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Wykaz skrotow uZywanych w rozprawie doktorskiej

AAS — (ang. Antibiotic Antimycotic Solution), zestaw antybiotykow do hodowli komorkowe;;
ACTB — (ang. S-Actin), gen kodujacy p-aktyne;

ALDHI1L1 — (ang. Aldehyde Dehydrogenase 1 Family Member L1), gen kodujacy
dehydrogenaze aldehydowg L1;

AP — (ang. Astrocyte Progenitors), progenitory astrocytarne;
ATP — (ang. Adenosine Triphosphate), adenozyno-5'-trifosforan, adenozynotriofosforan;

B27 — suplement stosowany in vitro do réznicowania progenitoréw neuralnych w kierunku
neuronalnym;

bFGF — (ang. basic Fibroblast Growth Factor), zasadowy czynnik wzrostu fibroblastow;
CAPN10 — (ang. Calpain 10), gen kodujacy kalpaing 10;

CCNGL1 - (ang. Cyclin G1), gen kodujacy cykling G1;

CoQ10 — (ang. Coenzyme Q10), koenzym Q10;

COX-1 — (ang. Mitochondrially Encoded Cytochrome C Oxidase 1), oksydaza 1 cytochromu
C, biatko IV kompleksu tancucha oddechowego ETC;

CSPG4 — (ang. Chondroitin Sulfate Proteoglycan 4), gen kodujacy proteoglikan siarczanu
chondroityny 4;

DCFH-DA — (ang. Ddichloro-Dihydro-Fluorescein Diacetate), dioctan dichloro-dihydro
fluoresceiny;

DCX — (ang. Neuronal Migration Protein Doublecortin), biatko zwigzane z mikrotubulami;

DCX — (ang. Neuronal Migration Protein Doublecortin), gen kodujacy biatko zwigzane
z mikrotubulami;

DNA — (ang. Deoxyribonucleic Acid), kwas deoksyrybonukleinowy;

EEF1A1l — (ang. Eukaryotic Translation Elongation Factor 1 Alpha 1), gen kodujacy
Eukariotyczny Czynnik Elongacji Translacji;

EGF — (ang. Epidermal Growth Factor), naskorkowy czynnik wzrostu;

EID2 — (ang. EP300 Interacting Inhibitor Of Differentiation 2), gen kodujacy inhibitor
roznicowania 2 oddziatujacy z biatkiem EP300;

eNP — (ang. early Neural Progenitors), wczesne progenitory neuralne;

ESC — (ang. Embryonic Stem Cells), zarodkowe komorki macierzyste;

ETC — (ang. Electron Transport Chain), tancuch transportu elektronéw, tancuch oddechowy;

GAPDH — (ang. Glyceraldehyde 3-Phosphate Dehydrogenase), gen kodujacy dehydrogenaze
aldehydu 3-fosfoglicerynowego;

GFAP — (ang. Glial Fibrillary Acidic Protein), glejowe kwasne biatko witdkienkowe;
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GFAP — (ang. Glial Fibrillary Acidic Protein), gen kodujacy glejowe kwasne biatko
wlokienkowe;

hESC — (ang. human Embryonic Stem Cells), ludzkie zarodkowe komorki macierzyste;

hiPSC — (ang. human induced Pluripotent Stem Cells), ludzkie indukowane pluripotencjalne
komorki macierzyste;

hiPSC-eNP — komorki eNP otrzymane przez roznicowanie neuralne komorek hiPSC;
hiPSC-NP — komorki NP otrzymane przez réznicowanie neuralne komorek hiPSC;
hiPSC-NSC — komorki NSC otrzymane przez réznicowanie neuralne komorek hiPSC;

HPRT1 — (ang. Hypoxanthine Phosphoribosyltransferasel), gen kodujacy
fosforybozylotransferaze hipoksantynows;

IDB — (ang. Idebenone), idebenon, agonista receptora PPARa oraz PPARYy; analog koenzymu
Q10 o wiasciwosciach przeciwutleniajacych, wykazujacy zdolno$¢ do stymulacji biogenezy
mitochondridow w réznych typach komorek;

