s ptidavkem 10% FBS (Astro2, obr. 5). Lidské ESC linie CCTL-12 (ESC1)
a CCTL-14 (ESC2) byly kultivovany v pfitomnosti mitoticky inaktivovanych primarnich
mySich embryonalnich fibroblastti v mediu s pfidavkem FGF-2 (obr. 5).

EGF, FGF-2 BDNF, GDNF BDNF, GDNF BDNF, GDNF BDNF, GDNF BDNF, GDNF
proliferation differentiation
— ==l = =g =——— e ————
NSC NSC BG7 BG14 BG21 BG28

Obr. 4. Schéma diferenciace H9 NSC do neuronii (pfevzato z publikace Targeted mass
spectrometry for monitoring of neural differentiation’®).
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Obr. 5. Panel podminek pro validaci metody SRM
zahrnoval dvé referencni linie ESC (ESCI1, ESC2),
CCTL-14 %’ ESC2 H9 NSC spontanné diferencované s BDNF i GDNF
(BG28), pouze s BDNF (B28), pouze s GDNF (G28)

CCTL-12 —=22___, Esci
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Iferentiation tor lays
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NSC differentiation for 28 days G28 i i . Lo 9
spectrometry for monitoring of neural differentiation”").
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—_—p
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3.2 Kultivace NSC odvozenych od HUES7 bunék

Buitky HUES7 byly kultivovany, jak je popsano v ©, na vyzivovaci vrstvé mysich
embryonalnich fibroblastii v médiu obsahujicim FGF-2 (v publikaci ozna¢ované jako bFGF).
Neuralni indukce byla spusténa vytvorenim embryonalnich télisek, z nichZ byly izolovany

NSC. NSC byly kultivovany v NSC proliferaénim médiu obsahujicim FGF-2 (obr. 6).

Subpopulace CD184"/CD271 /CD44 /CD24" NSC oznadena v dizertaéni praci jako NSC
a v piiloZzené publikaci jako NPC (z angl. Neural Precursor Cells), byla vytfidéna pomoci
FACS ARIAII a kultivovana v NSC proliferacnim mediu. Pro neuronalni diferenciaci bylo

prolifera¢ni médium vyménéno za diferenciacni médium vyménou FGF-2 za BDNF a GDNF

(obr. 6).

Jako referen¢ni populace terminalné diferencovanych neuronii byly pouzity postmitotické
hNT, které jsou odvozené z lidské bunééné linie NTera-2"""®. Lidské neurony hNT byly
kultivovany po dobu 5 dni v médiu s 10% FBS (obr. 6).
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Obr. 6. Kultivaéni a diferenciacni schéma HUES7 NSC a referen¢nich hNT neuronu

(ptevzato z publikace Surface N-glycoproteome patterns reveal key proteins of neuronal
differentiation®).

3.3 Imunocytochemie

Vybrané markery byly monitorovany v NSC v pribéhu BG diferenciace a v astrocytech
pomoci imunofluorescencniho (IF) zobrazeni. Buiiky byly vysazeny na komurkova sklicka
Nunc Lab-Tek a po fixaci a permeabilizaci byly barveny pomoci primérnich protilatek proti
vybranym proteiniim. Primarni protilatky byly detekovany pomoci fluorescenéné znacenych
sekundarnich protilatek (Alexa Fluor 488). DNA byla obarvena pomoci DAPI. Fluorescen¢ni
snimky byly zachyceny pomoci invertovaného fluorescenéniho mikroskopu DMI6000 B

(Leica Microsystems) a sestaveny v softwaru ImagelJ.

3.4 Pritokova cytometrie

Piiblizné 2 x 10° HUES7 NSC a NSC diferencujicich po dobu 21 dni bylo pouzito k analyze
pratokovou cytometrii pomoci imunocytochemického barveni povrchového proteinu ICAM1
(z angl. Intercellular Adhesion Molecule I). Primarni protilatka anti-ICAM1 konjugovana

s R-fykoerythrinem (monoklondlni myS$i protilatka) byla inkubovdna s bunkami.
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Nasledn¢ byly buinky inkubovany s propidium jodidem k oznafeni mrtvych bunék

a analyzovany cytometrem FACS ARIAII (Becton Dickinson).

3.5 Méreni genové exprese

Relativni genova exprese byla analyzovana pomoci kvantitativni polymerazové fetézové
reakce v redlném case (RT-qPCR). Celkova RNA byla izolovana z H9 NSC v priabehu
diferenciace a z referenc¢nich astrocytli pomoci RNeasy Plus Mini Kit (Qiagen) s QIAshredder
(Qiagen) a prevedena na cDNA pomoci QuantiTect Reverse Transscription Kit (Qiagen)
podle pokynil vyrobce. Pary primert byly otestovany z hlediska specifity, sledovany byly také
kiivky tani pro vylouceni dimerizace primerd. Na detekénim systému CFX96 Touch
Real-Time (Bio-Rad) byla pouzita nasledujici nastaveni: 12 minut pii 95 °C pro aktivaci
enzymu, poté 15 s pii 95 °C pro denaturaci DNA, 40 cykli po 30 s pii 57 °C pro nasednuti
primerti a 30 s pti 72 °C pro elongaci DNA. Pro normalizaci byly vyuzity geny GAPDH
a ATPSF1B.

3.6 Cell surface capture (CSC)

Protokol CSC byl aplikovan na 1 x 10 bunék kazdého vzorku, tedy proliferujici HUES7
NSC, NSC indukované k neuronalni diferenciaci po dobu 3, 10 a 21 dnt a na 4 x 10" hNT

bunék podle diive publikovaného protokolu® s mirnymi tpravami®.

Bunky byly jemné uvolnény Skrabkou z kultiva¢nich misek, oSetfeny 1,5 mM jodistanem
sodnym a nasledné¢ znaceny 3,5 mM biocytin hydrazidem. Poté byly promyty
a resuspendovany v 50 mM hydrogenuhli¢itanu amonném. Solubilizované proteiny byly

redukovany, alkylovany a §tépeny trypsinem.

Biotinem znacené glykopeptidy byly zachyceny na streptavidinovych kulickach. Kulicky byly
resuspendovany v 50 mM hydrogenuhli¢itanu amonném a pro enzymatické Stépeni peptid
z N-glykopeptida byl pouzit peptid-N-glykosiddza F (PNGaza F). Vzorky odebranych peptidil
byly odsoleny na kolonach C18 Ultra MicroTip.
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3.7 Priprava vzorki pro SRM

Vzorky bunék byly zpracovany ve ¢étyfech biologickych replikdch pro kazdou podminku,
paraleln¢ s jejich ptislusSnymi kontrolami (H9 NSC). Proteiny byly po extrakci z bunck
redukovany, alkylovany a nésledné stépeny LysC a trypsinem. Peptidové smési byly odsoleny

na C18 kolonéch a piipraveny pro analyzu LC-MS.

3.8 SRM analyza neuronalni diferenciace

Pro charakterizaci H9 NSC v pribéhu diferenciace jsme vybrali proteinové markery typické
pro ESC (NANOG, OCT4 a SOX2), NSC (SOX2, NES, PAX6 a KI67), neurony (DCX,
TUBB3, MAP2, VEGF-A a CXCLI1, chemokine C-X-C motif ligand 1), astrocyty (S100B
a GFAP) a oligodendrocyty (GALC, galactocerebrosidase a OLIG1, Oligodendrocyte
transcription factor I). Proteotypické peptidy vybranych proteini byly ziskany z vetejné
dostupné databaze SRM Atlas (http://www.srmatlas.org/). Vyvoj a validace testt SRM
pro méfeni hladiny proteinii byly provedeny s pouzitim izotopoveé znacenych syntetickych
peptid (Thermo Scientific Biopolymers). Ty byly monitorovany pomoci LC-SRM za pouziti
hmotnostniho  spektrometru 5500 QTrap s trojitym kvadrupdlem vybaveného
nanoelektrosprejovym iontovym zdrojem (Sciex). Pfi SRM byly sledovany iontové prechody,
tedy pary hodnot m/z prekurzorovych iontid (peptidi) a hodnot m/z produktovych iontl
(peptidovych fragmentii) (obr. 7).

in vitro NSC - synthetic heavy SRM co-elution method optimization
differentiation 4 peptides spike-in
3
— . w
.

Obr. 7. Schéma vyvoje metody SRM. Syntetizované peptidy obsahujici izotopovou znacku
byly ptidany do trypsinem S$tépené peptidové smési diferencujicich NSC. Tyto vzorky byly
méfeny pomoci SRM na hmotnostnim spektrometru s trojity kvadrupdlem k monitorovani
koeluce endogennich peptidii (fialovy pik) odpovidajicich izotopov€ znacenym peptidiim
(oranzovy pik). Vicebarevné piky v grafu optimalizace metody piedstavuji detekci riznych
fragmentovych iontd pochazejicich z jednoho peptidového prekurzoru (pfechody SRM)

(pievzato z publikace Targeted mass spectrometry for monitoring of neural differentiation’®).
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On-line chromatografické separace peptidii bylo dosazeno pomoci systému Eksigent 425
nanoL.C (Eksigent/Sciex) a gradientové eluce (5% - 35% acetonitril s ptidavkem
0,1% kyseliny mravenci) béhem 30 minut s nastavenym pritokem 350 nl/min. Analyza byla
provadéna s Q1 a Q3 v rozliSeni 0,7 m/z v poloviné maximalni Sitky piku. Jednotlivé
piechody syntetickych izotopové znacenych peptidii byly méfeny nejprve rozpusténé ve vodé
s peptidy iRT (z angl. Indexed Retention Time) s Casem prodlevy (angl. dwell time) 10 ms
a celkovym casem cyklu (angl. cycle time) ~3,5 s. Syntetické peptidy byly poté pfidany do
bunéénych vzorkti pro monitorovani spole¢né eluce endogennich (tj. lehkych) peptida
a syntetickych (tj. t€zkych) peptidi za riznych podminek. Data byla analyzovdna pomoci
programu Skyline a pro kvantifikaéni experimenty SRM byly s pfihlédnutim ke kvalité
ziskanych dat vybrany peptidy pro deset proteinovych markertt (DCX, GALC, GFAP, MAP2,
NES, OCT4, OLIG1, S100B, SOX2 a TUBB3), které¢ byly reprezentovany minimalné dvéma

proteotypickymi peptidy na protein a minimalné ¢tyfmi prechody na peptid.

V cCasové definovanych experimentech SRM (angl. scheduled), pti kterych se zaznamenavaji
ptechody pouze v dobé experimentalné zjisténé eluce, bylo méfeno celkem 258 ptechodh
s dobou cyklu 1,7 s, okno reten¢niho ¢asu bylo nastaveno na 4 min. Vysledky SRM byly
manualn€ kontrolovany v programu Skyline a pro kvantifikaci byly ponechany peptidy
detekované s pomérem signalu k Sumu vice nez 3 pro nejintenzivnéjsi prechod. Prechodim
pod Urovni Sumu byla pfifazena hodnota odpovidajici jedné tfetin€ signalu pozadi. Data byla
vyhodnocena pomoci programu R s balickem MSstats, ktery kombinuje kvantitativni méteni
pro peptidy, ndbojové stavy a ptechody a detekuje proteiny, jejichZ mnozstvi se méni mezi
podminkami. MnoZstvi peptidu a proteinu byly vypocteny z transformovanych (log2) ploch

piku jednotlivych piechodl s vyuzitim linearniho modelu se smiSenymi efekty.

3.9 SRM analyza povrchovych proteinii

Pro proteiny ICAMI1, CHLI1 (neural cell adhesion molecule CHLI) a LAMPI1
(z angl. Lysosome-Associated Membrane Glycoprotein 1) byly v HUES7 NSC méieny
pomoci SRM dva deglykosylované peptidy, pro protein astrotactinl jeden dostupny
deglykosylovany peptid. Vyvoj a validace testt SRM specifickych pro deglykosylované
peptidy byly provedeny za pouziti syntetickych izotopové znacenych peptidi (AQUA
peptides, Thermo Fisher Scientific Inc.). Spektra byla ziskdna na hmotnostnim spektrometru

s trojitym kvadrupdlem (6460 Agilent Technologies) vybaveném rozhranim HPLC/ChipCube
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(Agilent Technologies). Peptidové smési s ptfidanymi AQUA peptidy byly separovany pomoci
linearniho gradient acetonitrilu (5% - 35%) béhem 30 minut pii prutoku 300 nl/min. Analyza
byla provedena s Q1 a Q3 v rozliSeni 0,7 m/z s ¢asem prodlevy jednoho pfechodu 20 ms
a dobou cyklu 2,7 s. Data byla analyzovana pomoci programu Skyline a prvnich

4-5 ptechodii na peptid bylo zachovano pro kvantifikaci SRM.

Reten¢ni Cas extrahovany béhem vyvoje testu byl pouzit k vytvoreni scheduled SRM se
177 ptechody a dobou cyklu 1,8 s, okno retencniho ¢asu bylo nastaveno na 6 min. Pfechody
SRM byly manuélné kontrolovany pomoci programu Skyline a pro kvantifikaci byly
ponechany pouze peptidy s pomérem signdlu k Sumu vice nez 3 a horni 3—4 ptechody

na peptid. Data byla vyhodnocena pomoci programu R s balickem MSstats.

3.10 Shotgun MS analyza povrchovych proteint

Vzorky HUES7 NSC byly analyzovany pomoci nanoLC systému (Eksigent/Sciex)
pfipojenému  k  hmotnostnimu  spektrometru  LTQ-Orbitrap XL  vybavenému
nanoelektrosprejovym iontovym zdrojem (Thermo Fisher Scientific Inc.)®’. Peptidové smési
byly naneseny z automatického vzorkovace (Eksigent/Sciex) a separovany pomoci linearniho
gradientu acetonitrilu (7% -37%) béhem 60 minut s pratokem 300 nl/min. Ionty byly
fragmentovany v LTQ casti pfistroje v rezimu kolizi indukované disociace (CID), zatimco
¢ast hmotnostniho spektrometru Orbitrap XL byla pouzita jako citlivy hmotnostni analyzator.
Ionty peptidit v rozmezi 350-1600 m/z byly monitorovany v jednom MS skenu s vysokym

rozliSenim nasledovanym péti MS2 fragmentac¢nimi skeny nejintenzivnéjsich iontd.

Shromazdéna spektra vcetné béznych proteinovych kontaminantli byla prohledana pomoci
programu Sorcerer—Sequest s vyuzitim databaze lidskych proteind UniprotKB/Swiss-Prot.
Data byla analyzovana pomoci programu Trans Proteomic Pipeline a vysledky byly filtrovany
na degykosylované peptidy (N[115] deamidace v motivu NxS/T). Transmembranové domény
byly predikovany pomoci algoritmu PHOBIUS. Label-free kvantifikace byla provedena

na urovni MS1 pomoci programu Progenesis s balickem MSstats.
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METHODS & TECHNIQUES

Targeted mass spectrometry for monitoring of neural

differentiation

Rita Sucha*", Martina Kubickova* "2, Jakub Cervenka'2, Marian Hruska-Plochan?, Dasa Bohaciakova?,
Katerina Vodickova Kepkova', Tereza Novakova'2, Katerina Budkova'?2, Andrej Susor®, Martin Marsala®,

Jan Motlik?, Hana Kovarova' and Petr Vodicka’+

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 vivo grafting is not yet defined. Employing a mass
spectrometry 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. POUSF1 (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,
Protein marker

1L aboratory of Applied Proteome Analyses and Research Center PIGMOD, Institute
of Animal Physiology and Genetics of The Czech Academy of Sciences,
Rumburska 89, Libechov CZ-27721, Czech Republic. 2Department of Cell Biology,
Faculty of Science, Charles University, Albertov 6, Prague CZ-12843, Czech
Republic. *Department of Quantitative Biomedicine, University of Zurich,
Winterthurerstrasse 190, Ziirich CH-8057, Switzerland. “Department of Histology
and Embryology. Faculty of Medicine, Masaryk University, Kamenice 753/5, Brno
CZ-62500, Czech Republic. “Laboratory of Biochemistry and Molecular Biology of
Germ Cells, Institute of Animal Physiclogy and Genetics of The Czech Academy of
Sciences, Rumburska 89, Libechov CZ-27721, Czech Republic.
SNeuroregeneration Laboratory, Sanford Consortium for Regenerative Medicine,
Department of Anesthesiology, University of California, San Diego, 2880 Torrey
Pines Scenic Dr., La Jolla, CA 92037, USA. "Laboratory of Cell Regeneration and
Plasticity and Research Center PIGMOD, Institute of Animal Physiology and
Genetics of The Czech Academy of Sciences, Rumburska 89, Libechov CZ-27721,
Czech Republic.

*These authors contributed equally to this work

*author for correspondence (vodicka@iapg.cas.cz)

® R.S., 0000-0002-2808-4870; J.C., 0000-0002-9947-2045; M.H.-P., 0000-0002-
9253-4362; D.B., 0000-0002-9538-6668; K.V.K., 0000-0002-6848-7826; A.S.,
0000-0003-2926-4096; M.M., 0000-0001-5048-6422; H K., 0000-0002-1705-4035;
P.V., 0000-0002-6605-9158

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (https: Ommons. licen: by/4.0), which permits unrestricted use,
distribution and repreduction in any medium provided that the original work is properly attributed

Received 26 March 2021; Accepted 28 June 2021

31

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 1 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 Cattaneo, 2010; Flax et al.,
1998; Vescovi et al., 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 etal., 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 Cattaneo, 2010). Many protocols
generate a rather heterogeneous population containing NSCs,
committed neuronal and glial 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 vivo 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 vivo 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) identify 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 (Aebersold and Mann,
2003). Recently, we applied the data-independent acquisition MS
method that combined global feature detection with targeted data
extraction to simultaneously 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
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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 in 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, i.e. POU domain, class 5, transcription factor 1
(POUSF1; 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 (OLIG1). 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 (VEGF-
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 S3), 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, OLIGI) 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

sbank Tuai

y y and gene exp ly
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 into 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, OLIG1, GALC). As we
expected, our IF and RT-gPCR 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.

33

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, SOX2), 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,
OLIG1) (Table S6). In agreement with IF imaging results,
OCT4 was not detected by SRM in BG differentiating NSCs
(Table $6).

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 enables 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 SI00B with
TUBB3 (Fig. 4B). Despite differences in the S100B peptides
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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 nuclei
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-gPCR. 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 8 days. We found that DCX
and TUBB3/MAP?2 increased from day 2 and 3, respectively, NES
and SOX2 decreased from day 4, and S100B 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 monitoring of differentiating NSCs, ESCs, and
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 (Cervenka 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).
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Fig. 4. Simultaneous quantification of 28-day BG differentiation. (A) Median abundances (black lines) of each protein marker in a given time interval of
BG differentiation (7, 14, 21, 28 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. Quantification results can be found in Table S6. (B) A correlogram is depicting pair-wise

Pearson correlations of individual protein markers over the differentiation time-course. Colour and dot sizes indicate correlation strength, correlations without
cross are statistically significant (P<0.05). (C) Plots are depicting a correlation of the transcripts levels (RT-gPCR, data from Fig. 3A) and the proteins levels
(SRM, data from Fig. 4A) over time. The dCT values for mRNA levels and the log2-transformed values (abundances) for proteins were scaled and centred to
mean 0 and standard deviation 1 across all measured targets to allow display in the same graph. A table of corresponding Pearson correlation coefficients is
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Fig. 5. SRM quantification of 8-day BG differentiation. Median abundances (black lines) of each protein 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.

SOX2, 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 S6). 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 S6). In agreement with our SRM data (Fig. 6B),
the expression of OCT4 pluripotent ESC marker was previously
confirmed in the ESC1 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 S$6), 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
OLIGI levels are expected to rise and for its correlation with GALC
levels. Protein abundance changes prove the validity of all protein
markers, except OLIG1, for their simultaneous 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). SI00B 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. 7A). 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 SI00B (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 vivo 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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Fig. 6. SRM monitoring of NSC differentiation. (A) A panel of additional conditions for validation involved two reference ESC lines (ESC1, ESC2), NSCs
differentiated with both BDNF and GDNF (BG28), BDNF only (B28), GDNF only (G28), spontaneously differentiated NSCs (S28), astrocyte differentiating
NSCs (Astro1), and reference mature astrocytes (Astro2). (B) Condition plots from quadruplicate cultures were generated using MSstats; graphs show
median signal and 85% confidence intervals. Red colour means that the protein was quantifiable in this condition (>2 peptides per protein were detected in
>3 biological replicates), grey colour means that 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 verify
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 vifro 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 in vitre and in vivo (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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Fig. 7. Astrocyte and ESC markers. (A) S100B and GFAP astrocyte markers in NSCs directed into astrocytes (Astro1) and in mature astrocytes (Astro2),
OCT4 marker of ESCs in reference ESC lines (ESC1, ESC2). Representative endogenous peptides are displayed as a chromatographic trace of peptide
elution and detection by SRM. Coloured traces represent the detection of different SRM transitions. (B) S100B and GFAP mRNAs analysed by RT-gPCR.
Individual transcripts were normalized to two housekeeping controls (GAPDH and ATP5F1B) from three independent experiments. Mean +95% confidence
intervals are shown as black points and vertical lines. (C) Representative IF images of mature astrocytes (Astro2) show GFAP and S100B protein markers in
green, cell nuclei 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.

Ideally, reference pure cell populations would be used as controls
for individual markers, but the post-mitotic nature of terminally
differentiated neurons and oligodendrocytes makes this impossible
for human cells. Immortalized or progenitor human cell lines still
depend on in vitro 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 S100B is a broadly accepted marker
of astroglial cells, its dynamic expression was reported in NSCs
in developing rat brain (Patro et al., 2015), and in human NSC

lines (Lam et 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, 2-6 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 cerebral cortex, where no expression of GFAP was
detectable at week 11, whereas S100B was expressed (Vinci et al.,

9

39

Biology Open



METHODS & TECHNIQUES

Biology Open (2021) 10, bio058727. doi:10.1242/bio.058727

2016). Our results suggest that classical protocols are not optimal
for in virro 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 CXCLI1). 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 for a 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
casily employed to assess the neurogenic/gliogenic potential of
NSCs during the propagation phase. The assay can be further
exploited in in vitro 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 5% 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 (éervenka etal.,
2021) with modifications. Briefly, the H9-derived NSCs (condition NSC)
were grown on 20 pg/ml poly-L-ornithine and 5 pg/ml laminin-coated
plates (both from Sigma-Aldrich, St. Louis, MO, USA) in the NSC
proliferation medium containing KnockOut Dulbecco’s medified Eagle’s
medium (DMEM)/F-12, 2mM GlutaMAX, 1% penicillin-streptomycin,
2% StemPro Neural Supplement, 20 ng/ml 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 spontancous 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, 2 mM 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 generated from brain progenitor-derived
astrocytes were obtained from Life Technologies (part number K1884, lot
number 1640797, Thermo Fisher Scientific Inc.). Astrocytes (condition
Astro2) were cultured according to the manufacturer’s instructions on
Geltrex-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 Intemational Stem Cell Initiative®,
2007) were grown on gelatin-coated plates in the presence of mitotically
inactivated primary mouse embryonic fibroblasts (derived from 12.5-day-old
mouse embryos, strain 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/IB-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
5% goat serum in PBS and incubated with the cells overnight at 4°C. After
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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 1:500 in 5%
goat serum in PBS for 60 min in the dark. After three washing steps with
PBS, DNA was stained with DAPIL. In the negative controls, primary
antibodies were omitted (Table S3). Fluorescent images were captured using
an inverted fluorescent microscope in 16-bit depth (DMI6000 B; Leica
Microsystems, Wetzlar, Germany) and assembled in Image] 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 Transeription Kit (Qiagen) according to the
manufacturer’s instructions. The reaction mix for one quantitative PCR
contained 5x 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 30s 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
(ATPSFIB).

ple prep for MS lysi:

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;HCO5, Sigma-Aldrich), and 5 mM EDTA (Carl
Roth GmbH, Karlsruhe, Germany). The cells were disrupted 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
d with Prc MAX 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 NH,HCO; 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 h and 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 parallel with their
respective controls (NSCs).

uppl

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
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diameter (New Objective, Woburn, MA, USA), packed in-house with
ProntoSIL CI18 AQ 3 um 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 to 350 nl/min. The instrument was operated as described in Soste et al.
(2014). SRM analysis was conducted with QI and Q3 operated at unit
resolution (0.7 m/z half-maximum peak width) with a dwell time of 10 ms
and a cycle time ~3.5s. For each peptide, doubly and triply charged
precursor ions, and the 20 most 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 et 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 proteotypic 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 finol/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 cycle time, | pg
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 to 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 rate (Chang et al., 2012;
Choi et al., 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 log2 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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progenitor specificity, estimation of neural fate and follow-up correlation with therapeutic effect in preclinical stud-
ies using animal disease models. Cell surface capture technology was used to uncover the cell surface exposed N-
glycoproteome of neural precursor cells upon neuronal differentiation as well as post-mitotic mature hNT neurons.
The data presented depict an extensive study of surfaceome during neuronal differentiation, confirming glycosyla-
tion at a particular predicted site of many of the identified proteins. Quantitative changes detected in cell surface
protein levels reveal a set of proteins that highlight the complexity of the neuronal differentiation process. Several
of these proteins including the cell adhesion molecules ICAM1, CHL1, and astrotactin1 as well as LAMP1 were val-
idated by SRM. Combination of immunofluorescence staining of ICAM1 and flow cytometry indicated a possible di-
rection for future scrutiny of such proteins as targets for enrichment of the neuronal subpopulation from mixed
cultures after differentiation of neural precursor cells. These surface proteins hold an important key for development
of safe strategies in cell-replacement therapies of neuronal disorders.