IPSC — (ang. induced Pluripotent Stem Cells), indukowane pluripotencjalne komorki
macierzyste;

MAP2 — (ang. Microtubule-Associated Protein 2), biatko stabilizujace mikrotubule;

MAP2 — (ang. Microtubule-Associated Protein 2), gen kodujacy biatko stabilizujace
mikrotubule;

miRNA- mate niekodujace RNA;

MKI67 — (ang. Proliferation Marker Protein Ki-67), gen kodujacy antygen komoérek
proliferujacych, biatko obecne w jadrach komoérek aktywnych mitotycznie;

Ki67 - (ang. Proliferation Marker Protein Ki-67), antygen komorek proliferujacych, biatko
obecne w jadrach komorek aktywnych mitotycznie;

MRNA — (ang. messenger RNA), matrycowy RNA;

MT-CO1 - (ang. Mitochondrially Encoded Cytochrome C Oxidase | (COX1)), gen kodujacy
oksydaze I cytochromu c;

mtDNA — (ang. mitochondrial DNA), DNA mitochondrialny;
MYC — (ang. MYC Proto-Oncogene), gen kodujacy protoonkogen c-MYC;

N2 — suplement stosowany do réznicowania in vitro mysich oraz ludzkich komoérek PSC
w kierunku neuralnym oraz neuronalnym;

NANOG - (ang. Homeobox protein NANOG - Pluripotency Marker, Transcription Factor,),
gen kodujacy czynnik transkrypcyjny NANOG;

NAT1 — (ang. N-Acetyltransferasel), gen kodujacy N-acetylotransferaze 1;



ND1 — (ang. Mitochondrially Encoded NADH, Ubiquinone Oxidoreductase Core Subunit 1),
gen kodujacy podjednostke 1 dehydrogenazy NADH;

ND5 — (ang. Mitochondrial Membrane Respiratory Chain NADH - Ubiquinone
Oxidoreductase Chain), gen kodujacy podjednostke 5 dehydrogenazy NADH;

NEFH — (ang. Neurofilament Protein, Heavy Chain), gen kodujacy ci¢zki tancuch
neurofilamentéw posrednich;

NEFL — (ang. Neurofilament Protein, Light Chain), gen kodujacy lekki tancuch
neurofilamentow posrednich;

NES — (ang. Nestin), gen kodujacy nestyne;
NES - (ang. Nestin), nestyna;

NEURODL - (ang. Neurogenic Differentiation Factor 1, Neuronal Differentiation 1),
gen kodujacy czynnik réznicowania neurogennego;

NF200 — (ang. Neurofilament 200), biatko neurofilamentu o masie czgsteczkowej 200 kDa;
NP — (ang. Neural Progenitors), progenitory neuralne;

NRF1 — (ang. Nuclear Respiratory Factor-1), gen kodujacy jadrowy czynnik oddechowy 1;
NSC — (ang. Neural Stem Cells), neuralne komorki macierzyste;

OP — (ang. Oligodendrocyte Progenitors), progenitory oligodendrocytarne;

OXPHOS - (ang. Oxidative phosphorylation), fosforylacja oksydacyjna;

PCR — (ang. Polymerase Chain Reaction), reakcja tahcuchowa polimerazy;

PGC-1lao — (ang. Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-alpha),
koaktywator 1a receptora y aktywowanego przez proliferatory peroksysomow;

PHB — (ang. Prohibitin), gen kodujacy prohibityne;

POUS5F1 — (ang. POU Class 5 Homeobox 1), gen kodujacy czynnik transkrypcyjny OCT3/4,
OCT4,

PPAR — (ang. Peroxisome Proliferator-Activated Receptors), receptory aktywowane przez
proliferatory peroksysomow;

PPARA — (ang. Peroxisome Proliferator Activated Receptor Alpha), gen kodujacy receptor
aktywowany przez proliferatory peroksysomow alfa (PPARa);