Biological significance: Neural stem and/or precursor cells have a great potential for cell-replacement therapies of
neuronal diseases. Availability of well characterised and expandable neural cell lineage specific populations is crit-
ical for addressing such a challenge. In our study we identified and relatively quantified several hundred surface N-
glycoproteins in the course of neuronal differentiation. We further confirmed the abundant changes for several cell
adhesion proteins by SRM and outlined a strategy for utilisation of such N-glycoproteins in antibody based cell
sorting. The comprehensive dataset presented here demonstrates the molecular background of neuronal differen-
tiation highly useful for development of new plasma membrane markers to identify and select neuronal subpopu-
lation from mixed neural cell cultures.

Keywords:

Cell adhesion proteins

Cell surface capture
Neuronal differentiation
N-glycoproteome patterns
Neuronal subpopulation
Cell-replacement therapies

© 2015 Elsevier B.V. All rights reserved.

1. Introduction pluripotent stem cell derived committed neural precursor cells (NPCs)
in the treatment of severe neurodegenerative indications including spi-
nal trauma. Animal model studies and clinical data from human spinal
trauma trial clearly demonstrate the treatment potential of NPCs and
warrant their further research [1-5].

To address the issue of availability of well characterised and ex-
pandable neural cell lineage-specific populations, it is indispensable
to understand the spatio-temporal profile of cellular protein expres-

With advances in stem cell research and related technologies, there
is a growing interest in using embryonic stem cell (ESC) — or induced

Abbreviations: ASTN1, astrotactin 1; CHL1, neural cell adhesion molecule L1-like pro-
tein; CSC, cell surface capture; DCX, doublecortin; ESC, embryonic stem cell; EPHB1, ephrin

type-B receptor 1; ICAM1, intercellular adhesion molecule 1; LAMP1, lysosome-associated
membrane glycoprotein 1; NPC, neural precursor cell; NSC, neural stem cell; POL, poly-i-
ornithine/laminin; THS7A, thrombospondin type-1 domain-containing protein 7A; TUJ1,
tubulin beta-3 chain.
* Corresponding author at: Institute of Animal Physiology and Genetics, Academy of
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sion patterns during neural differentiation. Furthermore, there is an
urgent need to identify the proteins specific for the particular neural
cell subtypes. Such proteins may facilitate isolation of neural cell
subpopulations as well as the monitoring of their fate after engraft-
ment for follow-up correlation with therapeutic effect in preclinical
cell transplantation using animal disease models [6].
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Among cellular proteins of stem cells, several cell surface proteins
are known to play an important role in neuropoiesis and these are
referred to as “stemness markers” [7]. They include prominin-1
(CD133), stage specific embryonic antigen-1 (SSEA-1; CD15) derived
from stem cells of teratocarcinomas or structurally related forebrain-
surface-embryonic antigen (FORSE-1). Other proteins, like poly-
sialylated neural cell adhesion molecule (PSA-NCAM; CD56) and
CD24, can distinguish differentiated neuronal precursors, whilst expres-
sion of A2B5 cell surface ganglioside epitope is typical for glial precursor
cells [8,9], or CD44 and PDGFR (CD140a) [10], which characterise
astrocyte and oligodendrocyte precursors respectively. Advances in
proteomic approaches and technologies can improve identification of
cell surface proteins and understanding of their contribution to the
molecular mechanisms of neural differentiation. One approach is to
systematically study the involvement of already known cell surface
proteins like CD molecules. The key advantage of this approach is the
availability of the antibodies, whilst the disadvantage is that only
limited subset of cell surface proteins can be monitored. To disclose
new molecules and obtain more comprehensive results, proteome-
wide mass spectrometry studies may be performed in addition to CD
molecule targeted analysis. Cell Surface Capture (CSC) technology
enables the selective enrichment of cell surface-exposed plasma
membrane N-glycoproteins through chemical labelling on live cells,
which represents a very effective approach for extracting and identify-
ing such proteins [11]. However, studies on the characterisation of cell
surface proteins during neural differentiation of pluripotent cells are
to date rare and include an extensive quantitative comparative study
of membrane proteome between human ESCs and NSCs [12] and
surfaceome profiling of regulators of NSC functionality [13].

In the present study, we determined the composition and relatively
quantified the cell surface N-glycoproteome of the NPCs at onset and
upon neuronal differentiation, as well as in mature hNT neurons using
CSC technology combined with high resolution LC-MS/MS. The changes
in cell surface protein abundance levels of ICAM1, CHL1, LAMP1, and
astrotactin1 were confirmed by SRM. The immunofluorescence staining
of ICAM1 combined with flow cytometry analysis demonstrated a pos-
sible way to access the neuronal subpopulation(s) for development of
strategies for cell-replacement therapies of neurodegenerative diseases.

2. Materials and methods
2.1. Cell culture

Human NPCs were derived from ESCs HUES-7 as described previously
[10,14]. This part of the study was performed at the University of
California, San Diego (Institutional Review Boards Protocol Number
101323). Unless otherwise stated, cell culture reagents were obtained
from Life Technologies (Thermo Fisher Scientific Inc., Waltham, MA).
Briefly, HUES-7 cells were cultured on a mouse embryonic fibroblast
feeder layer in medium containing Knockout-DMEM, 10% plasmanate,
10% Knockout Serum Replacement, non-essential amino acids, 20 mM
GlutaMAX, 1% penicillin/streptomycin and 10 ng/ml basic fibroblast
growth factor (bFGF) (R&D Systems, Minneapolis, MN). Neural induc-
tion was triggered by generation of embryonic bodies from which
NSCs were obtained after depletion of embryonic bodies-rosette nega-
tive ectoderm epithelial-like cells and other contaminating cells. NSCs
were cultured on 20 pg/ml poly-L-ornithine and 5 pg/ml laminin (both
from Sigma-Aldrich, St. Louis, MO) (POL) coated plates in NSC growth
medium containing DMEM/F12 GlutaMAX with 0.5% N, and 0.5% B27
serum supplements, 1% penicillin/streptomycin and 20 ng/ml bFGF.

The CD1847%/CD2717/CD44~/CD24™" subpopulation of NSCs,
assigned as NPCs, was sorted out using FACS ARIAII (Becton Dickinson,
San Jose, CA) and collected in NSC growth medium. The NPCs were
seeded on POL-coated plates in the NSC growth medium and main-
tained at 37 °C in 5% CO; in humidified atmosphere, The medium was
changed every other day and cells were passaged every 3-4 days

using 0.05% trypsin/EDTA. For neuronal differentiation, the growth
medium was switched to differentiation medium by exchange of bFGF
for brain derived neurotrophic factor (BDNF) and glial cell line derived
neurotrophic factor (GDNF) (20 ng/ml of each; both from Peprotech,
Rocky Hill, NJ) when the cells reached ~70% confluency. The half of
the medium was then changed every other day.

The postmitotic hNT neurons derived fram human teratocarcinoma
(Layton Bioscience, Atherton, CA) were plated on POL-coated dishes
and cultured at 37 °C in 5% CO, humidified atmosphere in DMEM/F12
GlutaMAX media with 10% FBS and 1% penicillin/streptomycin. After
5 days, hNT cells were harvested for the follow-up analyses without
passaging.

2.2. Cell surface capture technology

The CSC was applied to two biological replicates of 1 x 10® cells of
each sample, including proliferating NPCs, NPCs induced to neuronal
differentiation for 3, 10 and 21 days (3dNPC, 10dNPC and 21dNPC) as
well as 4 x 107 hNT cells according to the previously published protocol
[11] with slight modifications. Two biological replicates of each sample
were pooled from four cell samples cultured separately in order to reach
final total number (1 x 10° cells, resp. 4 x 107) of the cells required for
CSC. Then, each pooled biological replicate of each sample was labelled
and analysed separately using MS. We considered this approach due to:
i) demand for high amount of the cells for CSC and follow-up LC-MS/MS
analysis, i) time course of the study, iii) application of the Progenesis soft-
ware for normalisation of LC-MS/MS data to reduce technical variations,
and iv) availability of the MSstat software package suitable for experi-
ments with such complex design comparing more than two experimental
conditions and time changes using linear mixed-effects models.

The cells were washed with ice-cold PBS, scraped and treated with
1.5 mM sodium meta-periodate (Sigma-Aldrich) in labelling buffer
(0.1% foetal calf serum in PBS) for 15 min at 4 °C with gentle agitation
in the dark. This was followed by labelling with 3.5 mM biocytin hydra-
zide (Biotium, Hayward, CA) in labelling buffer for 1 h at4 *Cwith gentle
agitation. The cells were then washed with PBS, resuspended in 50 mM
ammonium bicarbonate (Sigma-Aldrich), and homogenised by sonica-
tion in Vial Tweeter (70 s, 100% amplitude, 0.8 cycle time). The nuclei
were removed by centrifugation at 2500 g for 10 min. The Rapigest
detergent (Waters, Milford, MA) was then added to a final concentra-
tion of 0.1% (v/v) and solubilised proteins were reduced and alkylated
using 5 mM tris(2-carboxyethyl) phosphine and 10 mM iodoacetamide
(Thermo Fisher Scientific Inc), respectively.

The protein concentration in each sample was determined by micro-
BCA protein assay (Thermo Fisher Scientific Inc.). Sequence grade
trypsin (Promega, Madison, WI) was then added (1:50 protease/protein
ratio) and the samples were incubated overnight at 37 °C under agita-
tion which was followed by trypsin inactivation at 96 °C for 12 min.
The biotin-tagged glycopeptides were captured on streptavidin beads
(Thermo Fisher Scientific Inc.) during 1 h incubation and then
thoroughly washed to remove non-bound peptides. The beads were
resuspended in 50 mM ammonium bicarbonate and 500 units of the
peptide-N-glycosidase F (PNGaseF; New England Biolabs, Ipswich)
were used for enzymatic cleavage of peptides from N-glycopeptides
(overnight agitation at 37 °C). Samples of collected peptides were
acidified with formic acid to a final pH <3 and loaded onto C18 Ultra
MicroTip columns (The Nest Group Inc., Southborough, MA) to desalt
according to the manufacturer's instructions. Peptide mixtures were
evaporated on a vacuum centrifuge to dryness and subsequently
solubilised for LC-MS analysis in 0.1% formic acid in 2% acetonitrile
(Thermo Fisher Scientific Inc.).

2.3. Mass spectrometry analysis

Each biological replicate was analysed by LC-MS/MS using a nano-
LC system (Eksigent/ABSciex, Framingham, MA) with fused-silica
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column (10-cm x 75-um inner diameter) packed in-house with Magic
C18 AQ 3-um beads (Michrom Bioresources, Auburn, CA) and connected
to a LTQ-Orbitrap XL mass spectrometer equipped with nanoelectro-
spray ion source (Thermo Fisher Scientific Inc.). The peptide mixtures
(~500 ng) were loaded from an auto-sampler (Eksigent/ABSciex,
Framingham, MA), cooled to 4 °C and separated using linear gradient
from 7% to 37% acetonitrile in 60 min with the flow rate set to
300 nl/min. The ions were fragmented in the LTQ part of the instrument
in collision induced dissociation (CID) mode, whilst Orbitrap XL part of
mass spectrometer was utilised as a sensitive mass analyser. The
peptide ion mass to charge range of 350-1600 was monitored in one
high resolution (60,000) MS1 scan followed by five MS2 fragmentation
scans on the most intense ions in CID mode with a collision energy of
32eV After each MS2 scan, precursor ion masses were temporarily
excluded from fragmentation for 30 s. lons with a charge state of 1
were excluded from MS2 fragmentation.

2.4. Protein identification, quantification and classification of their
functionalities

Raw data was converted to mzXML data format using ReAdW soft-
ware (v4.3.1) [15] and the collected spectra including common protein
contaminants were searched against the human UniprotKB/Swiss-Prot
protein database (v57.15) using Sorcerer-Sequest (40,521 entries in
total; Sage-N Research, Milpitas, CA; [16]). The search parameters
included: trypsin as the digesting protease, the tolerance of peptides
with one tryptic termini and one missed cleavage site, carbamidometh-
ylation of cysteines (+57.0214 Da) as a fixed modification of aspara-
gines (+0.984 Da) and oxidation of methionine (4 15.99492 Da) as
variable modifications. The monoisotopic peptide mass tolerances
were set to 0.04 Da. Each sample was searched separately and identifi-
cations were filtered with FDR <1%, calculated on the basis of a target-
decoy approach [17].

A Trans Proteomic Pipeline was used for the statistical analysis of
MS/MS data (v4.4; [18]). Search results of protein identification were
filtered for the peptides containing N[115] deamidation inside the
N-glycosylation NxS/T motif. The alphabetically first UniProtKB-Swiss-
Prot identifier was used for peptide identifications leading to indistin-
guishable protein group identification. The proteins identified on the
basis of only one independent spectrum of a peptide in a single experi-
ment were discarded. Protein transmembrane domains were predicted
using the PHOBIUS algorithm (v1.01) [19].

Deglycosylated peptide spectrum identifications over all cell types/
conditions were reported for each protein and provided an estimation
of overall glycoprotein abundance. Progenesis software (v2.0, Nonlinear
Dynamics, Waters, Milford, MA) [20] was used to visualise, align, and
normalise label-free LC-MS/MS data, generating complete data sets
with no missing values (http://www.nonlinear.com). MS1 intensities
of the individual deglycosylated peptides were extracted and protein
quantification was then performed using the MSstats software package
[21] utilising a linear mixed-effects model. The differentiated 21dNPCs
as well as proliferating NPCs were also purposely pair-compared with
the post-mitotic hNT neurons to observe commonalities at the protein
level that would reflect differentiation status independent on genetic
background of the cells. The results were summarised as protein fold
changes with standard errors, T values, degrees of freedom, and
P-values adjusted for multiple comparisons, where the changes
reaching P < 0.05 were considered as significant.

The PANTHER (Protein ANalysis THrough Evolutionary Relation-
ships, version 9.0) database was used to assign functionalities of identi-
fied proteins according to Gene Ontology (http://www.pantherdb.org).
[22]. To identify the main protein classes with the impact on NSC differ-
entiation status, UniProt accession numbers of target proteins regulated
in the course of differentiation were submitted to the PANTHER
database. PANTHER Protein Class was used to categorise proteins
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according to protein families (groups of evolutionarily related proteins
with the same function).

2.5. Selected reaction monitoring

The selection of proteins for further validation using SRM was based
on the following criteria: i) significantly (P <0.05) altered abundance in
differentiated 21dNPCs in comparison to NPCs; ii) at least two fully
tryptic deglycosylated peptides for SRM; and iii) presence of at least
one transmembrane domain predicted by Phobius software and inde-
pendently confirmed at the protein level using annotated UniProtKB/
Swiss-Prot database (http://www.uniprot.org/). Among several candi-
dates, ICAM1 (CD54) showed the highest up-regulation in proliferating
NPCs whilst CHL1 and LAMP1 (CD107a) were increased in differentiated
21dNPCs, In addition, brain protein astrotactinl, with only one
N-deglycosylated peptide found in our study, was also considered for
validation and the corresponding peptide was targeted in SRM. For
each of the other proteins (ICAM1, CHL1 and LAMP1) two deglycosyl-
ated peptides were measured using SRM.

Development and validation of deglycosylated peptide-specific SRM
assays was performed as previously described [23] using synthetically
heavy-labelled peptides (AQUA peptides, Thermo Fisher Scientific
Inc.) with aspartic acid replacing the asparagines corresponding to the
mass modification introduced by PNGaseF in our experimental set up.
To extract the SRM coordinates, doubly or triply charged precursor
ions and doubly or singly charged fragment ions of the b- and y-ion
series of the peptides were monitored. Spectra were acquired on a triple
quadrupole mass spectrometer (6460 Agilent Technologies, Santa Clara,
CA) equipped with HPLC/ChipCube interface (Agilent Technologies)
and operating in positive ion SRM mode. The peptide mixtures with
spiked AQUA peptides were injected from a micro Well-plate sample
(Agilent Technologies) cooled to 6 °C and separated on HPLC-chip
(5 um Zorbax C18, enrichment column 160 nl, analytical column
75 um x 15 cm; Agilent Technologies) with a linear gradient from 5 to
35% acetonitrile over 30 min at a flow rate of 300 nl/min. SRM analysis
of AQUA heavy-labelled peptides including the endogenous (light)
version of iRT peptides (Biognosys AG, Schlieren, Switzerland) was
conducted with Q1 and Q3 operated at unit resolution (0.7 m/z
half-maximum peak width) with a dwell time =20 ms and a cycle
time <2.7 s (178 transitions). Data was analysed with Skyline, and
the top 4-5 transitions per peptide were retained in the final SRM
method.

Retention time (RT) extracted during the assay refinement was used
to schedule SRM acquisition. LC-SRM method (177 transitions, 6-min
RT window, 1.8-s cycle time) was used and the samples in two biologi-
cal (independent cultures) and two technical (MS runs) replicates of
each sample, including proliferating NPCs, NPCs induced to neuronal
differentiation (3dNPC, 10dNPC and 21dNPC) as well as hNT cells,
were analysed using the instrument settings described above. SRM
peaks were manually inspected using Skyline by checking for co-
elution, peak shape similarity, a match in relative intensities of fragment
ions and RTs compared to the assay development step. Only SRM peaks
with a signal-to-noise ratio >3 were considered and the top 3-4
transitions per peptide with no obvious interference were retained for
quantification.

Peak areas were exported from Skyline and further analysed using
the MSstats [24]. The log-transformed values were normalised based
on signals of all peptides across MS runs and linear mixed-effects
model was then applied for protein significance analysis. Multiple
SRM transitions per peptide and multiple peptides per protein (except
for astrotactin-1 where only one peptide was measured) were analysed.
Relative quantification of the samples of differentiated NPCs was
performed with respect to proliferating NPCs and significant changes
were reported as log, fold changes with standard errors, T values,
degree of freedom, and P values adjusted for multiple comparisons to
control the FDR in the list of differentially abundant proteins. The fold-
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change cut-off was calculated on the basis of the number of biological
replicates, peptides per protein, and transitions per peptide while
retaining a statistical power >0.5 (P < 0.05) [24].

2.6. Flow cytometry

Approximately 2 x 10° proliferating NPCs and 21dNPCs were used to
perform flow cytometry analysis using cell surface immunostaining. The
cells were washed with PBS containing 0.1% BSA and blocked with 0.5%
BSA in PBS for 15 min at 4 °C. For single-colour staining, primary anti-
body CD54 (ICAM1) R-Phycoerythrin conjugated (monoclonal mouse
antibody, 1gG1, clone 84H10; Beckman Coulter Czech Republic s.r.o.,
Prague, Czech Republic), was incubated with cells to allow binding for
30 min at 4 °C. After two wash steps with PBS, the cells were incubated
with propidium iodide to stain for exclusion of dead cells and analysed
with a FACS ARIAIl cytometer (Becton Dickinson, San Jose, CA). At least
40,000 cells were acquired for the analysis. The NPC or 21dNPC popula-
tions were gated from all measured events by their forward and side
light scatter characteristics and viable single cells were sequestered
from dead cells by the second gate. Finally, positively stained cells
were gated according to the mouse 1gG1 R-Phycoerythrin ICAM1
isotype control (Miltenyi Biotec — BIOCHEM spol. s.r.o., Trencin,
Slovakia). The gating strategy is shown in Supplementary Fig. 1. The
experiment was repeated twice for conformity of results.

2.7. Immunocytochemistry

Immunocytochemistry aimed at monitoring neuronal differentia-
tion was carried out on NPCs, 3dNPCs, 10dNPCs, 20dNPCs, and
30dNPCs using known markers of neuronal induction. These markers
included tubulin beta-3 chain (TUJ1), neuronal migration protein
doublecortin (DCX) and microtubule-associated protein (MAP2). In
addition, antigen Ki-67, expressed predominantly by proliferating
NPCs was monitored.

3. Results

3.1. Immunofluorescence imaging of NPCs in the course of neuronal
differentiation

The human NPCs (CD1841/CD271 /CD44~ /CD24 ") were seeded
on POL plates in NSC growth medium containing bFGF to maintain

CD184*/CD271/
rDEGE o, . cpasjcoaar |
hesc NSG +B27/N2 NPC
+bFGF +B27/N2 \
+BONF/GDNF \
\
FBS
human teratocarcinoma —————» hNT neurons 2;44
ays

undifferentiated NSC-like morphology (middle-sized nuclei, adherent
monolayer culture) with high expression of Sox2 and nestin, whose
expression is largely related to the Ki-67 marker of proliferating cells
[10]. After switching to differentiation medium, the cells differentiated
into neurons (smaller nuclear content, fibrillar structures, adherent 3D
culture) confirmed by DCX and MAP2 expression, 3 days after triggering
of differentiation (Supplementary Fig. 2), indicating the appearance of
neurons with varying degree of maturity. The expression of DCX,
MAP2, as well as TUJ1 was evident 10 days after differentiation with
the majority of cells committed to the neuronal fate despite the pres-
ence of Ki-67 positive cells until this time interval (Supplementary
Fig. 2). The quiescent cells differentiated for 20 and 30 days, with notice-
ably weaker expression of nuclear proliferation marker Ki-67 manifested
as differentiated mature neurons which strongly expressed neuronal
markers MAP2 and TUJ1 (Supplementary Fig. 2), This characterisation
confirmed the usability of this model and justified time points for
studying the neuronal differentiation and temporal protein patterns
that drive this process.

3.2. Identification of cell surface N-linked glycoproteins in NPCs and upon
neuronal differentiation

We utilised CSC technology in combination with high accuracy
LC-MS/MS to determine the composition of the cell surface N-
glycoproteome of the NPCs upon their neuronal differentiation, as well
as in post-mitotic mature hNT neurons (Fig. 1). The raw data can be
accessed at http://www.peptideatlas.org/PASS/PASS00649. The list of
total N-glycoproteins identified in the present study along with all
reported peptides with a chemical deamidation at the consensus
amino acid sequence motif for N-glycosylation (NxS/T) is provided in
Supplementary Table 1. In total, 522 N-glycoproteins were considered
confidently identified with FDR <1%. The majority of cell surface
proteins were identified using up to 3 N-deglycosylated peptides and
different numbers of transmembrane domains (Table 1A). Proteins
without a predicted transmembrane domain were mainly annotated
as extracellular matrix proteins, secreted or intracellular membrane
proteins, or proteins with GPI anchor.

The CSC technology revealed a high number of proteins that were
categorised into protein classes by the PANTHER database (Table 1B).
Complete information on the distribution of different functional protein
classes identified in the different development stages is visualised in
Supplementary Table 2. Proliferating NPCs appeared to have slightly

~ 3dNPC
immature -
neurons

3 dan

10dNPC ‘
mature
neurons

terminally
differentiated
neurons

| 21dnee
\

»l postmitotic
hNT neurons

Fig. 1. Experimental workflow, Neural stem cells (NSC) were derived from human embryonic stem cells (hESC) and sorted CD184*/CD271/CD44~/CD24 ™" neural precursor cells (NPC)
were used to induce neuronal differentiation for 3, 10 or 21 days (Supplementary Fig. 1). Using cell surface capture (CSC) technology coupled to LC-MS/MS, cell surface proteins of NPCs
upon their neuronal differentiation and hNT neurons were identified and characterised (Table 1, Supplementary Table 2) and their list along with confidence scores is presented in
Supplementary Table 1. The proteins were relatively quantified and statistically evaluated to select the abundance changes (Fig. 2, Supplementary Tables 3 and 4). Several abundance-
modulated N-glycoproteins were subjected to validation by SRM (Fig. 3, Supplementary Tables 5-7) and flow cytometry (Fig. 4).
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Table 1
Distribution of N-glycosylation sites (A), transmembrane domains (A) and functional
classification of the proteins identified (B).

Tab 1A
N-glycosites ] 1 2 3 >3
0 268 149 56 55
(50.7%) (28.2%) (106%)  (10.6%)
Phobius 0 1 2 7 =10
transmembrane 164 221 25 (4.7%) 19 (3.6%) 46 (8.7%)
domain (31.0%) (41.8%)
Tab 1B
Panther protein class Hits % NPC % 21dNPC % hNT
Receptor 143 19.6 19.1 183
Hydrolase 78 94 98 112
Transporter 74 10.1 105 124
Cell adhesion molecule 74 116 95 9.0
Signalling molecule 60 84 83 hd

higher representation of cell adhesion proteins and receptors, whilst
hydrolase and transporters were slightly enriched in the differentiated
21dNPCs and hNT cells (Table 1B). The cell adhesion molecules have
been shown to play a vital role in NSCs and NPCs development through
transmission of the signals from stem cell niche and several of cell adhe-
sion molecules have been studied for potential to promote functional
recovery of neural disorder or injury [25]. Neuronal membrane trans-
port proteins on differentiated cells function to carry neurotransmitters
across these membranes and to direct their further transport to specific
intracellular locations. There are many highly diverse neurotransmitter
transporters with selective uptake systems associated specifically with
particular neurotransmitter [26].

3.3. The abundance changes of identified N-glycoproteins in NPCs upon
neuronal differentiation

Progenesis was used to align and normalise the acquired LC-MS/MS
data. MS1 intensities of the individual peptides were then extracted
(Supplementary Table 3) and quantified by MSstats (Supplementary
Table 4). Differentiated cells (3dNPC, 10dNPC, 21dNPC) were compared

increase
in differentiated cell

protein abt

in differenctiated cell

protein abundance di

to the control sample (NPC), and post-mitotic neurons (hNT) were
compared to NPC or 21dNPC in order to link their differentiation status.
In comparison with NPCs, abundances of 1, 29, and 55 proteins were
significantly different with P < 0.05 in 3dNPCs, 10dNPCs, 21dNPC, re-
spectively, indicating increasing number of alterations as differentiation
proceeded (Supplementary Table 4). In addition, 164 and 187 proteins
were differentially abundant in hNT neurons when compared to differ-
entiated 21dNPCs and NPCs, respectively, (P < 0.05, Supplementary
Table 4) which may reflect the distinct differentiation state of 21dNPCs
and hNT neurons as well as their genetic origin.

Five proteins showed abundance changes in the whole time
course of neuronal differentiation (Fig. 2, Supplementary Table 4).
Among them, thrombospondin type-1 domain-containing protein 7A
(THS7A; 9UPZ6) was found to be significantly higher on day 3 and in
all the following time intervals of neuronal differentiation whilst
teneurin-3 (Q9P273), contactin-associated protein 1(P78357), and
interleukin-13 receptor subunit alpha-2 (Q14627) decreased from day
3 of differentiation. Three proteins including sodium channel protein
type 2 subunit alpha (Q99250), neural cell adhesion molecule CHL1
(CHL1; 000533) and voltage-dependent calcium channel subunit
alpha-2delta (; P54289) were up-regulated with the high fold change
from day 10 to 21 of neuronal differentiation. On the contrary four
proteins such as transmembrane protein 194A (014524), junctional
adhesion molecule C (QI9BX67), receptor-type tyrosine-protein phos-
phatase zeta (P23471), or omega (Q16827)) were down-regulated
from day 10 to 21 of neuronal differentiation (Fig. 2, Supplementary
Table 4). Additionally, there were 17 proteins regulated only on day 10
of NPC differentiation such as fibronectin type Il domain-containing
protein 5 (Q8NAU1) and crumbs homologue 2 (Q5IJ48) (Fig. 2,
Supplementary Table 4).

The highest number of regulated proteins compared to other time
points was evident on day 21 of neuronal differentiation. Eight proteins in-
creased in differentiated cells and reached significant alterations with fold
change higher than 10, including tomoregulin-2 (TEFF2; Q9UIKS) and
ephrin type-B receptor 1(EPHB1; P54762) (Fig. 2, Supplementary
Table 4). One example of hydrolase family was represented by leucyl-
cystinyl aminopeptidase (Q9UIQ6). Among 22 proteins decreased on
day 21 of differentiation, dominant alterations were observed for intercel-
lular adhesion molecule 1 (ICAM1; P05362), which was together with

Fig. 2. Visualisation of the abundance alterations of identified N-glycoproteins in the course of NPC neuronal differentiation. Square green nodes represent cells and round nodes of
grey colour and different size depict proteins differentially abundant between the cell types. The size of nodes is proportional to fold-change. The colours of edges depict overlaps in

comparisons.
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protocadherin-16 (PCD16; Q96)Q0), integrin alpha-5 (P08648) and
cadherin-2 (P19022), representative of cell adhesion molecules

significantly down-regulated in 21dNPCs (Fig. 2, Supplementary Table 4).

Comparison between 21dNPCs and hNT indicated several co-
regulated glycoproteins. Among them, ICAM1 and transmembrane
protein 194A appeared to be commonly down-regulated whilst neural
cell adhesion molecule 2 (015394), and lysosome-associated mem-
brane glycoprotein 1 (LAMP1; P11279) were similarly up-regulated in
both 21dNPCs and hNT differentiated cells (Supplementary Table 4),
hence they may represent common targets of neuronal differentiation.
Taking into account the significant P values of the observed changes,
ICAM1 and LAMP1 were considered for further validation experiments
using SRM. In addition, an important aspect justifying the combination
of these two proteins points to prospective studies with a view to elim-
inating proliferating (ICAM1positive) cells that may cause teratomas
whilst keeping differentiating cells that would only mature to the
functional neurons when grafted.

3.4. SRM validation of selected glycoprotein abundance alterations

Development and validation of deglycosylated peptide-specific SRM
assays was carried out using synthetic heavy-labelled peptides with

A LNPTVTYGN[115]DSFSAK peptide of the ICAM1 protein
NPC 3dNPC 1

J. Tvleckova et al. / Journal of Proteomics 132 (2016) 13-20

aspartic acid replacing the asparagines, corresponding to the mass
modification introduced by PNGaseF (Supplementary Table 5). The raw
data can be accessed at http://www.peptideatlas.org/PASS/PASSO0650.
SRM peaks were manually inspected and the top 3-4 transitions per
peptide with no obvious interference were retained for quantification.
Peak areas were exported from Skyline (Supplementary Table 6) and
further analysed using the MSstats (Supplementary Table 7). Relative
quantification of the samples of differentiated NPCs or hNT was per-
formed with respect to proliferating NPCs. Results of SRM quantification
confirmed that the level of ICAM1 was decreased with NPC differentiation
and in hNT cells whilst CHL1 and LAMP1 were seen to increase in
21dNPCs but not in hNT cells (Fig. 3, Supplementary Table 7). Intriguingly,
LAMP1 levels were found decreased at early stages of differentiation
(3dNPCs, 10dNPCs) but increased in 21dNPCs. Astrotactin1 (ASTN1;
014525), with so far only predicted N-glycopeptides was confirmed as
a glycoprotein more abundant in mature neurons (21dNPCs, hNT cells)
compared to NPCs (Fig. 3, Supplementary Table 7).

3.5. Flow cytometry analysis of ICAM1 across differentiation

To interrogate NPCs in the course of differentiation on the cellular
level, flow cytometry was applied to proliferating NPCs and

0dNPC 21dNPC hNT
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Fig. 3. SRM validation of selected abundance-modulated cell surface N-glycoproteins. The abundance change of each protein upon a given condition is provided relative to the neural
precursor cells (NPC). Regulation is displayed as a chromatographic trace of deglycosylated peptide elution and detection by SRM. Traces represent the detection of different fragment
ions from a common peptide precursor (SRM transitions). Significant changes (P < 0.05) are depicted using coloured traces where grey indicates no significant difference in abundance
(Supplementary Table 7). c.p.s., counts per second. (A) represents LNPTVTYGN[ 115]DSFSAK peptide of the I[CAM1;(B) ISGVN[115]LTQK peptide of the CHL1; (C) GHTLTLN[115]FTR peptide

of the LAMP1 and (D) AAPIYELVTNN([115]QTQR peptide of the ASTN1 protein.
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Fig. 4. Flow cytometry of ICAM1. Analysis showed higher positivity for [ICAM 1 surface protein

21 days (21dNPCs).

differentiated 21dNPCs. The analysis revealed a fall by 10% of the posi-
tive cells for ICAM1 across differentiation. (Fig. 4). The 21dNPCs were
shown to be heterogeneous population (Supplementary Fig. 1) with
the larger cells having higher autofluorescence and dispersion values.
Hence, flow cytometry findings indicated that [CAM1 becomes restrict-
ed to relatively fewer cells within a differentiating heterogeneous neu-
ral cell population. This interpretation may corraborate the results of
SRM showing the relative decrease in abundance of ICAM1 with NPC
differentiation (Fig. 3).

4. Discussion

Evaluation of cell surface proteins is fraught with difficulties due to
limitations in handling membrane proteins and compounded by lack
of specific antibodies for their detection. The recently introduced CSC
technology enables comprehensive quantitative analysis of cell surface
N-linked glycoproteins which may facilitate the development of useful
tools for phenotyping and sorting out a variety of cell populations
[11]. Application of CSC technology combined with high accuracy LC-
MS/MS to our model of neuronal differentiation indicated increasing
number of N-linked glycoprotein alterations in the time course of
differentiation up to the stage of mature neurons. Those which showed
significant abundance changes compared to proliferating NPCs, or
matched between fully differentiated NPC-derived neurons and hNT,
were highlighted as the most valued and a key outcome emerging
from this study. Importantly, 13% of the glycosylation sites reported
here have not yet been identified based on the information in the
UniprotKB/Swiss-Prot reference database and our findings confirmed
N-glycosylation at a particular site which were only predicted. On the
contrary, we did not detect the glycoproteins like CD184 and CD 24
that were used for isolation of NPCs [10] and further utilised in this
study. However, some of the currently used markers including CD133
(prominin1), CD44 and CD56 (NCAM1) were identified in our study
with significant (P < 0.05) up-regulation of CD56 (NCAMT1) in hNT
cells, In addition, we observed an increase in neural cell adhesion
molecule 2 in differentiated 21dNPC as well as hNT cells. Altered
glycosylation may affect CSC and subsequently quantitative outcome,
namely, under-glycosylation on a particular site may remain non-
detectable. On the other hand, hyper-glycosylation, in case of complete
sugar oxidation by periodate, should be recognised. Some discrepancies
in detection and/or quantification of N-glycoproteins can be observed
also in the Human Protein Atlas and the Human Protein Map where
the latest human proteome map implemented immunohistochemistry
using antibodies to analyse tissues at a cellular level, which often
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provided complementary results to mass spectrometry approach with-
out any use of antibodies (http://www.humanproteomemap.org/and
http://www.proteinatlas.org/, [27]).

Although in our validation experiments we focused on a group of cell
adhesion molecules such as ICAM1, CHL1 and astrotactin 1, there are
other interesting proteins that document the complexity of neuronal
differentiation. The most pronounced changes were observed in
the stage of mature differentiated neurons, including an increase in
ASTN1, TEFF2 and EPHB1. The neuronal protein ASTN1 is known to
function as an adhesive molecule for neuronal contact with glial ligand
on axons during glial-guided neuronal migration. The level of ASTN1 in
the neuronal plasma membrane is critical for such neuronal-glial adhe-
sions [28]. TEFF2 is a well-known protein predominantly expressed in
the brain, and recently it was shown as a component of plaques in
Alzheimer's disease brain, hence it may contribute to the pathogenesis
of this disease [29]. TEFF2 belongs to tomoregulin protein family.
Interestingly, immunohistochemical analysis of TEFF1 showed its
expression on the cell surface when expressed alone, whilst it was prefer-
entially distributed to the endoplasmic reticulum and co-expressed with
addicsin in neurons in the mature mouse brain. Hence, addiscin localised
in the endoplasmic reticulum controlled, via interaction, TEFF1 trafficking
from the endoplasmic reticulum to the plasma membrane with an impact
on migration of neurons [30]. EPHB1, like other ephrin-B receptors, plays
an important role in maintenance of dendritic spines as well as synapse
formation. Similarly to TEFF2, ephrin type-B receptors have been linked
to the pathophysiology of Alzheimer's disease [31].

Among the proteins down-regulated during neuronal differentiation
ICAM1 was found to be significantly lowered in differentiated neurons
as confirmed in this study by both SRM and flow cytometry. This protein
together with selected cadherins such as cadherin 2 may indicate the
presence of proliferating cells in a population of differentiating neurons.
Additional interesting proteins belong to the group of receptor-like
protein tyrosine phosphatases, which are highly expressed in the brain.
It was shown, for example, that phosphatase activity of receptor-type
tyrosine-protein phosphatase omega negatively influenced the functions
of ephrin receptors [32]. The IL13R2, on the other hand, could be in-
volved in control of neuronal loss and neurodegeneration which has
been clearly associated with the susceptibility to oxidative stress-
mediated damage in the case of IL13Rat1 expressing dopaminergic neu-
rons [33]. To this end, decrease in 113R2 on differentiating neurons re-
ported in this study may support the protection and prevention of
neuronal damage. Interestingly, there is a link to neurodegeneration be-
cause human IL13Rac1 is localised in the PARK12 locus of Parkinson's dis-
ease [33].
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THS7A, a cell surface protein significantly higher in all studied time
intervals of neuronal differentiation, is known to belong to the family
of multifunctional thrombospondins. Recent findings demonstrated
that thrombospondin1 produced by astrocytes, was a critical factor for
maintenance of neuronal differentiation [34]. Our results show that
THS7A may be localised in neuronal cells, hence it might be involved
and functional in previously described synaptogenic adhesion
complexes [35]. Importantly, CHL1 plays several roles in neurite
outgrowth and neuronal survival in vitro [36] and in synaptic plasticity
including efficacy of GABAergic synapses. The CHL1 directly forms com-
plexes with chaperone proteins in synapses with remarkable selective
impact on the activity of the involved proteins [37]. Further findings
from CHL1 null mice showed that this protein negatively modulated
neuronal differentiation [38]. On the contrary, the results of our study
documented an increased level of CHL1 in the course of neuronal
differentiation, which was further substantiated by SRM analysis. Unfor-
tunately, many available antibodies on the market do not recognise key
extracellular glycosylated epitopes on neural cells. It makes translation
of MS-based CSC findings towards flow cytometry and cell sorting
difficult. Hence, development of antibodies that could be specific for
such accessible epitopes on particular neural subpopulations remains
an urgent need to advance further studies.

5. Conclusions

We focused on patterns of N-linked glycoproteins of NPCs and
differentiated neurons which highlighted the complexity of neuronal
differentiation and hold the potential for obtaining well characterised
enriched neuronal subpopulation from mixed cultures after differentia-
tion of NPCs. Among the several functionally different target molecules
described in this study, a group of cell adhesion molecules including
ICAM1, CHL1 and astrotactin1 warrants further research focus in devel-
opment of strategies useful in cell-replacement therapies of neurode-
generative diseases and spinal trauma.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j,jprot.2015.11.008.
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of neural stem cell
differentiation to facilitate
transition to cell replacement
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Expert Rev. Proteomics 12(1), 83-95 (2014)

Neurodegenerative diseases are devastating disorders and the demands on their treatment are
set to rise in connection with higher disease incidence. Knowledge of the spatiotemporal profile
of cellular protein expression during neural differentiation and definition of a set of markers
highly specific for targeted neural populations is a key challenge. Intracellular proteins may be
utilized as a readout for follow-up transplantation and cell surface proteins may facilitate
isolation of the cell subpopulations, while secreted proteins could help unravel intercellular
communication and immunomodulation. This review summarizes the potential of proteomics in
revealing molecular mechanisms underlying neural differentiation of stem cells and presents
novel candidate proteins of neural subpopulations, where understanding of their functionality

may accelerate transition to cell replacement therapies.

Kevworos: cell therapy * immunomodulation ® neural stem cell differentiation * neural subpopulation
* neurodegenerative disease ® population-specific protein-expression signature ¢ quantitative mass spectrometry

* selected reaction monitoring

Neurodegenerative diseases & their
rising incidence

Neurodegenerative diseases are devastating and
affect millions of individuals worldwide [1].
Unfortunately, no drugs are currently available
to halt their progression, except a few that are
largely inadequate. This warrants the search of
new treatments for these progressively degenera-
tive diseases. According to European Commis-
sion Public Health Information on Major and
Chronic Diseases, more than 600 disorders
afflict the nervous system and among them the
prevalence of neurodegencrative diseases contin-
ues to rise with resultant social and economic
problems [2). Despite diverse spectrum, broad
heterogeneity of clinical symptoms and
observed neuropathological features, neurode-
generative diseases are commonly characterized
by progressive loss of neural cells, primarily neu-
rons, resulting in nervous system dysfunction.
Recent studies suggest thar glial cells influence

neurodegenerative processes, namely due to
inter-communication between microglia or
astrocytes and neurons [34]. Degencrative pro-
cess covertly advances during a pre-symptomatic
period dill a threshold of neurological manifesta-
tion is reached when cell dysfunction and death
are critical and clinical symptoms become
apparent. The neurodegenerative process and its
progression are usually dependent on specific
type of neuronal population and respective
brain regions which are affected. The most com-
mon disorders are Alzheimer’s disease (AD),
Parkinson’s discase (PD), Huntington’s discasc
(HD) and amyotrophic lateral sclerosis (ALS).
In addition, neurodegeneration accounts for sig-
nificant part of disability in patients after trau-
matic injury of the nervous system including
spinal cord injury (5]

Majority of AD cases are sporadic and rep-
resent the most common form of dementia
resulting with high probability from the effects
of environmental and genetic risk factors.
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Clinically, it is

impairment including memory and behavior. The cholinergic

characterized by progressive  cognitive
hypothesis of AD indicates that loss of cholinergic neurons and
deficiencies in cholinergic neurotransmission in cerebral cortex
are cause of the decline of cognitive functions [6]. Neuropatho-
logically, AD is demonstrated by extracellular amyloid B pla-
ques and intracellular neurofibrillary tangles consisting of
phosphorylated tau protein. It was shown that extensive oxida-
tive stress resulting from mitochondrial dysfunction induced by
amyloid B is apparent very early on before the onset of clinical
and neuropahological symptoms (7). Perturbed energy metabo-
lism in cerebral cortex and apoptosis mediated by mitochon-
drial altered calcium homeostasis and cytochrome ¢ release as
well as mitochondrial and DNA damage are major cellular hall-
marks of AD pathology.

The second most common neurodegenerative disorder, PD,
is considered to be muldfacrorial, although there are also
patients with disease-linked genetic defects such as PD proteins
(PARK1, 5, 6, 7) and leucine-rich repeat kinase 2 (LRRK2)
mutations, which are commonly found in certain popula-
tions [8]. Progressive loss of dopaminergic neurons whose bodies
are located in the substantia nigra pars compacta and project
the terminals to the caudate/putamen nuclei results in dopa-
mine decrease observed in basal ganglia and subsequently in
PD symptoms. There is a broad spectrum of clinical manifesta-
tions of PD including tremor at rest, muscle rigidity, bradyki-
nesia and akinesia and instability (9. In addition to these,
non-motor symptoms contribute to the decline of cognitive
functions observed as patient’s autonomic dysfunction, sleep,
mood and sensory disorders as well as pain [10]. The intra-
neuronal aggregates of o-synuclein (PARK1 and 4) and other
protein components known as Lewy bodies, represent the main
neuropathological feature [11] and are considered to mediate
and drive the gradual loss of dopaminergic neurons via mito-
chondrial dysfunction and oxidative stress, neuroinflammation
as well as alterations in ubiquitin-proteasome system [12].
Recently, growing evidence of decreased copper along with
increased iron in substantia nigra and caudate nucleus of PD
patients support a role of copper and iron, which may enhance
mitochondrial dysfunction and oxidative stress [13).

In contrast to AD and PD, familial history is best evident in
majority of HD cases. HD is a monogenic autosomal domi-
nant disorder with expansion of a CAG trinucleotide repeats in
the first exon of the hundngtin (H77) gene, which is well-
recognized mutation causing the disease [14). Early in the dis-
ease process, primary inhibitory y-aminobutyric acid (GABA)
ergic medium spiny neurons in striatum are targeted and neu-
ronal loss proceeds till striatal atrophy. Additionally
GABAergic medium spiny neurons, large aspiny cholinergic
interncurons and other intraneuronal GABAergic populations
might be affected [15]. Neurons also progressively degenerate in
the cortex, hypothalamus and hippocampus resulting in atro-
phy throughout the entire brain by late-stage HD [16). Clini-
cally, HD is presented by involuntary movement resulting
from disturbances in muscle coordination, cognitive decline,

psychiatric symptoms and eventually dementia. Of interest are
also multiple non-neuronal abnormalities such as weight loss
and cardiac failure [17). In relation to the HD pathological
mechanisms, it is useful to consider distribution and functions
of endogenous huntingtin protein, which is ubiquitously
expressed in a variety of peripheral cells, although high levels
are reached in neurons and glial cells in the CNS [15). Hunting-
tin plays an anti-apoprotic role as exemplified by protection of
the neurons against excitotoxicity [19] and via interactions medi-
ated exclusively by its N-terminal region, it communicates with
several subcellular organelles including vesicle trafficking assem-
bly, namely synaptic transmission, as shown by its disrup[ion
when HTT is mutated [20.. The expansion of the CAG trinu-
cleotides in the N-terminus of the H77T is translated into poly-
glutamine (polyQ) stretch of the mutated huntingtin, which
then forms oligomers and aggregates in the cytoplasm and
nucleus of the cells. Among pathological mechanisms of cell
and tissue damage in HD, excitotoxicity, mitochondrial dam-
age, impaired energy metabolism and oxidative stress, possibly
inflammation and transcriptional dysregulation as well as altera-
tions in autophagy, are important cellular features [21-23].