PPARD — (ang. Peroxisome Proliferator Activated Receptor Delta), gen kodujacy receptor
aktywowany przez proliferatory peroksysoméw delta (PPARP/5);

PPARG — (ang. Peroxisome Proliferator Activated Receptor Gamma), gen kodujacy receptor
aktywowany przez proliferatory peroksysomoéw gamma (PPARY);

PPARGCI1A — gen kodujacy koaktywator (PGC-1a);



PQQ — (ang. Pyrroloquinoline quinone), pirolochinolinochinon (2,7,9-Tricarboxy-1H-
Pyrrolo-(2,3-f)Quinoline-4,5-Dione, Methoxatin), agonista receptora PPARa; analog
koenzymu Q10 o wlasciwosciach przeciwutleniajacych, wykazujacy zdolno$¢ do stymulacji
biogenezy mitochondriéw w réznych typach komorek;

PRKAAL1 — (ang. Protein Kinase AMP-Activated Catalytic Subunit Alpha 1), gen kodujacy
biatko kinazy biatkowej, zaleznej od kinazy AMPK

PSC — (ang. Pluripotent Stem Cells), pluripotencjalne komorki macierzyste;

gPCR — (ang. quantitative Polymerase Chain Reaction), iloSciowa reakcja tfancuchowej
polimerazy;

gRT-PCR — (ang. quantitative Reverse Transcription Polymerase Chain Reaction ), iloéciowa
reakcja tancuchowa polimerazy na matrycy cDNA otrzymanej w reakcji odwrotnej
transkrypcji;

RABEP2 — (ang. Rabaptin, RAB GTPase Binding Effector Protein 2), gen kodujacy
rabaptyne;

RFT — (ang. Reactive Oxygen Species, ROS), reaktywne formy tlenu;
RNA — (ang. Ribonucleic Acid), kwas rybonukleinowy;
RNA-seq — (ang. RNA sequencing), sekwencjonowanie RNA;

RPLPO — (ang. Ribosomal Protein Lateral Stalk Subunit P0), gen kodujacy biatko wchodzace
w sktad duzej podjednostki rybosomu;

RT — (ang. Reverse Transcription), reakcja odwrotnej transkrypcji;

RT-PCR — (ang. Reverse Transcription Polymerase Chain Reaction), reakcja tancuchowa
polimerazy na matrycy cDNA otrzymanej w reakcji odwrotnej transkrypcji;

SC — (ang. Stem Cells), komorki macierzyste;

Mitotracker® red CMXRos — barwnik fluorescencyjny, stosowany do barwienia
mitochondriow w zywych komorkach, jego akumulacja zalezy od A¥m,;

SDHA — (ang. Succinate Dehydrogenase Complex Flavoprotein Subunit A, Subunit

of Succinate-Ubiquinone Oxidoreductase Complex of the Mitochondrial Respiratory Chain),
podjednostka A dehydrogenazy bursztynianowej, biatko I kompleksu tancucha oddechowego
(ETC);

SDHA — (ang. Succinate Dehydrogenase Complex Flavoprotein Subunit A, Subunit
of Succinate-Ubiquinone Oxidoreductase Complex of the Mitochondrial Respiratory Chain),

gen kodujacy podjednostke A dehydrogenazy bursztynianowej, biatko II kompleksu tancucha
oddechowego (ETC);

SERPINAL — (ang. Alpha-1-Antitrypsin (AAT), also known as Protease Inhibitor (P1)),
gen kodujacy serping 1;

SIRT1 — (ang. Sirtuin 1), gen kodujacy sirtuing 1;
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SLCO2BL1 — (ang. Solute Carrier Organic Anion Transporter Family, member 2B1),
gen kodujacy polipeptyd transportujacy aniony organiczne 2B1;

SOX2 — (ang. Pluripotency Marker, Transcription Factor, SRY (Sex Determining Region Y)-
Box 2), gen kodujacy czynnik transkrypcyjny SOX2;

TBP — (ang. TATA-Box Binding Protein), gen kodujacy biatko wigzace kaset¢ TATA;