ALS is caused by the degeneration of bulbar, cortical and
spinal neurons leading ultimately to their loss. Most ALS cases
are sporadic and only approximately 10% have familial history
linked to the mutations in a number of genes such as SODI,
TDP43 and FUS or repeat expansion in the first intron of
C0rf72 [24]. Despite sporadic or familial history, clinical pre-
sentations of the disease are very similar and are characterized
by irreversible paralysis, and speech, swallowing as well as respi-
ratory disturbances [25]. In addition, it remains elusive how
many distinct mutations impact motor neurons and converge
on common cause of the ALS degeneration including motor
neuron tDXiCiry («lﬂd lDSS Df neuromuscu.lar Synﬂpsﬁs.

Outlook & cell-based therapies for neurodegenerative
diseases

Stem cells have become an attractive option to investigate and
treat these diseases (Fiure 1). Cell-based therapies can be benefi-
cial and the demands on treatment of neurodegenerative dis-
eases are expected to rise in connection with higher disease
incidence. The search for new therapies has been revolutionized
during the last two decades by the discovery of stem cells and
induced pluripotent stem cells (iPSCs). To date, therapies using
embryonic and embryonic-derived cells or adult stem cells in
animal models of various neurological diseases have provided
promising results [2627). Currently, several cell types are studied
as possible source to be used in cell replacement-based therapies
for treatment of a variety of neurodegencrative disorders includ-
ing spinal cord injury, ALS, HD and stroke. Under specific
cell culture conditions, the human embryonic stem cells
(hESCs) were induced to differentiate in vitro into populations
enriched in specific neural cells, such as oligodendrocyte pre-
cursor cells and oligodendrocytes, spinal cord motor neurons,
dopaminergic neurons, astrocytes or retinal progenitor cells [28].
Despite some promising preclinical results, there are substantial

84

Expert Rev. Proteomics 1201). (2014}

RIGHTS LI N K

55



Expert Review of Proteomics Downloaded from informahealthcare.com by Nyu Medical Center on 03/24/15

For personal use only.

Proteome-wide analysis of NSCs

Healthy  Environmental factors
CNS genetic defects

Neuroinflammation
Protein

oligomers/aggregates

Loss of neurotransmission ) )
Mitochondrial

dysfunction
Neural cell death

Oxidative stress

Altered UPS and autophagy

DNA damage
Transcriptional dysregulation

Key challenges of cell repl. t therapies

* Targeted differentiation

* Enrichment of highly pure populations

* Highly expandable cells

* Genome integrity

* Avoiding terategenous undifferentiated cells

* Molecular signature of neural precursors
and lineage-committed cells

* Immunosuppression

Molecular and
cellular changes

Loss of Neurodegeneration
neural cells
Most frequent forms:
* Alzheimer's disease
+ Parkinson's disease
* Huntington's disease
+ Amyotrophic lateral
sclerosis

Clinical symptoms

Cell replacement strategy

A ion of neurodeg ive di
Cell transplantation
Lineage-committed cells
Neural precursor cells

Neural differentiation

ESCs iPSCs fetal/adult NSCs

Figure 1. Cell replacement strategy for neurodegenerative disease therapies. Genetic as well as environmental factors have been
shown to be associated with neurological disorders and trigger many molecular and cellular alterations leading to progressive loss of neu-
ral cells and neurodegeneration. The process ultimately results in nervous system dysfunction and manifestation as cognitive and behav-
ioral impairments. Cell replacement therapies are widely considered as a promising strategy for neurodegenerative diseases, however,
there are several key challenges to fulfill successful translation toward transplantation of neural precursor cells and their progenitors.
Among them there is an urgent need for improved differentiation and enrichment procedures that generate highly pure populations of

neuronal and glial cells with well-characterized molecular signatures.

ESCs: Embryonic stem cells; iPSCs: Induced pluripotent stem cells; NSCs: Neural stem cells.

concerns which include the risk of teratoma formation, need
for immunosuppression as well as ethical concerns [29]. The
fetal or adult neural stem cells (NSCs) can be successfully
expanded jn vitro to give rise to neurons, astrocytes and oligo-
dendrocytes both in vitre and in vive [30]. Experimental animal
studies using a variety of neurodegenerative models provide
compelling evidence of a functional benefit, which can be
achieved using cell replacement-based therapies.

The iPSCs are extensively being developed and studied as useful
wools for disease modeling, drug development and screening (31]. In
addition, the use of autologous iPSCs-derived lineage-committed
cell lines in personalized cell replacement-based therapies is
believed to eliminate the need for transient or continuous immu-
nosuppression. The use of immunosuppressive therapy, which is
required in allogeneic grafting design, represents a major clinical
limitation for a more effective use of such treatments in a broader
spectrum of clinical patients. Finally, the application of iPSC-
derived cell lines in replacement therapies eliminates the ethical
issues related to pre-implantation embryo. Nevertheless, the issues
including rtargeted differentiation and avoiding potentially

teratogenous undifferentiated cells from the cell culture remain to
be solved for both iPSC- and ESC-derived populations.

With the refinement of expansion protocols, differentiation
conditions and validated safety, the first US FDA-approved
clinical trial which employed hESC-derived oligodendrocyte
precursors for treatment of spinal cord traumatic injury was ini-
tiated by Geron Corp. (Menlo Park, CA, USA) in 2010 [3233].
The assumption for use of oligodendrocyte progenitors was to
initiate myelination of spinal cord axons, which could improve
nerve function and recover motoric functions in patients with
spinal cord injury. The study was limited to four patients who
were enrolled according to strict conditions, mainly specific
form and location of the spinal cord injury. Despite promising
preliminary results, the trial was discontinued after 1 year. Fur-
ther monitoring of the patients showed no detectable funcrional
side effects, but predicted integration of grafted cells with host
spinal cord and filling of the injury cavity, and also no MRI-
detectable abnormal cell mass at the cell-injected core.

In addition to ESC-derived oligodendrocyte cell line already
used in clinical spinal trauma trial, there is a substantial
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interest in developing reliable protocols to generate expandable
aﬂd WEH-CharaC[CriZEd prula[iOnS Of ﬂClll'al Elnd nEul‘Onal Pre‘
cursors. To date, several fluorescence-activated cell-sorting
(FACS) protocols that employ a combination of cell surface
markers [34], which are believed to be neural cell lineage-spe-
cific, have been developed. While a substantial increase in the
purity of generated NSCs was achieved using FACS in these
studies, no optimal protocol is currently available which would
lead to a consistent NSCs generation once employed in multi-
ple independent repetitions. A major bottleneck is the continu-
ing presence of undesired cell populations of endoderm and
mesoderm origin; the relative contribution of these unwanted
cells may vary from preparation to preparation and may
increase over time, particularly in a long-term maintained

NSCs cultures.

Understanding of stem cell differentiation into neural
lineages: a proteomic view

Proteomics & stem or pluripotents cells

Proteomics is a rapidly advancing field utilizing technology
platforms for the study of a variety of biological systems. Of
the many protcomic technologies, current focus appears t be
on [hC dC’VElDPant Of mass SPCC[]’DmC[Cl'S, nano-
chromatographic systems and bioinformatic tools. Two mass
spectrometry (MS)-based approaches have been utilized for a
large-scale analysis of proteins and their post-translational mod-
ifications. Shotgun proteomics provides a system-wide view and
is being applied in discovery-driven projects. Even without
prior knowledge, MS datasets of multiple proteomes are sub-
jected to computational analysis to generate lists of proteins
that change their abundance across different conditions. Given
its global nature, candidate proteins are typically validated by
orthogonal techniques. Additionally, ICAT, isobaric TMT or
isobaric tags for relative and absolute quantitation (iTRAQ)
and SILAC, are some of the approaches often used.

The second MS approach is based on selected reaction mon-
itoring (SRM), which enables the generation of precise quanti-
tative datasets for a large number of complex samples in a
highly reproducible and non-redundant manner. There is no
need for subsequent validation, however, only approximately
100 selected proteins can be quantified in a single analysis.
SRM-like data-independent acquisition methods may overcome
this limitation only at the price of sensitivity but could be
advantageous for data mining in zoom-in experiments to gain
mechanistic insight. Targeted MS measurements are very attrac-
tive and competitive technologies to antibody-based ELISA and
arrays. Such technologies offer great potential for development
of diagnostic tests for clinical use.

To better interrogate biological samples such as cells, body
fluids and ctissues, proteomics facilitates fractionaton strategies
to enrich organelles or specific groups of proteins and peptides,
as well as their post-translational modification products. The
versatility of proteomic technologies and the possibility of com-
bining them to obtain the end result, makes proteomics a pow-
erful tool in the designing of experiments rto answer

biologically relevant questions. Functional proteomics is criti-
cally important with respect to understanding of the functional-
ities of biological systems rather than mechanistic identification
of individual components. This together with quantitative pro-
teomics, allowing relative or absolute quantitation of proteins/
peptides in biological sample, makes proteomics an indispens-
able technology platform for researchers.

Since our understanding of many of the basic cellular pro-
cesses underlying stem and pluripotent cell self-renewal, main-
tenance and differentiation are still very limited, it is essential
that we expand our knowledge and understanding at protein
level if stem cell research is to reach its full potental. The
proteomic interrogation of stem cells is already feasible to gen-
erate relative quantitative stem cell protein maps and derive
partial functional protein interaction networks. The applica-
tions of proteomics to the area of neural stem cell differentia-
tion may also help to facilitate transition to cell replacement
therapies of neurodegenerative diseases (Ficure 2).

Urgent need to define sets of neural-specific
developmental proteins & their potential use in generation
of highly purified & expandable neural precursors

One way to address the issue of availability of well-characterized
and expandable neural cell lineage-specific populations is to
increase our knowledge of the spatiotemporal profile of cellular
protein expression during neural differentiation and to define a
set of markers, which will be more specific in predicting the line-
age specificity of targeted cell population (Ficure 3). Current con-
sensus is that the processes of cell differentiation in general,
involve stem cell autonomous factors as well as the effect of static
or releasable components in the extracellular milieu. These may
include growth factors, hormones, extracellular matrices, intercel-
lular interactions and intracellular signaling cascades (3].

Despite a high degree of similarity between ESCs and iPSCs,
there are some described differences in gene expression resulting
from epigenetic changes but possibly also from intracellular reg-
ulation. Reprogramming of the somatic nucleus to pluripotent
state requires significant changes and epigenetic status may be a
significant barrier. Despite the observation that iPSCs from late
passages are more similar to embryonic cells at the cranscrip-
tome level, suppression of the genes in starting somatic cells,
for example, fibroblasts, does not appear to be sufficient to
reach pluripotent status (36 Recent proteomic analysis of early
reprogramming events in murine fibroblasts incubated with
oocyte extracts identified several proteins whose abundance
changed after the treatment. Follow-up bioinformaric evalua-
tion assigned their functionalities mainly to nuclear dynamics,
transcription  and  transladon as well as showed inter-
connectivity with pluripotency markers KIf4, c-Myc, Nanog
and Oct4 [(37]. Further studies considering the consequences of
the transcriptome and epigenome alterations into level of the
proteome are desirable and need to be carried out.

Importantly, the propensity of hESCs and iPSCs for neural dif-
ferentiation appears to be an important aspect. Ebert ef al. [33]
recently developed a simple method to generate and expand
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multipotent self-renewing pre-rosette NSCs from both human
ESCs and human iPSCs with neural differentiation capabilities,
however, efficient differentiation into specific neural subtypes
remains challenging. Additionally, it was shown that phosphoryla-
tion of Ascll on serine-proline sites was crucial for neuronal dif-
ferentiation and this step may promote generation of neurons
from fibroblasts [39). Finally, to define true functional similarities
in ESC- versus iPSC-derived NSCs, there is a need to characterize
the differentiation profile of such a cell population(s) after in vive
grafting using immunodeficient rats with a long-term survival as
well as in CNS injury or genetically-induced neurodegenerative
models to demonstrate the final post-mitotic phenotype and/or
their continuing proliferative capacity.

The intricate mechanisms controlling NSCs differentiation
into different neural lineages have to be fully characterized and
the proteins playing crucial roles in transition through this pro-
cess could be then manipulated in vitro. This would help to
produce required homogenous subpopulations of neural pro-
genitors in sufficient amount for cell transplantation. The low
expression of a large number of proteins involved in differenti-
ation is a common feature of stem cells. Once committed to a
particular lineage, specific proteins are being induced, while the
elimination of the proteins that are no longer needed is com-
menced. It is essential to precisely define sets of neural-specific
developmental proteins responsible for driving NSCs toward
the particular subtypes in order to identify markers for moni-
toring of progenitors specificity, estimation of neural fate and
follow-up correlation with therapeutic effect in the preclinical
studies using animal disease models. Although a variety of
emerging proteins were described, only those which were vali-
dated by the techniques orthogonal to the discovery phase are
implemented in this review (Sveriementary Fioure 1 [supplementary
material can be found online at www.informahealthcare.com/
suppl/10.1586/14789450.2015.977381]), and their detailed

descriprion is summarized in the SurrLeventary Tanie 1.

Intracellular proteins as a handle to follow-up
transplantation

Once the cells are induced to differentiate from pluripotent
precursors 7z vitro, they need to be characterized to confirm
whether the target population has been obtained and the pres-
ence of pluripotent cells is substantially diminished or
completely eliminated. Currently, the most frequently used and
well-characterized markers are Nanog and Oct3/4, transcription
factors which are essential for maintaining pluripotency and
controlling the expression of a number of genes involved in
embryonic development, proliferation and self-renewal [40].
Among many variants of multistep protocols of neural differen-
dation, induction of pluripotent cells into NSCs is commonly
achieved via formation of embryoid bodies followed by propa-
gation/growth in serum-free medium in the presence of FGF
and/or EGF. Upon differentiation into NSCs, the expression
of Pax6 and Sox! transcription factors is required for continua-
tion of self-renewal and maintaining the neural progenitors in
an undifferentiated state (4142 Appearance and timing of

Neural differantiation

ESC NSC
Oct3/4, nanog  Sox1, pax6

GPC
Oligi/2
Cell sample preparation

Oligodendocyte
GalC

Exploratory studies

Wide view proteomic approaches

Targeted analysis and biological validation
Molecular insight into neural differentiation
Set of reliable markers specific to neural subpopulations

High throughput assay for measurement of each state
of neural differentiation

Figure 2, Proteomics contribution in revealing the
underlying molecular mechanisms in stem cell
differentiation and novel markers of neural subpopula-
tions. Human neural stem cells can be derived from embryonic
stem cells and differentiation of neural stem cells into lineage-
committed subpopulations such as glial or neuronal precursor
cells and further more into neurons, astrocytes and oligodendro-
cytes is depicted by changes in cell morphology and by progres-
sive appearance of typical markers. Proteomics offers an
enormous potential for the deeper understanding of molecular
mechanisms of stem cell differentiation. Protein patterns resulting
from global quantitative analysis are being followed by targeted
analysis of the emerging novel candidate proteins and their bio-
logical validation. Ultimately, such novel biological insight into
neural differentiation generates set of markers, which can be
measured at each stage of differentiation using high throughput
assay. Currently used intracellular and membrane markers of
neural subpopulations as well as a variety of emerging proteins
are summarized in Suemementary Ficure 1 and their detailed descrip-
tion is provided in Suesementagy Tasie 1.

DCX: Doublecortin; ESC: Embryonic stem cell; GPC: Glial precursor
cell; MAP2: Microtubule-associated protein 2; NPC: Neuronal
precursor cell; NSC: Neural stem cell; TUJ1: Blll-tubulin.

intermediate filament nestin expression are consistent with for-
mation of precursors of the neural lineage and are related to
the characteristic features of progenitor cells, such as multipo-
tency, high proliferation, limited self-renewal and regeneration
capacity [43].

Further differentiation of NSCs into lineage-committed sub-
populations such as oligodendrocyte, astrocyte or neuronal pre-
cursors can be induced by exposure of NSCs to the growth
factors such as brain-derived nerve factor and/or glial-derived
nerve factor that control the development of specific brain
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Figure 3. Toward efficient and safe cell replacement therapy of neurodegenerative diseases. Spatiotemporal profiles of cellular
expression during neural differentiation allow development of a uniform protein signatures, which can be used to obtain a given subpop-
ulation of lineage-specific cells suitable for in vivo grafting without teratogenic risk.

regions [34), while other modulators including platelet-derived
growth factor-AA can be used to bias differentiation into oligo-
dendrotytes [44). The initiation of NSCs differentiation is
observable by changing cell morphology and by a progressive
appearance of markers, which permit a delineation of specific
cell types. Currently used intracellular and membrane markers
of neurons and glial cells (astrocytes and oligodendrocytes) are
listed  in Moderate  expression of
microtubule-associated  protein 2 in  neuronal precursors
becomes much stronger in neurons immediately after the BII-

SurpLemenTARY  Figure 1.

tubulin is expressed (45. Doublecortin is a microtubule-
associated protein expressed in early post-mitotic neurons with
the main function in the growth at the leading edge of neuro-
nal cells [46). In 1992, NeuN was identified as a neuronal
marker whose appearance corresponds temporarily to the with-
drawal of neuronal cells from the cell cycle and/or with initia-
tion of terminal differentiation of the neuron [47].

One of the most frequently used markers of astrocytes is
glial fibrillary acidic protein, which forms a network to help to
maintain astrocyte mechanical strength as well as the shape [48].
Another astrocyte marker, calcium binding protein S1008, is
expressed by a subtype of mature astrocytes that ensheath blood
vessels [49]. Combination of Olig, Nlx and Sox10 proteins has
emerged as transcription factors critical for the oligodendrocyte
development [50. Olig genes are the earliest markers of oligo-
dendrocyte lineage determination, however, their expression
during development could establish a state of competence to
form more than one neural lineage [51. O-Antigens O1 and
O4, which are surface markers of oligodendrocytes in the
CNS [s2] as well as specific enzymes such as cyclic nucleotide
phosphodiesterase and galactocerebrosidase appear to be more
suitable markers for oligodendrocyte differendation (s3).

In order to refine classification of neural subpopulations, the
results of several recently published studies can be considered.
Abraham et al. searched for NSC regulatory factors using a
shotgun protcomics study with resultant revelation of high
expression of chromatin structural proteins (s4). The members
of the high mobility group (HMG) superfamily, HMGA and
HMGB, can modulate transcription, replication, recombination
and DNA repair. The HMGA?2 is specifically localized in CNS
and regulates NSC proliferation during early embryonic devel-
opment [52). Upon binding to nucleosomes, HMGA2 acts as a
modulator of cell cycle regulating p16™* protein, which has

been reported to maintain chromatin in the open state [55).
Additionally, it was shown that HMGB proteins reflected
HMGA2 expression in NSCs indicating their impact on cell
proliferation (s4]. While HMGB3 and HMGB4 responded to
NSC differentiation in a stage-dependent manner, both
HMGB! and HMGB2 were rapidly and substantially repressed
from early stages of differentiation [s4). The dynamic expression
of HMGBs was further explored using HMGB2 null mice
demonstrating that deficiency of the protein resulted in signifi-
cant increase in small spheres, compared with large ones con-
sisting of NSCs, along with the increased cell division. Hence,
HMGB2 may play a role in suppression of NSC renewal via
effect on chromatin and possibly have a regulatory function in
survival and differentiation of NSCs. These findings certainly
contribute to understanding of neural differentiation and
deserve further investigations.

In 2011, Chaerkady et a/. utilized iTRAQ labeling followed by
liquid chromatography (LC)-MS/MS to simultancously quantify
proteomes of NSCs undergoing directed differentiation into oligo-
dendrocytes [44]. This robust approach, reliable to identify subtle
changes in relative abundance, extended previous findings of this
group aimed at defining mechanisms of differentiation into motor
neurons and astrocytes (s6] and both studies together provide the
identities of potential markers for multiple steps of NSC differenti-
ation. Glial progenitor cells, neuronal progenitor cells (NPCs), oli-
godendrocyte progenitors as well as ESCs and post-mitotic neural
cells were carefully monitored using immunofluorescent labeling
of to date known markers and the same method coupled to immu-
noblots was then used to validate novel resulis of global quantita-
tive screening approach. Among the validated proteins were:
DCLK1 (doublecortin and CAM kinase-like 1), as a marker of
motor neurons; KPNA4 (karyopherin ot 4), as a marker of NPCs
and macrophage migration inhibitory factor, which appeared to be
a protein marker for early neural developmental stages (5657] but
diminished during motor neuron differentiation [s6].

Another marker identified in a different multiplex study ut-
lizing iTRAQ is dihydropyrimidinase-related protein (DPYSL),
a protein localized in neurogenic regions of the CNS [5758).
The DPYSL3 and DPYSL2 isoforms have been found overex-
pressed in human [57] and mouse NSCs (s8], respectively, indi-
cating that this isoform-specific marker of early neural
differentiation could be measured at high-throughput level in
different species.
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Cell surface proteins to facilitate selection & sorting of cell
subpopulations

Differentiation of pluripotent cells iz vitro leads to the appear-
ance of heterogeneous populations of cells in various develop-
mental stages that do not co-exist during 77 »ive differentiation
after gestation. These mixed cell populations are not useful for
transplantational experiments or potential use in clinical thera-
pies. Accordingly, a high level of enrichment and expansion of
purified cells is needed before such lines can effectively be used
in in vive setting.

Cell sorting is nowadays routinely used for hematopoietic cells,
but, u“foﬂlnﬂ[E[y, CC“ [YPES llkE Embryunic or nEumna] CE”S are
more prone to damage in the course of sorting procedure not
only due to their non-round morphology but in general they have
limited capability to adapt to circulation under sorting pressure.
These observations result in some demands such as lower pressure
or reduced sorting speed which then may be applied for such
types of cells [59]. Nevertheless, cell surface proteins (CSPs) are
accessible to suitable antibody tagging for fluorescence-activated
or magnetic beads cell sorting of living cells. Although membrane
proteins comprise between 20 and 30% of the proteome, they are
still underrepresented in proteomic experiments mainly due to
technical challenges during sample preparadon and their low
abundance in comparison with intracellular proteins (¢0). Analyti-
cal approaches for membrane protein identification using LC-
MS/MS were recently reviewed [61).

Currently, the most established cell surface markers of human
pluripotent cells are glycolipids SSEA-3 and SSEA-4 and keratin
sulfate-related antigens TRA-1-60 and TRA-1-81 [e2). Further
classification as markers of stem cells with neural commitment
include prominin-1 (CD133), SSEA-1 (CD15) or structurally
related FORSE-1, which are also called ‘stemness markers’ [63].
They are utilized as proliferative markers that decrease upon differ-
entiation. Other markers can distinguish differentiated cells with
neuronal commitment like PSA-NCAM (CD56) or CD24 [s9) or
glial precursor cells with expression of A2B5 [59] or CD44 [34] and
PDGEFR (CD140a) [e4), which are typical for astrocyte and oligo-
dendrocyte precursors, respectively. Unfortunately, it is becoming
apparent that these markers are not specific enough t achieve
highly pure populations of the cells with distinct phenotype and
expected suitability for translation to clinical applications. Methods
that can be used to improve the outcome are negative selection, for
example, to get rid of the unwanted cells carrying markers of pro-
liferative cells with the highest risk of teratoma formation, or gen-
erally the usage of combination of markers (34¢5). Evidently, new
cell surface markers of individual developmental stages would help
to identify specific populations of neural cell types.

There are several approaches to study new cell surface markers
of neural differentiation. One of them is to systematically study
involvement of already known CSPs like CD classified molecules.
The main advantage of this approach is the availability of already
produced antibodies, the main disadvantage is obviously the very
limited number of currently identified proteins. Several studies
aimed to characterize the presence of different CD protein markers
on stem cells and their neural derivates were published by

Pruszak et al. (596365]. In 2007, this group demonstrated a 4 weeks
survival and no tumor formation in rat brain grafied with
NCAM+ (CD56) FACS-sorted mature ESC-derived neurons [s9].
This was followed by the study showing the capability of distin-
guishing NSCs, neural crest and neurons using combinatorial
CD15, CD29 and CD24 marker code-analysis (65]. Recently, the
simultaneous detection of CD surface molecules with known intra-
cellular markers that yielded combinatorial CD49f~/CD200 high
indicator for enrichment of neural lineages emerging from pluripo-
tent cells was described [63). Single marker analysis would fail due to
the presence of non-neuronal CD49f- or CD200" subpopulations
in the cell culture. Rather more complex FACS analysis of 190 cell
surface antigens on hESCs and their derived neural differentiated
cell cultures lead to the isolation of population of CD184"/
CD2717/CD44 /CD24" neural precursor cells that subsequently
differentiate into mixed populations of neurons and glia cells (34].
Neurons could be further sorted our according to the combination
of CD1847/CD447/CD15 low/CD24" markers, in contrast to
CD184'/CD44" population of glial cells. Similarly, 30 CD surface
markers on TRA-1-81+ hESCs and their neural derivatives
revealed strong expression of CD133 and CD326 in undifferenti-
ated hESCs, while CD56 and CD184 surface molecules were
increased in their neural derivatives [66). Interestingly, this study
excluded CD24 and CD90 as specific markers of neural differentia-
tion, which is in contrast to results from Pruszak et al. [59].

More comprehensive results than from CD molecule targeted
analyses may come from MS studies. This approach to study
membrane proteome was successfully applied to hESCs [67.68] and
different types of mouse cells including myoblasts (¢9] or pluripo-
tent cells [70). Typically, the procedure covered enrichment of
membrane fractions using sucrose gradient and selection of mem-
brane proteins from the whole protein dataset by software predic-
tion tols. OFf interest was targeted enrichment of cellular plasma
membrane proteins by chemical labeling applied on living cells
before digestion (71). This appeared to be the most effective
approach for extracting CSPs without contaminants and poten-
tially useful proteins, indicating cellular fate which may be utilized
also for cell selection/sorting.

Studies dealing with characterization of CSPs during neural
differentiation of pluripotent cells are currently lacking with
exception of an extensive quantitative comparative study of
membrane proteome between hESCs and NSCs published in
2014 by Melo-Braga er al. (¢0). The authors combined dimethyl
lﬂbﬁ“ng to Study Chﬂﬂgfs in Drganc”c ﬂnd. plaﬁmﬂ mﬁmbranf
proteins with immobilized metal affinity chromatography and
TiO, enrichment allowing to approach the changes in phos-
phorylation and glycosylation pattern of membrane proteins.
Although these findings represented a huge set of the proteins
and their post-translational modifications in hESCs and NSCs,
only a few of them were validated using SRM. Among them
CRB2 as well as its glycosylation site Asn886 was indicated as
a potential NSCs marker. In addition, DPYSL2, a plasma
membrane associated enzyme, was confirmed to be upregulated
in NSCs in comparison to ESCs [e0], which is in agreement
with other proteomic studies (5758.72].
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Interesting strategy for discovery of hESC-specific membrane
proteins was presented by Prokhorova et al (73, They
employed SILAC-based comparison of different self-renewing
ESCs versus cells that were spontaneously differentiated by
removal of FGF2 from culture medium for only 2 days. Six
proteins were revealed with higher expression levels in undiffer-
entiated ESCs cells where neuroligin-4, involved in both cell-
cell and cell-extracellular matrix interactions which are viral for
ESCs, was observed as a candidate CSP of self-renewing ESCs.
In addition to using the CSPs as a tool for cell selection, it is
well documented that CSPs possess many dynamic biological
functions. Thus, studying the changes of CSPs in the course of
neural differentiation of pluripotent cells may shed light on
mechanisms of the differentiation of these cells too.

Besides ESCs or NSCs, cell surface membrane Na'/Ca®*
exchangers in microglia contribute to Ca™ influx and respira-
tory burst of these cells, hence they might be targeted in order
to reduce microglia activation in the damaged CNS (7).
Another cell-surface protein, AN2 mouse homolog of rat
NG2 protein, expressed by oligodendroglial progenitor cells has
been shown in witro to play a role in control of migration of
cultured primary oligodendroglial progenitor cells (75).

Secreted proteins: intercellular signaling, trophic effects &
immunomodulation

It is well recognized that growth factors like NGF, brain-
derived nerve factor, CNTF, glial-derived nerve factor and
VEGF are important neurotrophic modulators of CNS physiol-
ogy and there is evidence that NSCs or NPCs may exert their
effects by secretion of such factors after transplantation in
experimental models of neurodegenerative disorders. Their sup-
portive roles are most likely directed to prevent cellular death
pl'OCCSS Of neurons t}\at are SUbjCCtﬁd to [hﬁ stress or noxi{)us
stimuli as well as scar formation. In addition, NPCs provide
remarkable immunomodulatory effects, which may promote
regeneration and healing processes. Thus, the use of NPCs in
cell replacement therapies and the mechanism of their possible
therapeutical effect can be considered as: improvement of local
structural integrity of previously injured tissue; functional syn-
aptic coupling between grafied neurons and neurons of the
host and release of trophic factors, which may modulate sur-
vival of previously injured host neurons and glial cells.

The extracellular proteome consists of individual soluble pro-
tﬁins, SD‘Callﬁd secretome ﬁnd ﬁlsﬂ SCC[C{CCI f)(trilcﬁllulﬁ.r VCSiCIES
with size up to 1 um carrying cellular proteins, miRNA and
membrane components [76]. The study of the role of miRNA
in neurodegenerative diseases with the focus on recognition and
regulation of the amount of pathogenic proteins in specific
neuronal cells, which is crucial for cell survival and pathogene-
sis of disease remains a key focus [77].

Defining the secretome functionality and its paracrine effect
on cell survival together with analysis of releasable components
by in vive microdialysis and/or cell-conditioned media in vitro,
remains a challenge. To characterize such secreted factors, sev-
eral techniques such as LC-MS/MS combined with isobaric tag

or isotope-coded affinity tag labeling can be eftectively used.
Despite the limitation due to targeted pre-selection of analytes,
implementation of multiplexing antibody array technologies,
either planar or bead-based, may provide high sensitivity of
detection even in the presence of serum components. The com-
bination of such approaches remains extremely powerful and
provides a huge range of complementary results. Compared
with findings from antibody arrays, LC-MS/MS data require
additional verification using SRM-targeted approach and other
orthogonal techniques.

The studies focused on NSC secretomes as well as their
alterations in the course of neural differentiation are rare.
Farina et al. (73] used mouse ESCs and compared the secre-
tomes of cardiac and neural differentiation. The study revealed
several proteins unique for neural differentiation, but only
about half of them were predicted as secretory proteins using
bioinformatics tools. Among them, endoplasmin, prohibitin-2
and serpin H1 were present in the conditioned medium art the
time of terminal neural differentiation.

Very recently, a cytokine profile of human astrocyte secretome
under physiological conditions as well as inflammatory stimula-
tion by IL-1P and TNF-tt has been described [79). Using a planar
protein microarray revealed the production of cytokines and che-
mokines such as G-CSF, GM-CSF, GROa (CXCL1), IL-6,
IL-8 (CXCL8), MCP-1 (CCL2), macrophage migration inhibi-
tory factor and serpin E1 by normal resting astrocytes, while after
inflammatory stimulus, they produced different profile of cyto-
kines and chemokines but, interestingly, all of them were assigned
to NF-kB signaling pathway, indicating important immunomod-
ulatory role of astrocytes. To mimic the astrocyte phenotype
resulting from lipopolysaccharide induced inflammation in vitro,
Wang er al. [s0] investigated the effect of inflammatory astrocyte-
conditioned media on proliferation and differentiation of NSCs.
This study identified TL-6 as a major factor involved in the NSC
proliferation as confirmed by its reduction in the presence
1L-6 neutralizing specific antibodies as well as enhanced prolifera-
tion after addition of recombinant protein.

Another study demonstrated that clusterin, already known as
inhibitory protein of complement system, was recognized as
protein component of media conditioned by midbrain and hip-
pocampal but not cortical astrocytes. Its presence increased the
number of neurons from expanded human NPCs, and the
immunodepletion of clusterin from midbrain astrocyte condi-
tioned medium eliminated the observed effects on neuronal
differentiation (s1].

Applying bead-based multiplex technology, Mosher er al.
showed that there were several factors including tissue inhibitor
of metalloproteinase type-1, VEGF and haproglobin that were
secreted in large amounts by NPCs in comparison to mouse
primary microglia, astrocytes and neurons (s2]. Injection of
NPCs into striatum of mice resulted in microglial activation,
proliferation and phagocytosis. Using these zn vive function
assays, it was established that recombinant VEGF protein
exerted at least some of these effects while immunodepletion of
VEGF from NPC-conditioned media reversed such phenotype.
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These findings indicated that NPCs via secretion of VEGF
were important regulators of microglia functions. Consistent
with these data is our observation which demonstrates that
VEGF secretion by hESC-derived NPCs reaches maximum
concentration 20 days after triggering of neuronal differentia-
don and remains high (Sueriementary Fioure 2). Interestingly, the
angiogenin, another pro-angiogenic growth factor, peaked to
highest level on day 14 and then rapidly declined (Surriesenrany

FiGURE 2).

Expert commentary

At present, there is an increasing appreciation and growing inter-
est in using ESC or iPSC-derived committed neural precursors in
the treatment of several neurological diseases including ALS, spi-
nal trauma, HD, stroke or multiple sclerosis. The initial animal
efficacy data and clinical data from human spinal trauma trial
clearly demonstrate the treatment potentials of ES-NPCs and
iPS-NPCs and fully warrant their further research. In this report,
we have summarized the potential of proteomics in revealing the
underlying molecular mechanisms of stem cell differentiation.
Novel candidate proteins of neural subpopulations emerging
from such screens are typically subjected to validation using affin-
ity reagents/antibodies for targeted analyses such as immunoblots
and fluorescence-based imaging. Given the limitations of these
semi-quantitative assays, including variable and party unpredict-
able specificity of utilized antibodies, the alternative approach
based on SRM is currently being applied for the simultaneous
quantification of protein targets by MS with no need for subse-
quent validation. SRM generates highly reproducible and precise
quantitative information for high number of samples, which is
directly interpretable by biologists and allows transition from dis-
covery phase to validation of targets.

A lack of congruence in reproducing some results which
identify the lineage-specific markers in different laboratories
applying the same methodical approach might arise from vari-
able culture conditions, such as the choice of differentiation
growth factors, different dose and/or timing. To examine
lineage-specific differentiation, it is necessary to use defined
culture conditions and avoid potential artifacts introduced by
exposure to poorly characterized media containing complex
mixtures of growth factors such as those present in serum.
Quality control is required for NSCs in continuous cultures,
including normal karyotype and morphology testing as well as
maintenance of proliferation and differentiation capabilities.
To accelerate the transplantation research, there is an urgent
need for improved differentiation and enrichment procedures
that generate highly pure populations of neuronal and/or glial
cells. Protein patterns obtained by quantitative proteomics
screens should be extracted and combined with previous
knowledge to provide novel biological insight into NSC differ-
entiation. Only then, an information-rich targeted assay with
the capability of measuring the complete set of reliable markers
at high throughput might be assembled. The availability of
such assay is critical for the development of a uniform protein-
expression signature, which can reproducibly and predictably

characterize the differentiation profile of NPCs suitable for
in vivo grafting.

Five-year view

Primary neuronal culture is an important tool for many areas
of neuroscience research, including studies of neuronal signal-
ing, synaptic plasticity, gene expression, pharmacology and tox-
icology. Additionally, human iPSCs capable of differentiating
into NSCs and mature neural cells have had an unprecedented
impact on similar parameters in disease research. To circum-
vent cthical and moral disputes associated with the use of
blastocyst-derived ESCs, iPSCs provide new perspectives for
personalized regenerative medicine in future.

With involvement of large bioproduction companies, it is
expected that the commercial availability of human iPSC-
derived cells via industrialized manufacturing will greatly
expand the use of stem and differentated cells for neurodegen-
erative disease research. Formations of iPSC biobanks would
provide the precise and bulk starting material necessary for
large-scale clinical trials and experiments that has been lacking,
thus facilitating high number of discase model studies simulta-
neously. As knowledge base grows, some key questons that
frustrate researcher may end up being answered including the
measure of ‘stemness” role or the epigenetic cell memory in the
journey to pluripotency. Additionally, correlation of outcome
to animal models as proxies to humans as well as the predictive
potential for iPSC disease models will need to be assessed care-
fully if we are to benefit in the long run using highly sophisti-
cated rtechnologies. While many of the current technologies
have been around for a while, newer and emerging sensitive
technologies including data-independent acquisition or Multi-
Nnotch MS* quantitation will certainly have a significant role
to play despite possible technological limitations. Leveraging
next-generation immunoassays and/or SRM-based approach
with unprecedented multiplexing capacity and accuracy to
interrogate stem cell proteins would facilitate the application of
NSCs in cell-based therapy. One such example is the ultrasensi-
tive detection of neurodegenerative biomarkers including tau in
blood. The measurement of tau protein in cerebrospinal fluid
has been well documented, but the presence and measurement
of tau in human blood components has been difficult due to
inadequate sensitivity of current assay methods.

State-of-the-art MS-based proteomics has been in use for sev-
Cl'ill yﬁars bll[ l'CCCﬂﬂy, it.ﬁ use ha.s [ﬂpld]y Cxpa.ndﬁd o ﬂlSD cover
stem cell research. The advent of next-generation sequencing
should facilitate greater rargeted therapies for neurodegenerative
diseases. Since sequencing is not simply restricted to coding
regions, whole genome sequencing allows discovery of murations
in regulatory regions such as promoters and enhancers, and other
non-coding regions such as those for miRNAs. Advances in flow
cytometry together with high-speed cell-sorting and imaging is
also fast becoming an ideal tool for interrogating microparticles
and cellular subsets in multiple formats. These technologies com-
plimented by imaging technologies and sensitive fluorescent anti-
bodies/tandem dyes should allow the examination of diverse cell
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subpopulations and cell types. Analysis of novel stem cell surface
mﬂrkcrﬁ as WE“ as iﬂ(Crna.liZCd rCCCP[UrS Shﬂu]d lCﬂd o h[‘[[ﬁr
understanding of the cell in question and its role in cell therapy.

While genomics, proteomics and stem cell biology have come
of age with exciting results to follow, cross-collaboration of
researchers from these specialties together with clinicians needs
active fostering if we are to fully benefit from each other’s exper-
tise. Additionally, with ever-increasing data, bioinformatics will
be critical to the real outcome for diverse neurodegenerative dis-
eases. The ability to interpret the wealth of data in order to build
an accurate picture of the in vitro versus in vive disease scenario
for clinical intervention is a major challenge.

Until now, too many studies take the easy and more man-
ageable route of looking at one or a limited number of factor
(s) at a time and often leading to incomplete or a poor outline
of the disease. Now with combination of up-to-date technolo-
gies with sensitivity, specificity and speed, multiple parameters
can be studied to gain a much better appraisal of the ongoing
processes such as cell—cell, cell-matrix and cell signaling inter-
actions. There are now limitless possibilities for the use of
NSCs if researchers could only fully picture their intricacies
and functionalities. While NSCs offer a great promise for the
treatment Df ﬂﬁul‘odﬁgﬂﬂcrativﬂ CUSCZISCS or manﬂgﬁmﬂn(
of intractable diseases through repair or replacement of dam-
aged tissues, every step in the process should require rigorous

scrutiny from the origin of the cell, through expansion, manip-
ulation, to the eventual engraftment in the patient. The severe
risks of such stem cell therapy including teratoma formation,
exaggerated immune response or ectopic engraftment need to
be overcome in preclinical transplantation research.

Looking forward to the next decade, neural stem cell therapy
will remain a priority in order to fulfill the great hopes of
many patients directly or indirectly via drug development,
regenerative or reparative therapy while ushering in an era of
great expectations.
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Key issues

* Neurodegenerative diseases and their rising incidence in the population.
¢ Need for improved differentiation and enrichment procedures to generate highly pure populations of neuronal and/or glial cells in order

to facilitate transition toward therapeutic use.

* Quantitative proteomics to provide novel biological insight into neural stem cell differentiation.

* Novel candidate proteins of neural subpopulations emerging from proteome screens.

* Development of uniform protein-expression signatures characteristic of neural stem cells lineages.

* Sensitive assay development for reproducible differentiation profiling after in vivo grafting.

 Establishment of induced pluripotent stem cell bio banks with defined cellular source as starting material.

* Cross-specialties collaboration of researchers from genomics, proteomics and stem cell biology, and clinicians to address therapeutic intervention
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Huntington’s disease (HD) is the most common inherited neurodegenerative disorder among
polyglutamine (polyQ) diseases caused by cytosine-adenine-guanine repeat expansion in exon
1 of the huntingtin gene whose translation results in polyQ stretch in the N-terminus of the
huntingtin protein (HD protein). This mutation significantly affects huntingtin conformation,
proteolysis, PTMs, as well as its ability to bind interacting proteins. As a consequence, a
variety of cellular mechanisms such as transcription, mitochondrial energy metabolism, axonal
transport, neuronal vulnerability to oxidative stress, neurotransmission, and immune response
are altered and involved in the pathogenesis of HD. Promising candidate molecular biomarkers
of HD have emerged from proteomic studies. Recent analyses focused on HD protein itself, its
PTM, and interacting proteins, which are of great importance for disease course. Furthermore,
Dbrain, body fluids, and immune system are intensively studied in order to search for additional
proteins with a view to their use as a biomarker(s) or set of biomarkers in clinical trials in HD
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1 Huntington’s disease

Abnormal cytosine—adenine-guanine (CAG) triplet repeat ex-
tensions within coding region of various unrelated genes
translated into polyglutamine (polyQ) tracts in respective pro-
teins are a common mechanism of inherited neurodegenera-
tive diseases, which may have similar molecular features [1].
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magnetic resonance imaging; PET, positron emission tomogra-
phy; PGC-1«, peroxisome proliferator activated receptor-y coac-
tivator 1a; polyQ, polyglutamine; REST, R element-1 silencing
transcription factor
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Among nine such genetic disorders known to date, Hunt-
ington’s disease (HD) is the most common and caused by
CAG repeat expansion in exon 1 of the huntingtin gene
(HTT) located on chromosome 4. Translation of this mu-
tated gene results in polyQ stretch in the N-terminus of the
huntingtin protein (HD protein), which is expanded beyond
the normal polymorphism length that usually varies from 7
to 36 CAG repeats [2]. The length of the pathological CAG
repeat in HTT correlates inversely with the age of onset of
HD symptoms, however, with increasing onset age above 50
years the effect of the repeat length on onset age seems to
diminish. The prevalence of HD is 5-10 per 100 000 and the
average age of onset is 37 years [3]. The rate of HD pathogen-
esis leading to the clinical diagnosis of motoric disturbances
is determined by dominant action of the longest expanded
allele [4].

The people carrying the HTT mutation progressively de-
velop the HD symptoms that are clinically presented by in-
voluntary movement resulting from disturbances in muscle
coordination (chorea), cognitive decline, psychiatric distur-
bances, and eventually dementia. Of interest are also multiple

www.clinical.proteomics-journal.com
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non-neuronal abnormalities such as weight loss, cardiac fail-
ure, and testicular atrophy [5]. Currently, there are no disease-
modifying cures to slow or reverse the progression of HD and
only palliative care is provided to suppress the symptoms. To
date, only FDA (USA) approved tetrabenazine, indicated to
reduce involuntary movements. Clinical trials in human HD
to date have been aimed at improvement of cognitive and mo-
tor decline; nevertheless, application of antioxidants, creatine,
anti-inflammatory and antiapoptotic antibiotics, or glutamate
antagonists showed only limited efficacy [6]. From this point
of view, the effects of multidisciplinary rehabilitation pro-
gram in patients with early to middle stages of HD appear to
be limited and partially beneficial with the observed reduc-
tion in the motor decline according to the Unified Hunting-
ton’s Disease Rating Scale (UHDRS) classification, and body
composition including fat mass, fat-free mass, as well as to-
tal mass [7]. Evidently, neuroprotective strategies need to be
applied before the clinical symptoms are observed, possibly
even before the time when neurodegenerative process in the
brain begins, in order to delay the onset and slow down pro-
gression of HD [8]. Corresponding to this effort is the recent
observation of early role of altered metal homeostasis indi-
cating that metal modulation in premanifest disease stages
has significant therapeutic potential [9]. Development of a
novel drug that would complement general antioxidant and
antiexcitotoxic drug strategies by targeting more proximal and
typical mechanisms of the huntingtin pathogenesis such as
proteotoxicity (inhibition of aggregation) or transcriptional
dysregulation (HDAC inhibition) may significantly amelio-
rate mutant huntingtin neurotoxicity [10,11].

2 HD models

The advances in developing effective disease-modifying drugs
as well as HD biomarker identification critically depend on
understanding of the mechanisms of HD pathogenesis at
molecular level. With this view and knowledge of causal sin-
gle gene mutation, it has been feasible to develop models of
HD using genetic manipulations. Additionally, these models
are crucial for testing the efficacy of novel therapeutic strate-
gies before initiation of clinical trials in human. To date, sev-
eral mammal HD models have been established and studied
(Table 1).

2.1 Rodent models

Mouse models are most widely used due to fast breeding
and low cost as well as possibility of longitudinal studies of
disease progression via monitoring of the symptoms such as
body weight and motoric dysfunctions. Types of mouse mod-
els include: (i) transgenic mice such as most often utilized
R6/2 line carrying N-terminal region of the human mutant
HTT with 150 CAG repeats [12], (ii) transgenic mice yeast ar-
tificial chromosome (YAC) or bacterial artificial chromosome

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(BACHD) expressing full-length human mutant HTT coding
for 46 or 72 and 97 polyQs, respectively, and (iii) knock-in
mice generated by replacing exon 1 of the murine HTT by
exon 1 of the human HTT bearing CAG repeats expanded to
111 or 150 [13-15]. The R6/2 mice display progressive neu-
rological phenotype presented by a tremor, motoric changes
resembling chorea in human patient, and in some cases a
mild ataxia manifesting as dysmetria. The R6 mouse HD
model appears to be more like juvenile form of HD with early
onset and fast progression suitable for the therapy develop-
ment and drug testing rather than elucidating disease mech-
anisms. The other mouse HD models, except for BACHD,
are characterized by late onset and course of the disease with
milder symptoms that correspond to longer life compared
to R6 model (Table 1). HD mouse models with more severe
phenotypes usually show earlier accumulation of huntingtin
aggregates and premature neuronal death.

The rat HD models display symptoms of late-onset form of
HD with behavioral changes followed by progressive impair-
ments of motoric coordination and balance, and by presence
of huntingtin aggregates evident in the striatum and occa-
sionally in the cortex at age of 18 months [16]. The advantage
of rat model in contrast to mouse models is the possibility of
in vivo repetitive studies using magnetic resonance imaging
(MRI) or positron emission tomography (PET) owing to the
brain size.

2.2 Large animal models

The implementation of large animal HD models offer several
advantages including structural analogy of the main brain
elements affected by HD, monitoring of disease progression
by MRI or PET, increased toxicity of mutant HD protein,
lifespan and rate of disease development similar to human
patients, and slow progression, which enable possibilities to
access early phases of HD development [17,18].

Creation of sheep HD model by microinjection of a full-
length human HTT cDNA containing 73 CAG repeats under
the control of the human promotor was published in 2010.
These sheep did not manifest any motor dysfunctions and
were stable in three generations [19]. Analysis of offspring
showed robust expression of the full-length human hunt-
ingtin in both CNS and non-CNS tissues. Furthermore, sig-
nificant loss of cannabinoid receptor type 1 (CB1), which is
responsible for suppression of excitatory presynaptic sites in
the hippocampus and cerebellum, and dopamine- and cyclic
AMP regulated phosphoprotein (DARPP32) found in striatal
projection neurons was observed.