TFAM — (ang. Mitochondrial Transcription Factor A), mitochondrialny czynnik
transkrypcyjny A;

TUBB3 — (ang. Tubulin Beta 3 Class I11), gen kodujacy p-tubuling III, neuronalne biatko
neurofilamentowe;

B-tubulina 111 - (ang. Tubulin Beta 3 Class I11), neuronalne biatko neurofilamentowe;
UBC — (ang. Ubiquitin C), gen kodujacy ubikwityne C;

ZNF324B — (ang. Zinc Finger Protein 324B), gen kodujacy biatko zawierajace motyw palca
cynkowego 324B;

AW¥m — (ang. Mitochondrial Membrane Potential), potencjat btony mitochondrialne;j;



1. Streszczenie polskojezyczne i anglojezyczne
Streszczenie

Odkrycie, ze komorki somatyczne mozna reprogramowac¢ do indukowanych
pluripotencjalnych komodrek macierzystych (iPSC, ang. induced Pluripotent Stem Cells)
pozwolilo na znaczny rozwdj badan w dziedzinie medyczny regeneracyjnej, jak rowniez
badan toksykologicznych oraz farmakologicznych in vitro. Postep w otrzymywaniu ludzkich
iIPSC (hiPSC, ang. human iPSC) tzw. ,,bezpiecznymi metodami” tj. bez integracji transgenu
do genomu gospodarza (np. stosujgc mRNA, biatka rekombinowane, miRNA, wektory
episomalne) przyczynit si¢ do wykorzystania tych komorek w spersonalizowanej terapii
komorkowej. Dodatkowo hiPSC stanowig ,niekontrowersyjng etycznie” alternatywe
dla ludzkich zarodkowych komoérek macierzystych (hESC, ang. human Embryonic Stem
Cells) w modelowaniu in vitro wczesnych etapéw rozwoju cztowieka dzigki zdolnosci
do réznicowania we wszystkie tkanki organizmu. W cyklu publikacji stanowigcych rozprawe
doktorska przedstawiono wyniki oceny wplywu stymulacji biogenezy mitochondriow
na wczesne etapy réznicowania neuralnego komorek hiPSC. W tym celu z hiPSC otrzymano
trzy populacje komorkowe: neuralne komoérki macierzyste (NSC, ang. Neural Stem Cells),
wczesne progenitory neuralne (eNP, ang. early Neural Progenitors) oraz progenitory
neuralne (NP, ang. Neural Progenitors), przy czym komorki eNP scharakteryzowano
po raz pierwszy. Badane populacje komérkowe roznity si¢ istotnie pod wzgledem ekspresji
markerow typowych dla rozwoju neuralnego na poziomie mRNA i biatek. Komorki NSC,
eNP oraz NP zostaty poddane ekspozycji na substancje indukujace biogenez¢ mitochondriow:
pirolochinolinochinon (PQQ) lub idebenon (IDB). Pod wptywem tych zwigzkow wykazano
istotne zmiany w parametrach waznych dla procesow zyciowych komorki: zywotnosci,
poziomie wolnych rodnikéw (RFT), potencjale blony mitochondrialnej (AWm) oraz ekspresji
gendw zwigzanych z regulacjg biogenezy mitochondriow: NRF1, PPARGCI1A, TFAM.
Wzrostowi ekspresji tych gendéw towarzyszyt wzrost pozostalych badanych markerow
biogenezy mitochondriéw: liczby kopii mitochondrialnego DNA (mtDNA) oraz ekspresji
biatek SDHA i COX-1, wylacznie w stadium eNP. W komodrkach NSC i eNP, po inkubacji
z PQQ zanotowano réwnoczesny wzrost ekspresji genu PPARGC1A oraz markera astrocytéw
GFAP, przy jednoczesnym spadku ekspresji markera neuronalnego MAP2. IDB dziatal
podobnie we wszystkich stadiach, z wyjatkiem eNP, gdzie stymulowatl ekspresje zarowno
GFAP jak i MAP2. Powyzsze wyniki $wiadczg o istnieniu w stadium eNP ,przedziatu
wrazliwosci rozwojowej” na PQQ oraz IDB, a takze o pozytywnym wptywie stymulacji
biogenezy mitochondridow na réznicowanie komorek hiPSC w kierunku astrocytarnym.
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Abstract