Porcine model was generated by microinjection of lentivi-
ral vector carrying N-terminal truncated form of human
mutant HTT encoding 124 glutamine tract integrated into
chromosome 1q24-q25 with germ line transmission through
successive three generations. The mutant huntingtin was de-
tected at the level of RNA and protein in CNS as well as in
peripheral tissues. Development and behavior of transgenic
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Table 1. Overview of selected HD models in comparison with human

149

Species Onset Lifespan Death Sequence CAG repeats Reference
(years)

Rodent models R6/2 mouse 9-11 wk 2 3 months N-terminal, heterozygote Approx. 150  [12]
CHL2 mouse =40 wk 2 =12 months Knock in, heterozygote 150 [13]
YAC72 mouse 24 wk 2 =12 months  Full length 72 [14]
BACHD mouse 8 wk 2 =18 months  Full length 97 [15]
YAC46 mouse 40 wk 2 >20 months  Full length 46 [14]
Rat 40 wk 25 24 months N-terminal 51 [16]

Large models Sheep 28 wk 10-12 Unknown Full length 73 [19]
Pig 56 wk 156-20 Unknown N-terminal 124 [20]

Patient Human ca. 37 years ca.75 ca.b55 years Full length Various [3]

Many different animal models of HD have been developed in past years using different approaches. Selected models are listed together
with the onset of the disease (appearance of the first symptoms), usual lifespan of the species, time of death of the model (if known, the
highest age of experimental animals is shown), protein sequence present in the genome (N-terminal fragment or full-length huntingtin

protein), and number of CAG repeats in the mutant allele.

and wild-type pigs appeared comparable without manifesta-
tion of any motoric dysfunction. Significant decline in the
median number of spermatozoa was observed at the age of
13 months and the level of DARPP32 in transgenic minipig
decreased after the age of 16 months. The important advan-
tage of modeling HD in porcine model is the average litter
size of about six to eight piglets including transgenic as well
as wild-type siblings of the minipigs [20].

Disadvantage of sheep and porcine HD models is the lack
of clinical symptoms to date, which would allow comparison
with human patients. Hence, these models may reflect early
presymptomatic stages and very slow disease progression. On
the other hand, such conditions offer a good opportunity to
study pathological mechanisms that precede onset of clinical
HD symptoms.

2.3 Induced pluripotent stem cells (iPSCs) derived
from HD patients

Despite the significance of stem cells and iPSCs for cell re-
placement therapies of neurodegenerative diseases, recent
reprogramming technologies have introduced promising op-
portunities to understand the pathological pathways of neu-
rodegenerative disease including HD. Using the cells derived
from HD patients provides a unique human cell based HD
model. Recently, 14 iPSC lines from HD patients and con-
trols were established. Microarray profiling successfully dis-
tinguished patient lines from controls, and early versus late
onset of HD [21]. This cellular disease model is capable of
modeling the HD pathogenesis as well as providing a unique
molecular view. It also allows designing of new treatment
strategies for HD. Moreover, if to be used in cell replacement
therapy, it is essential to correct mutation of the HTT in HD
iPSCs as reported recently using the replacement of the ex-
panded CAG repeat with a normal repeat via homologous
recombination [22].
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3 Pathways and biochemical
mechanisms of HD pathogenesis

3.1 HD protein cleavage and aggregation

The main question to address is how polyQ tract expansion in
proteins mediates the patterns of neuron’s loss in CNS, which
are overlapping for several polyQ disorders, despite the ob-
servable differences in pathogenetic pathways. The possible
starting points in case of HD protein neurotoxicity are prote-
olytic cleavage of the HD protein and transition of mutated
huntingtin into misfolded conformers followed by several
aggregation intermediates such as oligomers, assembly of
protofibrils and finally fibrils (Fig. 1). The transition model of
aggregation corresponds to the hypothesis that aggregation
of mutant protein fragment may be toxic as well as protec-
tive or compensatory response depending on the presence
and interaction with molecular chaperones or components
of ubiquitin-proteasome system [23, 24]. Although these pro-
teins are supposed to remove misfolded mutant protein con-
formers, such process may not be efficient enough and it may
be followed by autophagy, which may infact prolong neu-
ronal dysfunction [25]. Ultimately, the presence of mutant
huntingtin results in cell death mainly in vulnerable popula-
tion of neurons [26]. Early in the disease process, GABAergic
medium spiny neurons (MSNs) in striatum are targeted and
neuronal loss usually proceeds till striatal atrophy [27]. Neu-
rons also progressively degenerate in the cortex, hypothala-
mus, and hippocampus resulting in atrophy throughout the
entire brain by terminal HD [28].

3.2 Transcriptional dysregulation and epigenetic
regulation

The mutant HD protein is prone to interact with mul-
tiple proteins and interfere with many cellular functions,

which may explain its pleiotrophic effects contributing to

www.clinical.proteomics-journal.com

“PSE8TO81

-1°610C

4

) SUOIPUOS) PUB SULaL 4 338 “[$T0Z/10/9Z] MO AIBIQIT Q) AL, “DHANdY 4IZ) S0 G £L000F] 0T BUGZO01 01 /10pOY Ko Asieaqpugiuosdiy way paprojumoq] *

5231 SHOWILIT) 2A11E2) A{quNIAE 41 A4 PAADT 248 SI[IUE VO 1351 J0 SN 0} UG AUO A1 Ay U0 (



150 E. Kotrcova et al.
nuclear inclusions
N.
Ny =7
=+
cytoplasmic aggregates
N-.

1%

N-terminal fragment of miHtt
abnormal conformation

pathological protein interactions

transcriptional dysregulation and epigenetic regulation

Proteomics Clin. Appl. 2015, 9, 147-158

mitochondrial impairment and deficiency in energy metabolism

(aconitase, apolipoprotein A-IV)
(isoform long of iduronate 2-sulfatase)

1 axonal and ¢

imp p y
(calmodulin, syntaxin-1, VAMP1, VAMP2, SNAP-25, DARPP32)

(ephrin type-A receptor 4, neurexin-3 aipha)

neuronal vulnerability to oxidative stress and glutamate excitotoxicity
(glial fibrillary acidic protein, peroxiredoxins 1, 2 and 6)

immune system, microglia activation and inflammation

Figure 1. Schematic diagram depict-
ing neurotoxicity, pathological processes,
and protein involvement in HD. Under-
standing and characterizing neurotoxico-
logical processes due to huntingtin pro-
tein misfolding and aggregate formation
as well as the on-going pathological pro-
cesses critical for HD disease is depicted.
Overview of these processes including

TR, recently identified proteins affected by
bi

(IL-6, IL-8, TNFa, IL-4, IL-10, MCP-1, ectaxin, C
(complement C2 and C3, prothrombin)

cell death

neurodegeneration (Fig. 2). Mutant huntingtin and N-
terminal polyQ fragments accumulating in the nucleus are
capable of interacting with a number of transcriptions fac-
tors involved in regulation of multiple genes such as speci-
ficity protein 1 (SP1), c-AMP responsive element binding
protein (CREB), and transcription initiation factor TFIID
subunit 4 (TAFII130). All these interactions lead to tran-
scriptional dysregulation [29, 30]. It was shown that the
suppression of CREB-dependent transcription and the cell
death induced by polyQ stretches were restored by the
coexpression of TAFII 130 [31]. Interestingly, CREB pos-
sesses intrinsic histone acetyltransferase activity resulting
in epigenetic regulation via chromatin remodeling medi-
ated by suppressed histone acetylation [32]. Hence, inhibi-
tion of histone deacetylases may be a compensatory mech-
anism of transcriptional dysfunction preventing neuronal
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HD, which were validated by indepen-
dent techniques (dark) and nonvalidated
(gray), demonstrates the complexity of
HD.

cell death. These findings were corroborated by observation
that H2A histone family member Y (H2AFY) is specifically
overexpressed in the blood and frontal cortex of patients
with HD compared with controls and histone deacetylase
inhibition suppressed neurodegeneration in animal mod-
els as well as reduced H2AFY levels in a randomized
phase 1II clinical trial [33]. Mutant huntingtin also affects
the expression and regulation of noncoding microRNAs.
Multiple neural miRNAs are controlled by R element-1 si-
lencing transcription factor (REST), a transcriptional re-
pressor of neuronal survival factors including brain-derived
neurotrophic factor (BDNF). While interaction of wild-
type huntingtin with REST sequesters this factor in cy-
tosol thus allowing transcription of BDNF, mutant hunt-
ingtin traps REST into nucleus where it represses BDNF
transcription [34].

www.clinical proteomics-journal.com

vy Wiy paprRojumOq] ‘T-1 “§10T FSESTINI

SUONIPUO) PUY SWADL 243 338 “[FTOZ/10/97] W0 AIBIGIT AU A[1 *DHANNY 392 S0 £q £L000%107 5340010 1 10p/0d Kaum Lseiquaupqu

25231 SHOWILIO) 2411624 H{qEIAE 41 £ PALIIAOT 248 3|18 V() 1351 JO SN 30 AIBIGL] O AL 0



Proteomics Clin. Appl. 2015, 9, 147-158

Vps3s

transport and sensing
(18)
AN, _\unméfi:hed .

translation

3

transcription
(20)

. et o N ]
ExF

P —

",. =

genome maintenance
(45)

protein fate

151

energy production
: (10)

other metabolism
(12)

stress
and defence

3

cellular fate and organisation

(79)

Figure 2. Huntingtin protein interaction network. Computer modeling of possible interactions of huntingtin protein shows a high
number of protein interactions. The interacting proteins were retrieved by Interologous Interaction Database 12D version 2.3 search
(http://ophid.utoronto.ca/ophidv2.204/) and visualized using NAViGaTOR version 2.2.1 software (http:/ophid.utoronto.ca/navigator/). In the
network, nodes represent proteins and edges between nodes represent physical interactions between proteins. A total of 233 proteins
directly interacting with huntingtin were found where majority of them play a role in cellular fate and organization, genome maintenance,
and transcription. For each protein functionality group, the number of such directly interacting proteins is given in parentheses. The proteins
identified and verified in recent proteomic studies are highlighted by abbreviated names.

3.3 Mitochondrial impairment and deficiency in
energy metabolism

The studies on HD patient samples documented significant
decrease in enzymatic activities of the mitochondrial com-
plexes of oxidative phosphorylation in caudate and putamen
as well as aconitase in striatum [35], which indicated defec-
tive energy metabolism in HD patients. Another relevant as-
pect is mitochondrial membrane depolarization as a conse-
quence of mitochondrial calcium defects mediated by polyQ,
which activates caspases and results in cleavage of hunt-
ingtin. Hence, this process may contribute to initiation of
huntingtin-mediated neurotoxicity [36]. It is now well recog-
nized that there is a link between mitochondrial deficits and
transcriptional dysfunction where peroxisome proliferator ac-
tivated receptor-y coactivator la (PGC-1a), highly expressed
in brain, can regulate expression of key mitochondrial genes.
Importantly, PGC-1a knockout mice provided evidence of the
striatal neurodegeneration [37). Microarray analyses of PGC-
la target genes showed significant decrease of majority of
these targets indicating their crucial role in HD disorder and
degeneration [38].

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

72

3.4 Impaired axonal transport and cytoskeleton

While neuronal cell body ensures gene transcription and pro-
tein translation, long axons transfer electrical signals and
mediate anterograde or retrograde axonal transport of many
proteins and other components or vesicles essential for
synapses. These transport processes are supported by cy-
toskeletal proteins, where kinesin protein family participates
in anterograde direction while dyneins support retrograde
orientation. Disruption of anterograde transport results usu-
ally in cargo accumulation, neuronal disfunction and degen-
eration [39]. In HD, binding of huntingtin-associated pro-
tein 1 to BDNF-vesicles mediates interactions of huntingtin
with p150°"“*d, component of cytoplasmic microtubule based
motor protein dynein, and facilitates transport of the vesi-
cle along axon. BDNF transport is attenuated in the pres-
ence of mutated huntingtin but also when the level of wild-
type huntingtin is decreased. The alternative explanation of
impaired axonal transport may be steric restriction of the
axonal transport due to the accumulated autophagosomes
that are blocked and unable to mature leading to autophagy
dysfunction [40].
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3.5 Neuronal vulnerability to oxidative stress and
glutamate excitotoxicity

The evidence of significantly increased levels of oxidative
damage products in areas of degeneration in HD brain and
elevation of reactive oxygen and nitrogen species in animal
models clearly indicate contribution of such factors to the
pathogenesis of HD [41]. Other studies in HD postmortem
tissue and transgenic mice models suggested a correlation be-
tween mutant huntingtin expression and altered glutamater-
gic neurotransmission. The MSNs, which receive both gluta-
mate signals from the cortex and dopamine signals from the
substantia nigra, are selectively vulnerable to the toxicity of
glutamate (excitotoxicity) and has been recognized as a causal
event of neurodegeneration associated with HD. Accordingly,
knockout of dopamine transporter increases dopamine level
as well as increases loss of MSNs while attenuation of gluta-
mate activity restores MSNs activity [42].

3.6 Immune system, microglia activation, and
inflammation

Immune activation induced by mutant huntingtin is found
ubiquitously and may cause parallel inflammation in CNS, in
the periphery, as well as at molecular level. In CNS, mutant
huntingtin affects migration of cells and activates microglia.
Reactive microglia express higher level of their surface pro-
tein, [43]secrete proteases, release toxic reactive oxygen and
nitrogen species and pro-inflammatory cytokines such as
IL-6, IL-1PB, IL-8, and tumor necrosis factor « (TNFa) [43,44].
A study of postmortem HD brains showed that the pres-
ence of reactive microglia was significant in most damaged
regions, notably striatum and cortex [45]. Furthermore, in
vivo imaging indicated that microglia activation appeared
in the brains of presymptomatic HD subjects [43, 46] and
that microglial reactivity consistently increased with the dis-
ease severity [47]. Migration deficits affect innate immune
response in periphery, and activation of the nuclear factor
kappa-B signaling pathway is typical feature at cellular level
responsible for 1L-6 triggering [48].

Microglial abnormalities were shown to be associated with
activation of complement system in HD human [49]. The
complement system is known as important part of the innate
and is hyperactivated in several neurodegenerative diseases
[50]. In HD, the complement may be activated by mutant
huntingtin [50], and a study using RT-PCR discovered that
the classical complement pathway components as well as the
complement inhibitors and membrane inhibitors were ex-
pressed in HD brains in much higher levels compared to
controls. In situ hybridization analysis confirmed that reac-
tive microglia expressed elevated levels of C3 and C9 [49].
Neurotoxic or neuroprotective molecules released by reactive
microglia influence neurons and glial cells, which initiate
highly complex mutual interactions.
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3.7 Relationship and functions of normal and
mutated HD proteins

In relation to the HD pathological mechanisms, it is useful
to consider distribution and functions of huntingtin, which
is ubiquitously expressed in a variety of peripheral cells al-
though high levels are reached in neurons and glial cells in
CNS [51,52]. Huntingtin plays an antiapoptotic role as exem-
plified by protection of the neurons against excitotoxicity [53]
and via interactions mediated exclusively by its N-terminal
region is involved in vesicle transport, namely synaptic trans-
mission, as shown by its disruption when HTT is mutated
[54]. It is also well recognized that huntingtin regulates tran-
scription of BDNF [34]. These functions are often affected by
the presence of mutated huntingtin, resulting in lower level
of huntingtin and “loss of function” effect often coupled to
“gain of function” effect of mutated huntingtin itself as well
as its N-terminal fragments and their aggregates [55].

4 Diagnostic and prognostic markers as a
handle in HD

Medical diagnosis of the onset of HD can be made following
the appearance of physical symptoms specific to the disease.
As there is a known genetic cause of HD, the confirmation of
the disease is possible by genetic testing, namely if there is
no family history of HD. Majority of possible familial mutant
HTT gene carriers are reluctant to be tested for various rea-
sons such as psychology, career, family planning, as well as
lack of disease-modifying treatment availability. Hence, ge-
netic testing often follows the development of typical clinical
features such as chorea [56].

To assess and quantify the progression of HD, sev-
eral standardized clinical tests together with rating scales
have been developed to measure different aspect of HD
phenotype. Four main domains affected by HD can be
quantified by UHDRS [57], possibly coupled with some other
quantitative clinical, neuroimaging, and biochemical mea-
surements [58]. This scale is widely used for monitoring
disease progression in the patients and long-term monitor-
ing of large gene-carrier cohorts in multicentric studies [59]
(http://www.enroll-hd.org/html/about). The MRI is used to
record striatal atrophy even 15-20 years before disease onset
or PET to measure metabolic changes in brain tissue [60].
Regarding the limited capacity of clinical trials for testing po-
tential compounds as well as at-risk and affected individuals
progressing toward clinical HD disability, the development
of a novel biomarkers for possible use in clinical trials for
HD would help to generate disease-modifying treatments that
could delay the onset or even reverse the disease progression
[58,61]. The ideal biomarker combining the positives of both
neuroimaging and clinical tests (high throughput, high sen-
sitivity, low cost) may be considered as biochemical marker
(58].
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Among such potential candidates was BDNF whose ex-
pression as well as secretion was regulated by huntingtin,
and reduced BDNF serum concentration was reported in
HD patients as well as BDNF administration showed dis-
ease phenotype improvement in mouse HD model [62]. Un-
fortunately, its failure was due to not being informative or
reliable enough as a biomarker in blood as its levels were
greatly affected by high intraindividual variation and time
between blood collection and plasma preparation [63]. Var-
ious nonprotein molecules have been previously proposed
as possible biomarker candidates, such as 8-hydroxy-deoxy-
guanosine [64], 24S-hydroxycholesterol [65], and other small
molecules (overview in [60]), but none of them have been
validated so far.

5 Proteome analyses focused on
huntingtin and its protein interactions

HD protein is a large 350 kDa protein with glutamine stretch
adjacent to proline-rich region at the N-terminus of its se-
quence. This part is followed by four clusters of HEAT re-
peats. These N-terminal regions are important targets of
protein—protein interactions, hence huntingtin acts as a scaf-
folding protein interconnecting many different proteins and
their biological cellular functions and locality (Fig. 2). Ad-
ditionally, HD protein is rich in a variety of PTMs such as
phosphorylation, SUMOylation, ubiquitination, acetylation,
and palmitoylation, where some of them are significantly af-
fected by HD protein mutation, which is often associated
with phenotype changes [66]. Using striatal HEK293 cells ex-
pressing tagged huntingtin containing wild-type and mutant
repeats and 2DnanoLC MS/MS, new phosphorylation sites
located at Ser 431 and Ser 432, and ubiquitination site lo-
cated at Lys 444 were identified. Phosphorylation at Ser431
increased the rate of huntingtin aggregate formation and re-
duced the cell viability, while phosphorylation at Ser432 had
the opposite effect indicating impact of both phospho-sites to
final outcome of HD phenotype [67].

Furthermore, proteolysis of mutant huntingtin precedes
formation of toxic oligomers of the N-terminal fragments.
Recently, the ability of prefoldin, a molecular chaperone
preventing misfolding of nascent polypeptides, to pro-
tect neuronal cells from polyQ toxicity was reported [68].
Knockdown of two of six prefoldin subunits disrupted pre-
foldin formation in huntingtin-expressing cells and resulted
in induction of cell death and accumulation of soluble
oligomers [68].

Huntingtin mutation can also affect its ability to bind with
possible interacting partners. Quantitative analysis of the dif-
ferences between the ability of wild-type and mutant hunt-
ingtin to interact with other proteins may shed light on many
aspects of mechanisms of HD pathogenesis. Ratovitski et al.
[69] generated striatal HEK293FT cell lines transfected with
plasmids bearing N586 terminal fragment of huntingtin con-
taining various CAG repeats and applied affinity purification
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coupled to iTRAQ quantitative MS. This study revealed that
the proteins related to energy production, protein traffick-
ing, RNA post-transcriptional modifications, and cell death
were significantly enriched interacting proteins of expanded
huntingtin. Among them, the presence of stress granule
associated RNA-binding protein Caprin-1 indicated a novel
role of mutant huntingtin in RNA processing and regulation
of translation. In another study, Culver et al. [70] analyzed
huntingtin affinity-purified complexes from mutant juvenile
mouse brain by MS/MS. Interestingly, this study reported a
novel huntingtin-interacting protein, synaptotagmin-2 (Syt2),
which may have a regulatory role in the membrane interac-
tions during trafficking of synaptic vesicles; unconventional
myosin-Va (Myo5a) involved in protein transport and also
mediating the transport of vesicles to the plasma membrane
and required for some polarization process of dendrite for-
mation; another two proteins interferon-inducible double-
stranded RNA-dependent protein kinase activator A (Prkra)
and guanine nucleotide binding protein subunit beta-2-like 1
(Gnb211) involved in translational regulation and apoptosis;
and ribosomal protein S6 (Rps6). Furthermore, data emerg-
ing from the experiments focused on cosedimentation with
polysomes and cap-dependent protein translation provided
evidence for a new role for huntingtin in protein translation
with a greater focus on pathogenesis of HD. Accordingly,
Drosophila huntingtin knockout flies showed a reduced axonal
transport of synaptotagmin vesicles in motoneurons in vivo
[71]. Study by Shirasaki et al, [72] presented systematic view of
spatiotemporal analysis of huntingtin-interacting proteins in
the mammalian brain regions and ages in HD by combining
affinity purification, MS, and weighted gene correlation net-
work analysis for data modeling. One of the emerging mod-
ules in the interactome had huntingtin as its member, and
also contained several novel huntingtin interacting proteins
involved in 14-3-3 signaling, microtubule-based transport,
and proteostasis. Importantly, top proteins in this module
such as 14-3-3 epsilon, Vps35, Tcpl/Cctl, and HSP90ab1
were validated as novel disease modifiers in HD Drosophila
model. The proteins identified in such proteomic studies and
validated using independent orthogonal technique might be
promising targets for novel pharmacological or gene/protein
targeting treatment strategies.

As HD is primarily caused by a single protein change, the
mutant huntingtin seems an ideal target not only for disease-
modifying therapy through gene silencing, but also for mon-
itoring of such therapy. As one of the differences between
normal and mutant protein is elongation of polyQ chain in
the sequences, the development of precise and robust assay
techniques is of great interest. Recently, several methods with
possible wider use in the future have been reported using
various technologies such as ELISA [73], time-resolved flu-
orescence resonance energy transfer [74,75], or Meso Scale
Discovery platform [76] to quantitate wild-type and mutant
huntingtin in different cell types. The relationship between
mutant huntingtin levels and disease progression is still to
be fully elucidated.
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6 Brain proteome analyses in HD

As brain pathology is the hallmark of HD, it remains a re-
search focus although obtaining human samples is compli-
cated and only samples from terminal stage of the disease
are available. Sorolla et al. [77] compared the protein profiles
of striatum and cortex of eight pairs of HD patients and age-
and gender-matched controls to reveal that many differences
found in the striatum were reflected to a lesser extent in cor-
tex. First, increased expression as well as high carbonylation
of intermediate filament glial fibrillary acidic protein indi-
cated extensive gliosis and oxidative stress. Additionally, de-
creased level and extensive carbonylation of aconitase, which
is a mitochondrial enzyme susceptible to oxidative stress,
lead to significant suppression of its enzymatic activity [77).
Increased expression of peroxiredoxins 1, 2, and 6, indicator
of cellular response to oxidative stress, was also reported in
this study.

The investigations performed on knock-in Hdh'#0%/140Q
mouse model showed that striatal synaptosomes from
6-month-old animals contained significantly lower level of
DARPP32, selective marker of striatal MSNs neurons. At the
age of 12 month, level of DARPP32 declined progressively,
which reflected reduction of MSNs or processes belonging
to them. However, DARPP32 was the only one case where
decreased level was consistent with the disease progression
[54]. On the other hand, level of calmodulin, protein criti-
cal for synaptic vesicle mobilization and neurotransmission,
reduced temporarily in 6 months but was not changed in
12 months. The similar expression was observed for
syntaxin-1, protein essential for vesicle fusion. Other pro-
teins involved in processes of vesicular formation and fusion
were also decreased (VAMP1, SNAP-25), with exception of
VAMP2, which was increased. All these findings might point
to compensatory and regenerative events at the synaptic level
in HD brain in order to restore early synaptic dysfunction
[54]. Accordingly, many other proteins of energy and gluta-
mate metabolism and proteins of exo- and endocytosis were
dysregulated in brain of R6/2 mice in the course of disease
without any significant differences between early and late
stages of the disease. Based on these findings, gradual linear
changes in protein concentrations with disease progression
do not necessarily occur [78] and HD is characterized by a
highly dynamic disease pathology.

7 Body fluid proteome in HD

Blood plasma or serum that can be obtained with minimal
invasiveness presents an ideal source of protein biomark-
ers for in-depth studies. For neurological disorders, cere-
brospinal fluid (CSF) appears a promising source of candidate
biomarkers as it is an extracellular fluid of the brain and spine
[79]. CSF has about 200x protein lower concentration than
plasma depending on the sampling site. The CSF is constantly
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reabsorbed and drained into the blood and it dilutes the
concentration molecules penetrating the brain and CSF [80].
However, a large part of the proteins identified in CSF were
also found in human blood plasma [81] and there is an as-
sumption that during neuroinflammation and neurodegener-
ation, the blood-brain barrier becomes more permeable [82]
and some potential biomarkers might be easily transferred
from CSF to blood plasma and accessed. Although obtaining
human biological samples is often complicated, the multicen-
tric longitudinal studies such as Track-HD [59] or Enroll-HD
(http://www.enroll-hd.org/html/about) are utilized to create
biobanks of body fluids for possible biomarker discovery re-
search and validation studies. Elevated levels of proinflamma-
tory cytokines and chemokines were detected in HD human
plasma samples with significantly increased levels of IL-6
and 1L-8 in premanifest subjects and likely corresponding to
the innate immune response. Upregulation of TNFa was de-
tected later in manifest stages. In addition, anti-inflammatory
cytokines IL-4 and IL-10 increased significantly with disease
progression compared to controls and represented adaptive
immune response [43]. The chemokines, mainly MCP-1 and
eotaxin, have increased across advancing disease stages in
correlation with HD progression [83]. Recently, critical evalu-
ation of several components of innate immune response and
inflammation was undertaken with a view to utilizing them
as prognostic or diagnostic biomarker(s) in HD. This study
applied either antibody-based ELISA and Luminex bead ar-
ray technology or MRM MS to analyze plasma samples of
control subjects and genetically diagnosed HD patients. The
results showed that the levels of several components of com-
plement system including C4, C9, and clusterin, previously
described as potential alterations in HD, as well as acute phase
alpha-2 microglobulin did not differ between two studied
groups. The only one protein, C-reactive protein decreased
in early HD, was significantly different and this alteration
was confirmed by ELISA as well as MRM MS. Interestingly,
some of the innate immunity markers as well as acute phase
proteins, which were not significantly different, revealed cor-
relation with clinical criteria in premanifest or early HD
stages [84].

Probably the largest CSF study in HD patients so far in-
cluded five different labs with various approaches analyzing
the same set of 30 CSF samples (10 controls, 10 early HD, and
10 moderate HD) and revealed a tendency of several brain-
specific proteins (ephrin type-A receptor 4 precursor, iso-
form long of iduronate 2-sulfatase precursor, and neurexin-3-
alpha) to decline during HD progression, while blood-specific
proteins (apolipoprotein A-IV) or associated with immune
response (such as complement factors C2 and C3) had the
opposite trend hinting at possible blood-brain barrier desin-
tegration [85]. Although this study provided the largest HD
CSF protein dataset to date, it has several drawbacks including
large variation between laboratories and techniques and no
validation studies using independent methods in each labora-
tory, even if the samples were depleted of the most abundant
proteins that might also affect the levels of less-abundant
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proteins. The increase of apolipoprotein A-1V together with
the increase in prothrombin and haptoglobin levels was re-
ported in a following study where no depletion technique was
used and the results were validated using Western blotting,
although the normalization of target protein level to albumin
might be questionable. The increased levels of haptoglobin
in CSF were confirmed by ELISA, while no significant differ-
ence of its level in serum was evident [86].

8 Proteome analyses of immune cells in

Several studies provided evidence that non-neuronal cells
might play important role in HD progression. The immune
dysfunction was recognized in peripheral blood monocytes
from premanifest HD gene carriers. Monocytes from HD
subjects expressed mutant huntingtin and were pathologi-
cally hyperactive in response to stimulation with LPS [43].
The cytokine production was analyzed in vitro using ELISA
or Luminex bead array technology and results showed higher
IL-6 level produced by stimulated monocytes from HD
patients compared to monocytes from controls. The
macrophages and microglia isolated from HD mouse models
demonstrated similar reaction to stimulation with elevated
level of IL-6 in transgenic HD animals [43]. These studies
suggested that peripheral inflammatory changes mirrored
the changes occurring in microglial cells in the brain,

Peripheral myeloid cells and also microglia in the CNS
undergo morphological changes and migrate to the sites of
injury due to the chemoattractants released here. In HD, mu-
tant huntingtin impairs immune cell migration to chemo-
tactic stimuli mainly because of defective actin remodeling
and such deficits negatively influence release of cytokines
and chemokines and also activation of microglia, which may
result in chronic neuroinflammation and finally neurodegen-
eration in HD [87].

9 Conclusion

HD is an inherited autosomal dominant condition with on-
set decades before any clinical symptoms are seen in hu-
mans, hence a better understanding of the earliest changes
in brain, neuronal, and non-neuronal cell functions, and the
molecular pathways underlying those changes, could lead to
preventive or disease-modifying therapies. Investigation and
modeling of the key proteins and interactions involved in HD
could provide invaluable information for identifying targets
to treat the disease by focusing on specific functionalities
or pathogenic pathways in HD (Figs. 1 and 2). Promising
candidate biomarkers have been identified by proteomic ap-
proaches, and need further screening expression analyses,
evaluation of sensitivity, specificity, and dynamic range be-
fore they are ready for use. HD protein is one such biomarker
candidate as many therapeutic approaches are focused on
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gene therapy to target mutant allele or RNA, however, mea-
surement of wild-type huntingtin needs parallel studies with
respect to its endogenous functionalities. Furthermore, un-
derstanding the interconnectivity of HD protein with other
proteins and pathways could enhance its functionality as a
biomarker. Additionally, not only a single biomarker, but
set(s) of molecules reflecting distinct pleiotropic effects of
mutant as well as endogenous wild-type huntingtin and HD
pathogenesis as well as disease progression is urgent priority
for future HD translational research.

The gene mutation causing HD appears in every cell in
the body, yet kills only selected vulnerable types of brain cells.
Using unique approaches to switch off the HTT in individual
brain regions to prevent cell death and home in on those
that are interconnected and play a role could shed light on
where HD starts in the brain and could point to new targets
and pathways for therapeutic drugs to slow the devastating
process and build upon new findings to better understand
this disease.
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5 Souhrn

5.1 Monitorovani neuralni diferenciace pomoci cilené hmotnostni

spektrometrie

Hlavnim cilem této dizertacni prace byla charakterizace NSC, které predstavuji slibny
prostiedek v bunécné terapii neurologickych poruch. Klinické testovani bunécéné terapie
onemocnéni jiz probiha a vyzaduje podrobnou a pfesnou analyzu NSC pied transplantaci,
stejn¢ jako dalsi zdokonaleni protokold pro jejich diferenciaci poskytujici homogenni

populaci cilen¢ indukovanych bunék.

ESC nebo iPSC jsou schopné za specifickych podminek in vitro diferencovat do NSC a ty
déle do liniové specifickych bun¢k. NSC kultivované in vitro vyzaduji pfitomnost rastovych
faktorii FGF-2 a/nebo EGF pro udrzeni multipotence a neurogenni uc¢innosti. Odebrani
rastovych faktori nebo jejich vyména za neurotrofni faktory BDNF a GDNF ¢&i jiné
supplementy vede k jejich diferenciaci'®'”'. Existuje mnoho kultiva¢nich a diferenciaénich
protokolti. My jsme pro kultivaci multipotentnich H9 NSC pouzivali rustové faktory FGF-2
a EGF, pro spontanni diferenciaci do neuronti jsme tyto faktory z média odebrali bez nahrady
za jiné (S diferenciace) nebo jsme je vymeénili za BDNF a/nebo GDNF (BG, B, G),
pro diferenciaci do astrocytii jsme pouzili FBS (Astrol). Jako referen¢ni buiiky jsme pouZili

lidské komeréné dostupné astrocyty indukované pomoci N-2 supplementu (Astro2) a ESC
linie CCTL-12 (ESC1) a CCTL-14 (ESC2).

Protoze diferenciac¢ni protokoly Casto generuji heterogenni populace bunék, je nezbytné
prubézné¢ monitorovat nejen diferenciacni potencial, ale také cistotu populace. Extrémné
dualezité je zamezit vzniku populace s piimési pluripotentnich bunék s potencialem ke vzniku
nadorii. Za timto ucelem jsme usilovali o vyvoj screeningového testu zalozeného
na reprodukovatelném meéteni vybranych proteinovych markert pomoci cilené metody SRM

se snadnou interpretaci vysledk.

Pouziti SRM umoznuje v kratkém cCase analyzovat né€kolik desitek proteinli najednou
a prestavuje tak rychly, ucinny a presny ndstroj k monitorovani kultur NSC v pribéhu
diferenciace. Takovy test 1ze pouzit jak k monitorovani ¢istoty a potencialu diferenciace NSC,

tak k identifikaci optimalnich kultiva¢nich podminek. V naSi publikaci jsme piedstavili

80



test SRM pro kvalitativni a kvantitativni méfeni hladin proteinovych markerti rutinné

pouzivanych k charakterizaci neuronalni diferenciace.

Pti vyvoji metody jsme se zaméfili na soubor proteinit hojné vyuzivanych v biologickych
studiich jako markery ESC (NANOG, OCT4), markery NSC (SOX2; NES, nestin, PAX6,
KI167), markery neuroni (DCX, TUBB3, MAP2), markery astrocyti (GFAP, S100B)
a markery oligodendrocyti (GALC, OLIG1). Zkouseli jsme také detekovat v bunice méné
zastoupené proteiny diive nalezené v naSich diferenciacnich experimentech jako sekretované
v prubéhu diferenciace NSC, konkrétné VEGF-A a CXCLI1. Pro vyvoj SRM jsme pouzili
komeréné dostupné lidské NSC linie H9, které jsme kultivovali a nasledné diferencovali za
specifickych podminek detailné popsanych v pfilozené publikaci. Sledovali jsme hladinu
vybranych markerd v pribéhu neuronélni diferenciace (S, B, G, BG), pii modulaci NSC
smérem k astrocytim (Astrol) a v referen¢nich buiitkach (Astro2, ESC1, ESC2). Poté jsme se
zaméfili na BG diferenciaci a pomoci SRM jsme méfili hladinu validovanych proteinti v

intervalech 1-8, 14, 21 a 28 dnu.

Identitu proliferujicich NSC a diferencujicich bun€k jsme popsali nejprve pomoci RT-qPCR
(na urovni mRNA, obr. 8) a IF mikroskopie (na urovni pfitomnosti proteinu, obr. 9). Jak jsme
o¢ekavali, naSe data z IF a RT-qPCR prokéazala v priibéhu diferenciace zvySenou expresi
neuronovych markerd (DCX, MAP2, TUBB3) a snizenou expresi NSC markertd (NES,
SOX2). Exprese markert astrocytl,, S100B a GFAP, vyrazné& klesla po zah4jeni diferenciace.
Klesala také exprese markert oligodendrocyti, GALC a OLIGI. IF vyloucila pfitomnost
OCT4 a GFAP v multipotentnich NSC. Prokazala vSak v NSC na proteinové Urovni
pfitomnost S100B (pozitivita ¢asti bun€k pietrvavala po celou dobu diferenciace), GALC
(sporadicka pozitivita) a OLIG1 (pocet pozitivnich bunék klesal s diferenciaci). U vSech

proteinii odpovidal signal jejich pfedpokladané lokalizaci.
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NSC BG7 BG14 BG21 BG28

Obr. 8. Analyza genové
exprese béhem diferenciace
Sox2 NSC. Mapa ukazuje profily
exprese (hladinu transkripti)
0 neuralnich markera

NES

TUBB3

MAP2

v prub¢hu diferenciace in
vitro (pfevzato a upraveno
podle publikace Targeted
mass spectrometry for

monitoring of neural
differentiation’®).

Obr. 9. IF snimky diferenciace BG ukazuji proteinové markery zeleng, buné¢nd jadra modie
(pfevzato z publikace Targeted mass spectrometry for monitoring of neural differentiation’®).



Vybrané proteiny jsme podrobili analyze SRM s vyuzitim syntetickych izotopoveé znacenych
peptidt (obr. 10). Z pivodnich 15 kandidatnich proteinti zlstalo ve findlni metod¢ proteint
10. Protein NANOG byl z dal§ich analyz vyloucen, protoze neposkytoval po Stépeni
trypsinem zadny peptid unikatni v lidském proteomu. Pro jiné proteiny se nam podaftilo
vyvinout specifické testy SRM pomoci izotopové znacenych peptidi, zistaly vSak
pod limitem detekce v naSich bunéénych kulturach (PAX6, K167, VEGF-A a CXCL1).
Validovanou metodou SRM byly zméfeny NSC ovlivnéné plisobenim riznych
diferenciacnich faktorti a NSC v riznych stadiich BG diferenciace (dny 1-8, 14, 21 a 28).

Na zékladé namétenych dat jsme provedli kvalitativni 1 kvantitativni vyhodnoceni cilovych

.0
proteinu.
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Obr. 10. Reprezentativni standardni peptidy pouzité pro vyvoj metody SRM (pievzato
z publikace Targeted mass spectrometry for monitoring of neural differentiation’®).
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Vsechny diferenciace NSC (S, BG, B a G diferenciace) vedly preferencné¢ k neuronalni
diferenciaci (obr. 11), coz odpovidalo vysledkim RT-qPCR a IF mikroskopie. K neurondlni
populaci misto do populace astrocytli smerovaly také NSC odvozené z linie ESC H9 pomoci
FBS (Astrol). Tento druh modulace vedl u NSC navic k detekci OCT4, markeru

pluripotentnich ESC, a tedy k jejich mozné dediferenciaci.
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Obr. 11. Monitorovani diferenciace NSC pomoci metody SRM. Grafy zobrazuji medidn

mnoZstvi proteinii ve 4 biologickych replikach. Cervena barva znamena, Ze protein byl

za téchto podminek kvantifikovatelny (byly detekovany minimdln€é 2 peptidy na protein

v minimalné 3 biologickych replikach), Seda barva znamena, Zze mnoZstvi proteinu bylo v této

podmince pod kvantifikaéni Grovni (pfevzato z publikace Targeted mass spectrometry
o . 96

for monitoring of neural differentiation™).
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Neurotroficka podpora pomoci kombinace BDNF a GDNF vedla u NSC k vyss$i variabilité
nez v piipadé¢ S, B a G diferenciace. Marker neuronalnich prekurzort DCX se stal
detekovatelnym uz druhy den BG diferenciace a vyrazné nartistal v diferencujicich bunkach,
zatimco MAP2 a TUBB3 rostly od 3. dne (obr. 12). Hladina markerd NSC (NES a SOX2)
zaCala mirn¢ klesat od 4. dne BG diferenciace (obr. 12). Proteiny GFAP (marker astrocyti)
a OCT4 (marker pluripotentnich ESC) nebyly v Casné fazi BG diferenciace detekovany,
markery oligodendrocytli vykazovaly pouze slaby signal (nevyobrazeno). Hladina markeru

astrocyti S100B se v prub¢hu ¢asné faze diferenciace nemenila (obr. 12).
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Obr. 12. Monitorovani ¢asné diferenciace NSC. Grafy zobrazuji median mnozstvi (Cerné
cary) kazdého proteinového markeru. Tecky stejné barvy piedstavuji mnozstvi konkrétniho
peptidu v biologickych replikach (ptevzato z publikace Targeted mass spectrometry
for monitoring of neural differentiation’).
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V pozdé&jsi fazi BG diferenciace klesala hladina proteinu SOX2 a 28. den byl detekovéan pouze
jeden peptid tohoto proteinu (obr. 13). Hladina NES se s dalsi diferenciaci ptili§ neménila
(obr. 13). Hladina markeru neurondlnich prekurzorovych bunc¢k DCX vyrazné rostla
do 21.dne BG diferenciace, hladina MAP2 a TUBB3 mirn¢ rostla v pribéhu celé
BG diferenciace (obr. 13). OCT4, marker pluripotentnich ESC, se pfi BG diferenciaci
neobjevil, markery oligodendrocytii byly detekovany pouze slabé a marker astrocyti GFAP
byl detekovan az 28. den (nevyobrazeno). Hladina S100B, druhého markeru astrocyti,

pii BG diferenciace nejprve klesla a postupné se vratila na ptivodni uroven (obr. 13).
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Obr. 13. Monitorovani pozdéjsi faze diferenciace NSC. Grafy zobrazuji median mnoZstvi
(¢erné ¢ary) kazdého proteinového markeru. Tecky stejné barvy pfedstavuji mnoZstvi peptidu
v biologickych replikach (ptfevzato z publikace Targeted mass spectrometry for monitoring
of neural differentiation’®).
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Abundance

V pribéhu BG diferenciace byla v ramci SRM prokazana vyznamna pozitivni korelace mezi
hladinou proteinu MAP2 s TUBB3 a DCX, a mezi TUBB3 a S100B. Negativni korelace byla
vyznamna mezi hladinou proteinu SOX2 a DCX (obr. 14). Mezi vysledky RT-qPCR a SRM
byla pozitivni korelace pro DCX, MAP2 a S100B (obr. 15). Negativni korelace NES a SOX2

nebyla statisticky vyznamna.

s N8 g § Obr. 14. Korelace SRM kvantifikace proteinii.
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Obr. 15. Korelace mRNA a proteinii. Grafy znazoriiuji korelaci hladin transkript a hladin
proteini v priabéhu 28denni BG diferenciace (pievzato z publikace Targeted mass
spectrometry for monitoring of neural differentiation’®).

Vysledky kvantifikace SRM ukazuji, ze metoda umoziuje spolehlivé sledovani diferenciace
NSC. Nase data ukazuji, Ze DCX, TUBB3 a MAP2 ptedstavuji v porovnani s NES a SOX2
vice neurospecifické markery, z tohoto divodu by Zadny jednotlivy marker nemél byt
pouzivan jako definitivni dilkkaz urcitého typu bunck. Misto toho by mélo byt pouzito
k identifikaci proteinového profilu vybrané bunétné populace kvantitativni hodnoceni
nc¢kolika markeri v kombinovaném testu. Takové testy zaméfené na proteinové markery
mohou pfedstavovat u¢innou metodu informujici o multidiferenciacnim potencidlu NSC, jak

in vitro, tak in vivo.
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5.2 Identifikace kli¢ovych proteini neuronalni diferenciace pomoci

analyzy povrchového N-glykoproteomu

V organismu se nachazi velké mnozstvi bunck uspofddanych ve slozitych strukturdch
a organech. Tyto bunky mezi sebou komunikuji bud’ pfimym kontaktem, nebo
prostiednictvim rozpustnych mediatord na del$i vzdalenosti. V této komunikaci jsou
pro vnimani okoli a reakci na ménici se prostiedi dilezité povrchové proteiny, vcetné
adheznich molekul, kanalovych transportnich proteinii, receptori bunééného povrchu a
enzymil. Soubor proteinii bunécného povrchu poskytuje jedine¢ny molekularni otisk pro

klasifikaci bun&k a bun&énych stava'®.

K identifikaci bunéénych povrchovych proteinii a pochopeni jejich tlohy v mechanismech
neuralni diferenciace mohou slouzit protilaitkové metody, které ale vyzaduji znalost proteinti
bunécného povrchu, predevsim CD (z angl. Cluster of Differentiation) molekul. Kli¢ovou
vyhodou tohoto pfistupu je dostupnost protilatek, zatimco nevyhodou je, Ze 1ze monitorovat
pouze omezenou podskupinu bunéénych povrchovych proteinii. Aby bylo mozné odhalit nové

proteiny, lze provést studie celého bunééného proteomu zalozené na MS™.

V nasi praci jsme k nabohaceni a analyze povrchovych proteinti v pribéhu diferenciace NSC
vyuzili pfirozené glykosylace proteinti. Jednd se o posttranslacni modifikaci, kdy dojde
k navazani oligosacharidu N-glykosidovou vazbou na asparaginovy zbytek nebo
O-glykosidovou vazbou na serinovy nebo threoninovy zbytek proteinu. Tato modifikace muze
byt signdlem pro sméfovani proteinu na cilové misto v butice. Glykosylace proteinl jsou
dillezité pro mezibunénou komunikaci a zmény v glykosylaci povrchovych proteinii mohou

, v ’ v 57 r v v 7 o 1
byt ukazatelem n&kterych onemocnéni nadorového & infek&niho pavodu (shrnuto v '*).

V kontextu celého bunééného proteomu jsou glykosylované proteiny mélo zastoupené a pred
MS analyzou je potieba glykoproteiny nabohatit'®. Existuje Sirokéd Skala metod, naptiklad
pouziti lektind, kde ale dochazi k detekci jen urditych N-glykoproteint'®, Hydrophilic
interaction liquid chromatography (HILIC), ktera ale detekuje 1 hydrofilni proteiny
bez glykosylace'”®, metoda isotope-targeted glycoproteomics (IsoTaG) kombinujici
metabolické znaceni a detekovéni izotopové znacky v MS spektrech'®, solid-phase extraction

107

of N-linked glycans and glycosite containing peptides (NGAG) ' nebo vychytdvani

glykopeptidii na magnetické kuli¢ky s navazanou kyselinou fenylboronovou'®.
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V nasi praci jsme pouzili technologii CSC umoziujici selektivni nabohaceni N-glykoproteini
plazmatické membrany pomoci chemického znadeni Zivych bungk'®®. Metoda CSC je
zalozena na oxidaci glykant a vytvotfeni aldehydové skupiny, na kterou se hydrazinovou
vazbou kovalentné navaze biocytin hydrazid s biotinovou znackou. Oznacené bunky se sklizi,
homogenizuji a po odstranéni bunécného jadra se podrobuji ultracentrifugaci. Membranové
proteiny se S$tépi na peptidy, takto oznacené N-glykosylované peptidy se navazi
na streptavidinové kuli¢ky a izoluji se pomoci afinitni chromatografie. Navazané peptidy se
uvoliuji z kuli¢ek pomoci PNGézy F, na plvodnim asparaginu tak vznikd posun Mw
o 0,9846 Daltonu, ktery je detekovan pomoci MS, coZ umoziuje specifickou identifikaci

mista N-glykosylace'* (obr. 16).

Obr. 16. Princip metody Cell Surface Capture. CSC pouZziva vicestupfiovou tandemovou
afinitni strategii pro oznafeni glykoproteinii na bun&ném povrchu. Tyto kroky zahrnuji
(1) znaceni reaktivnich skupin proteinti plazmatické membrany (zluté trojuhelniky, glykany;
¢erné molekuly bifunkéniho linkeru), (2) homogenizaci bun¢k a Sté€peni proteinti, (3) afinitni
vychytdvani, (4) uvoliovani peptidu, (5) analyza peptidu pomoci LC-MS/MS
a (6) identifikace peptidu nebo proteinu (prevzato z '°*)

V této studii jsme tak pomoci CSC technologie v kombinaci s LC-MS/MS s vysokym
rozliSenim identifikovali a relativné€ kvantifikovali N-glykoproteom bunéného povrchu NSC
v prubéhu neurondlni diferenciace a ve zralych komeréné¢ dostupnych hNT neuronech.
Pracovali jsme s NSC diferencovanymi z lidskych ESC HUES7 kultivovanymi v médiu
pro NSC s FGF-2.
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Pro diferenciaci jsme pouzili subpopulaci bundk CD184"/CD271/CD44/CD24". Po vyméné
FGF-2 za BDNF a GDNF zacaly NSC diferencovat do neuronti. Pribéh diferenciace jsme
sledovali pomoci fluorescencné znacenych protilatek cilenych na zndmé markery diferenciace
ve stadiu NSC, a poté ve 3, 10 a 21 dnech diferenciace s BDNF a GDNF. Jako kontrolni
bunky jsme pouzivaly postmitotické hNT neurony. NSC byly pozitivni na SOX2 a NES,
stejn¢ jako na jaderny marker proliferace KI67. Po vyméné média za diferenciatni s BDNF
a GDNF zacaly diferencujici NSC po 3 dnech vykazovat pozitivitu na markery DCX a MAP2,
po 10 dnech navic i na TUBB3 (také oznacovany podle protilatky jako TUJ1). Hladina
prolifera¢niho markeru K167 poté klesla na minimum a vyrazné vzrostla hladina neuronalnich

markert MAP2 a TUBB3.

Pomoci technologie CSC a nasledného méfeni pomoci LC-MS/MS jsme identifikovali
522 glykoproteinti, vét§inu z nich na zékladé az 3 N-deglykosylovanych peptidi a rizného
poctu transmembranovych domén. Nase studie potvrdila N-glykosylaci na mistech, kde byla
podle referencni databaze UniprotKB/Swiss-Prot pouze piredpovézena, coz se tykalo
13 % detekovanych glykosylacnich mist. NSC mély vétsi zastoupeni adheznich proteinii
a receptorii, diferencované builky a hNT neurony mély vice zastoupené hydrolazy

a transportni proteiny.

Porovnévali jsme zmény hladin proteint v pribéhu diferenciace a zaroven s kontrolnimi hNT
neurony. K nejvétsim zménam dochézelo 21. den diferenciace, vyznamné zmény byly také
u hNT neuronti. Na zakladé tohoto porovnani jsme se zaméfili na proteiny LAMP1, CHLI1
a astrotactinl, jejichZ hladina v pribé&hu diferenciace rostla, a ICAMI1, jehoZ hladina klesala.
Tyto vybrané proteiny jsme analyzovaly pomoci SRM a syntetickych deglykosylovanych
peptid znacenych téZkym isotopem s aspartitem misto asparaginu (modifikace PNGazou F).
Vysledky SRM analyzy potvrdily ptedpoklad, tedy ze hladina ICAMI1 klesd v pribéhu
diferenciace a v hNT neuronech, zatimco hladina CHL1 a LAMPI1 roste v diferencujicich
NSC, ale ne ve zralych hNT neuronech. Plivodné pouze predikovany protein astrotactinl
potvrdil vzestup hladiny v diferencujicich NSC 1 ve zralych hNT neuronech. Vyrazny pokles
ICAMI1-pozitivnich bunék jsme potvrdili pomoci priatokové cytometrie. Tento protein se
nachazel v analyzované populaci NSC diferencujicich 21 dnl pouze u 3,1 % bunék, zatimco

u NSC bylo 13,5 % ICAM1-pozitivnich bunék.
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LAMP1 je membranovy protein asociovany s lysozomy, ktery hraje dulezitou roli
pfi udrzovani pH v lysozomech'®. Jeho exprese byla také prokdzana v souvislosti

s astrocytarnimi tumory''’. Protein CHLI hraje roli v riistu neuritd a pfeZiti neuronil

111

in vitro CHL! pfimo tvoi komplexy s chaperonovymi proteiny v synapsich''?.

Astrotactinl je adhezni protein zajist'ujici kontakt axonl a gliovych bun¢k béhem gliemi
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fizené neuronalni migrace’ . [CAMI protein je indikatorem pfitomnosti proliferujicich bunék

v kultuie' 3.
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Obr. 17. Grafické znazornéni experimentu (ptevzato z publikace Surface N-glycoproteome

patterns reveal key proteins of neuronal differentiation®).

Kromé proteinti vybranych pro validaci pomoci SRM vykazovaly 1 dalsi proteiny vyznamné
zmény. Prikladem jsou tomoregulin-2 (TEFF2) a ephrin type-B receptor 1 (EPHBI), jejichz
exprese v prubéhu diferenciace vyznamné rostla. TEFF2 je protein primdrné exprimovany

114
. Tento

v mozku, jeho pfitomnost byla prokdzana v placich u jedinch s AD
transmembranovy protein odSt€puje extracelularni doménu z bunéného povrchu
a piedpoklada se, Ze ta funguje jako neurotrofni faktor a iniciator ristu dendrita''*. EPHBI,
stejné jako ostatni efrin-B receptory, hraje dilezitou roli pfi udrzovani dendritickych vybézka
a také pri tvorb& synapsi'". Receptory efrinu typu B jsou také spojovany s patofyziologii

ADIIS

Vyuziti technologie CSC v kombinaci s LC-MS/MS prokdzalo zmény v hladiné
N-glykosylovanych povrchovych proteinit v pribéhu diferenciace NSC. Nase vysledky
ptispély k podrobnéjsi fenotypizaci NSC s vyhledem moznosti efektivnéjsiho tfidéni bunck
pomoci technologie FASC.

91



5.3 Analyza proteomu nervovych kmenovych bunék v pruabéhu

diferenciace s cilem usnadnit pfechod k bunééné terapii

Velkou nadéji v 1écbé neurodegenerativnich onemocnéni nebo traumatického poskozeni
michy je buné¢na terapie a transplantace piesn¢ definované populace NSC. Protoze proces
diferenciace NSC je ovlivnén autonomnimi bunéénymi faktory a slozkami extraceluldrniho

16 je nezbytné plné

prostiedi, jako jsou rustové faktory, hormony a signalni molekuly
charakterizovat mechanismy, které maji vliv na diferenciaci NSC do konkrétnich bunéénych

linii. Nemén¢ dulezité je urcit profil proteinovych markert, ktery jednotlivé linie definuje.

V tomto prehledovém c¢lanku jsme shrnuli slibné strategie v klinickém testovani NSC a
moznosti proteomiky pii odhalovani molekuldrnich mechanismt diferenciace NSC. Popsali
jsme jejich klicové charakteristiky, potencial, ale také souc¢asnd omezeni a s nimi Uzce spjaté
pozadavky na kvalitu. Mezi tyto pozadavky patfi genomova integrita bunck a potieba
homogenni populace NSC s proliferacni kapacitou k namnoZzeni dostatecného mnozstvi bun¢k
pro transplantaci, diferenciacnim potencidlem a absenci dediferencovanych teratogennich
bunek. Cestou k idedlni presné definované bunécné populaci jsou podrobnd charakterizace,
striktni podminky kultivace a diferenciace, ale také moznost nabohaceni €isté subpopulace

vhodné pro transplantaci.

Jak je popsanu v tuvodu této dizertani prace, kultivaci lidskych ESC a iPSC lze
za specifickych podminek dosahnout jejich diferenciace do bunéénych populaci, jako jsou
oligodendrocyty, astrocyty nebo neurony. Zatimco pouziti lidskych ESC v klinickém
vyzkumu provazi etické problémy, riziko tvorby teratomil a nutnost imunosuprese pacientl,
vetsi potencial ve vyvoji personalizované bunécné terapie maji diferencované iPSC, které
umoziuji autologni transplantaci bez etickych otazek a nutnosti imunosuprese. Nicméné

riziko tvorby teratomil z mén¢ diferencovanych bunék stale zlstava (shrnuto v 117)

V piehledovém clanku rekapitulujeme bunécéné terapii pomoci ESC a iPSC se slibnymi

vysledky na zvifecich modelech neurodegenerativnich onemocnéni, jako je AD, PD, HD,

118-120

ALS, ale také na modelu traumatického poranéni michy . Piikladem je pozitivni vliv

na endogenni tvorbu synapsi po transplantaci lidskych ESC do hipokampu myS$iho modelu
AD', nebo na remyelinizaci axoni po transplantaci dosp&lych mysich nervovych

8

’ v e . r v 7 ’ o1 r
prekurzorovych bunék pifi traumatickém poranéni michy potkanid °. Transplantované
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dopaminergni neurony diferencované z opicich ESC pak prokazaly schopnost produkovat

oL - 11
dopamin in vivo u opi¢iho modelu PD'".

Velkou vyzvou je definice sady markert specifickych pro konkrétni neurdlni populace.
Vhodné markery pro charakterizaci NSC diferenciace jsou popsany v uvodu dizertacni prace.
Podrobnéjsi doplnéni se nachazi v prehledovém clanku se zaméfenim na 3 kategorie, které

reprezentuji (obr. 18):

a) intracelularni proteiny — pro charakterizaci bunék pied a po transplantaci
b) membranové proteiny — pro charakterizaci bun€k a nabohaceni Zadané subpopulace
c) sekretované proteiny — pro hledani trofické podpory a studium imunomodulace
intracellul
—e o—o 0> e
'
membrane
f' \ proteins

secreted
proteins

Obr. 18. Skupiny proteinovych markeru (pfevzato z publikace Proteome-wide analysis
of neural stem cell differentiation to facilitate transition to cell replacement therapies*®).

V piehledovém c¢lanku se nachazi jak zndmé rutinné pouZzivané markery diferenciace NSC,
tak nové kandidatni proteiny z obsahlych proteomovych studii neuralnich subpopulaci, které
byly podrobeny validaci (obr. 19). Podafilo se nam poskytnout komplexni informace
o intracelularnich proteinech charakterizujicich procesy uvnitt diferencujicich NSC,
povrchovych proteinech, které mohou slouzit k charakterizaci a izolaci konkrétnich
bunécnych subpopulaci, a sekretovanych proteinech, které ndm pomahaji nejen porozumeét
principim mezibunééné komunikace, ale také vyvinout nové protokoly imunomodulace
pro transplanta¢ni experimenty. Vétime, ze kombinace vhodnych markerh pomuze efektivnéji
monitorovat specifitu NSC v priibéhu diferenciace, vytvofit homogenni subpopulaci bun¢k

pro transplantaci s lepSim terapeutickym U¢inkem a sledovat osud bunék v hostitelské tkani.
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Obr. 19. Prehled znamych a kandidatnich proteinovych markeri riznych typi bunék
(ptevzato z publikace Proteome-wide analysis of neural stem cell differentiation to facilitate
transition to cell replacement therapies™).
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V nasem expertnim vyhledu péti let jsme ocekavali vytvoreni biobank iPSC, které by
poskytovaly neomezené mnozstvi materialu pro klinické studie. Ukézalo se vSak, ze iPSC
maji mnohem vé&tsi potencial v personalizované terapii®’. iPSC lze také pouzit k vytvofeni

mozkovych organoidil in vitro. Nedavné pokroky ve 3D modelovani mozkovych organoida

poskytly pristup k lep§imu pochopeni interakci mezi buiikami pii progresi onemocnéni'*""'#%,

122 Jak jsme

K charakterizaci neurdlnich organoidl je mimo jiné vyuzivana metoda SRM
predpokladali, velkou popularitu ziskala diky své kvantitativni a komplexni vykonnosti
metoda DIA. V mnoha proteomickych studiich je méfeni DIA vyuzivano pro charakterizaci

. o . . . «1,65,123,124
a kvantifikaci zmén proteomu diferencujicich kmenovych bunék™ ="
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5.4 Hledani terapeutickych biomarkeri Huntingtonovy choroby

Huntingtonova choroba je dédicné onemocnéni zplisobené expanzi trojice bazi CAG
v exonu 1 genu pro huntingtin (H77) umisténého na chromozomu 4. Translace mutovaného
HTT (mHTT) ma za nasledek prodlouzeny polyglutaminovy usek (polyQ) na N-konci
proteinu, ktery je proteolyticky Stépen. Fragmenty mHTT poskozuji neurony zejména
ve striatu a mozkové kure, ale také v tkdnich mimo CNS. Mezi hlavnimi rysy
charakterizujicimi HD na bunééné a molekuldrni Grovni je mozné najit oxidacni stres,
neurozanét, excitotoxicitu, zménény transport vacki, zmény v odstranovani poskozenych
proteinl, snizené¢ hladiny neurotrofini i mitochondridlni poskozeni (shrnuto v 125,126y

Moznost vyléceni HD bohuzel neni, multidisciplinarni feSeni symptomd je ale uc¢innou cestou

k potlaeni piiznakit HD a ke zlep$eni kvality Zivota nemocnych lidi*.

Pokroky ve vyvoji u€innych 1€k modifikujicich pribéh nemoci kriticky zavisi na pochopeni
mechanismi patogeneze HD na molekuldrni Grovni. V naSem piehledovém c¢lanku jsme
shrnuli zékladni poznatky o vyzkumu HD v oblasti proteomiky. Zkoumani klicovych proteinti
a interakci zapojenych do HD je velmi dulezité pro identifikaci biomarkert HD a novych cilii

pro 1écbu tohoto onemocnéni se zaméfenim se na patogenni drahy HD.

Ukolem bun&éné terapie neurodegenerace je parakrinni plsobeni kmenovych bungk,
stimulace pfeziti mistnich bun¢k a regenerace mozkové tkané prostfednictvim produkce
novych neuronti z endogennich 1 darcovskych kmenovych bunék. Jednou z moznosti je pouzit
MSC, které v misté ptisobeni uvolni neurotrofni faktory, ¢imz pozitivné ovlivni poskozené
buitky a podpofi neurogenezim. Dalsi moznosti je diferenciace NSC, které po transplantaci
nahradi odumfelé buitkky. NSC jsou testovany v klinickém V}'Izkumu128 a vyuzivany jsou casto
k modelovani neurodegenerace in vitro'>. Zdokonaleni protokolil pro kultivaci a modulaci
kmenovych buné¢k, vcetné strategie CRISPR/Cas9, vyznamné piiblizuje NSC k vyuziti
v regenerativni mediciné a k efektivnimu testovani novych strategii 1écby HD zaloZenych

na piimé modifikaci gent'>.

Ze znalosti mHTT bylo mozné pomoci genetickych manipulaci vyvinout modely HD. Tyto
modely jsou klicové pro lepsi pochopeni molekuldrnich zmén doprovazejicich progresi HD
a pro dalsi fazi testovani ucinnosti novych terapeutickych strategii pfed zahdjenim klinickych
studii. Nasi snahou bylo shrnout informace o nejpouzivanéjSich zvifecich modelech HD, at’ uz
se jedna o modely hlodavci nebo velké zvifeci modely. V Ustavu Zivo&isné fyziologie

a genetiky AV CR v Lib&chové byl vytvofen a podrobné analyzovan transgenni model
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miniaturniho prasete nesouci N-terminalni fragment lidského mutovaného huntingtinu se
124 glutaminy**"**.  Model miniprasete umozfiuje vyuzit fyziologickou podobnost
organovych soustav s ¢lovékem, zobrazovaci vySetfeni a chirurgické intervence. Ma proto
obrovsky potencial k preklinickému testovani novych 1€kt a 1écebnych postupti, nejen

. y (v . 131,136,137
v oblasti neurovéd a bunécné terapie ” 7.

Dlouh¢ presymptomatické obdobi nabizi potenciadlni terapeutické okno pro experimentalni
zésahy do prubéhu HD. Klicové je proto identifikovat spolehlivé biomarkery, které by
umoznily efektivnéjsi sledovani dané¢ho zasahu. Idedlni biomarker by mé¢l 1) odrazet zakladni
neuropatologii a/nebo progresi onemocnéni, ii) vykazovat minimalni variabilitu mezi vzorky
a 1i1) by mél byt dostupny v biologické tekutiné. Proteomické studie jsou zamétené na hledani
vhodnych biomarkeri ptedevS§im v plazmé a mozkomiSnim moku. Idedlni metodou
pro takové studie je MS, konkrétné globalni analyza DIA nasledovana validaci kandidatnich

markerti cilenou metodou SRM®®.

V nasem ptehledovém clanku jsme popsali zdkladni biochemické mechanismy patogeneze
HD a interakéni sitt HTT s 233 partnery zalozenou na pocitacovém modelovani. Poté jsme se
zam¢fili na extrakci markerdt HD, které by mohly vedle zobrazovacich metod jako je
magnetickd rezonance a pozitronova emisni tomografie pomoci pfi sledovani pacientii s HD.
Potencialni markery HD jsme nasli mezi interakénimi partnery HTT, ale také ve vysledcich
proteomovych analyz mozkové tkané a cerebrospinalni tekutiny. Tyto vysledky nase laboratot
neddvno aktualizovala prostfednictvim publikace, kterd v proteomovych studii na vzorcich
pacientl s HD a studiich vyuZivajicich buné¢né 1 zvifeci modely extrahovala kandidatni
proteiny pro monitorovani HD pomoci cileného méfeni jako je DIA, SRM/PRM, ELISA
apod.“. Nékteré tyto proteiny jsou specifické pro HD neurodegeneraci (napt. PENK a PDYN)
¢1 CNS (napt. GFAP), jsou mezi nimi ale také proteiny majici svou ulohu v homeostaze,
imunitni odpovedi nebo metabolismu. Na tadé€ je nyni jejich validace v rozsahlych klinickych

studiich a hodnoceni jejich citlivosti a specifity.
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Cestou k ideédlni bunécné populaci NSC jsou jejich podrobna charakterizace, piesné
definované podminky kultivace a diferenciace, ale také moznost nabohaceni urcité
subpopulace vhodné pro transplantaci. V dizertaéni praci se mi podatilo charakterizovat NSC
v prib¢hu diferenciace a pfiblizit tak tyto buniky k vyuziti v regenerativni terapii onemocnéni
nervové soustavy. Pomoci proteomickych metod zaloZzenych na MS jsem podrobné
analyzovala NSC. Metoda SRM, kterou jsem ve spolupraci s kolegy vyvinula, umoZiuje
monitorovani NSC a jejich diferenciacniho potencidlu, vcetné nezadouci ptitomnosti
pluripotentnich bunék. Pomoci metody SRM jsme zjistili, ze bez ohledu na pfitomnost BDNF
a GDNG vede odebrani FGF-2 a EGF k neurondlni diferenciaci NSC, ktera je patrna
od 3. dne a je doprovazena ocekavanou zménou hladiny vybranych proteinovych markert.
Metoda SRM umoziiuje také zachyt nebezpecnych pluripotentnich buné¢k, které se v kultufe
NSC mohou objevit, napiiklad pti modulaci pomoci FBS. Vysledky kvantifikace prokazaly,
ze metoda SRM umoziuje prostiednictvim vhodné kombinace markert spolehlivé

monitorovani diferenciace NSC.

Podafilo se ndm také popsat povrchovy proteom NSC a proteiny, které mohou slouzit
k nabohaceni ¢ist$i populace bun€k s lepSim terapeutickym vyhledem. Vyuziti technologie
CSC v kombinaci s DDA-MS umoznilo na povrchu NSC identifikaci 522 glykoproteinil
a potvrzeni N-glykosylace na mistech, kde byla zatim pouze piedpovézena. Tento ptistup
pomohl prokdzat vyznamné zmény v hladiné N-glykosylovanych povrchovych proteint
v prubéhu diferenciace NSC. NaSe vysledky tak pfispély k podrobnéjsi fenotypizaci NSC

s vyhledem moznosti efektivnéjSiho tfidéni bun€k pomoci technologie FASC.

V piehledovych ¢lancich jsme shrnuli vysledky proteomovych studii zaméfenych
na diferenciaci NSC a na rozvoj neuropatologie HD. Tyto studie poskytly cenny seznam
kandidatnich proteinti pro rozsiteni metody SRM, kterou jsme Uspé$né validovali na naSem
bunécném modelu, a podrobnéjsi cilené monitorovani NSC béhem pfipravy na transplantacni
experimenty. Dal$i sada proteini extrahovand z proteomovych studii zaméfenych na HD
vybizi ke klinickému testovani vét§iho rozsahu s cilem vybrat vhodnou kombinaci biomarkert
pro monitorovani pacienti s HD b&hem progrese onemocnéni a pii testovani novych

1écebnych postupti.
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Nase vysledky publikované v recenzovanych Casopisech umoznily zavedeni pfesnych postupt
pro analyzu NSC nejen v nasi laboratofi. Podafilo se ndm pfinést nové dulezité poznatky
o povrchovych proteinech, které jsou regulované v pribéhu diferenciace NSC. Vysledky této
prace potvrzuji dilezitost sledovani kombinace markerti a jejich méfeni prostiednictvim

piesné a reprodukovatelné analyzy.
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7 Publikace a prohlaseni o podilu na jejich pripravé

Predkladana dizertacni prace je zalozena na dvou prvoautorskych a dvou spoluautorskych
publikacich v recenzovanych Casopisech s impakt faktorem. U kazdé publikace je uveden

podil na jeji piiprave.

Rita Suchd a Martina Kubi¢kova, Jakub Cervenka, Marian Hruska-Plochan, Dasa
Bohaciakova, Katetina Vodickova Kepkova, Tereza Novakova, Katefina Budkova, Andrej

Sugor, Martin Marsala, Jan Motlik, Hana Kovafova a Petr Vodicka
Targeted mass spectrometry for monitoring of neural differentiation
Biology Open. 2021, Aug 15;10(8):b10058727

Dostupné z doi.org/10.1242/b10.058727

IF2021 = 2,643
e sdilené prvni autorstvi

e podil na experimentalni ¢innosti: kultivace a diferenciace bunék, imunofluorescenc¢ni

experimenty, ptiprava vzorkl pro MS, vyvoj metod a analyzy SRM

e podil na psani publikace: €ast na sepsani a revizi manuskriptu (zejména ¢asti metod

a vysledki), ptiprava obrazové dokumentace, ptiprava piiloh

Jitina Tyleckova, Ivona Valekovd, Martina Zi7kova, Michaela Rékocyova, Silvia Marsala,

Martin Marsala, Suresh Jivan Gadher, Hana Kovarova

Surface N-glycoproteome patterns reveal key proteins of neuronal differentiation
Journal of Proteomics. 2016, Jan 30:132:13-20

Dostupné z doi.org/10.1016/].jprot.2015.11.008

IF2016 = 3,914
e spoluautorska publikace

e podil na experimentalni ¢innosti: imunofluorescen¢ni experimenty, piiprava bunc¢k

na FASC, vyhodnoceni SRM

e podil na psani publikace: uCast na sepsani manuskriptu (zejména ¢asti metod

a vysledkt)
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Martina ZiZkova, Rita Such4, Jifina Tyleckova, Karla Jarkovska, Katefina Mairychova, Eva

Kotréova, Martin MarSala, Suresh Jivan Gadher, Hana Kovarova

Proteome-wide analysis of neural stem cell differentiation to facilitate transition to cell
replacement therapies

Expert Review of Proteomics. 2015, Feb;12(1):83-95

Dostupné z doi.org/10.1586/14789450.2015.977381

IF2015 = 3.465
e prvoautorska piehledova publikace
¢ podil na psani publikace: G¢ast na sepsani a revizi manuskriptu (zejména ¢asti
zamétené na neurodegenerativni choroby, intracelularni proteinové markery a expertni

komentaie), piiprava obrazové dokumentace, ptiprava piiloh

Eva Kotréova, Karla Jarkovska, Ivona Valekova, Martina Zizkova, Jan Motlik,
Suresh Jivan Gadher, Hana Kovarova

Challenges of Huntington’s disease and quest for therapeutic biomarkers
Proteomics - Clinical Applications. 2015, Feb;9(1-2):147-58

Dostupné z doi.org/10.1002/prca.201400073

IF2015 =2.959
e spoluautorska piehledova publikace
e podil na psani publikace: podil na sepsdni manuskriptu (zejména €asti zaméefené

na modely Huntingtonovy choroby)

ProhlaSuji, ze Martina Kubickova se patficné podilela na plénovani experimentd, jejich

provedeni, interpretaci vysledki a pfipravé manuskriptu.

V Libéchové dne 31. 5. 2024 RNDr. Rita Sucha, Ph.D.
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