Human induced pluripotent stem cells (hiPSC) generated from somatic cells through
genetic reprogramming influenced greatly development of basic research in regenerative
medicine as well as invitro toxicology and pharmacology field. The progress
in the “safe methods” of hiPSC generation (without the integration of the transgene
into the host genome, eg., MRNA, recombinant proteins, miRNA’s, episomal vectors) gave
an opportunity to use this cells in personalized cell therapy. In addition, the hiPSC serve
as ethically non-controversial in vitro model ofearly human development which
is an alternative to the model of human embryonic stem cells (hESC). The cycle
of publications chosen for the theses investigates the influence of stimulation of mitochondrial
biogenesis on the early stages of hiPSC neural differentiation. In this study, neural
differentiation of hiPSC resulted in obtaining three distinct cells populations: neural stem cells
(NSC), early neural progenitors (eNP), and neural progenitors (NP) however, the population
of eNP cells has been characterized for the first time. Analysis of the gene and protein
expression have shown that NSC, eNP and NP cell populations were significantly different
in the level of unique markers for early neural development. The obtained cell populations
were investigated for their sensitivity to compounds stimulating the mitochondrial biogenesis:
Pyrroloquinoline quinone (PQQ) or idebenone (IDB), which were added independently.
The results revealed significant changes in the cells viability, free radical level (ROS)
and mitochondrial membrane potential (A¥m) upon the treatment with PQQ and IDB
in all tested populations. The expression of genes related with mitochondrial biogenesis
regulation: NRF1, PPARGC1A and TFAM were also significantly different. However
exclusively at the eNP stage, after incubation with PQQ and IDB, all markers indicating
stimulation of mitochondrial biogenesis were significantly elevated.
This included upregulation of NRF1, PPARGC1A, TFAM gene expression, increased number
of copies of mitochondrial DNA (mtDNA) and significant elevation of expression of proteins
important for mitochondrial function: COX-1 and SDHA. Gene expression analysis of neural
differentiation upon PQQ treatment revealed in NSC and eNP stages of development
simultaneous increase in expression of PPARGC1A (main regulator of mitochondrial
biogenesis) and astrocyte marker GFAP accompanied with repression of the neuronal marker
MAP2. IDB in all stages of development yielded a similar effect with the exception of eNP,
where stimulation of the expression of both GFAP and MAP2 was observed, although
the increase in GFAP expression was higher. The above data demonstrate the existence
of developmental “window of sensitivity" for investigated factors (PQQ, IDB) inducing
mitochondrial biogenesis at eNP stage of development and the possibility of influencing
of the neural differentiation pathways via PQQ and IDB in favour of astrocytic fate.
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2. Innowacyjnos¢ rozprawy

Po raz pierwszy:

wyodrebniono oraz scharakteryzowano podczas réznicowania neuralnego hiPSC wczesne
stadium rozwoju neuralnego: eNP, stanowigce stadium posrednie miedzy NSC a NP,
zaprojektowano panel genow referencyjnych dla komoérek NSC, eNP oraz NP w sposob
umozliwiajacy ich prawidtowa charakterystyke molekularna,

udowodniono zalezng od stadium zroéznicowania neuralnego wrazliwos¢ komorek NSC,
eNP, NP na PQQ i IDB, oraz wykazano:

powigzanie mig¢dzy efektywnos$cig stymulacji biogenezy mitochondridow, a stadium
rozwojowym komorek hiPSC i okreslono ,,przedzial wrazliwosci rozwojowej” na badane
czynniki indukujace biogeneze mitochondriow w stadium eNP,

znaczenie indukcji biogenezy mitochondriow dla roéznicowania neuralnego komorek
hiPSC,

wplyw PQQ oraz IDB na roéznicowanie eNP w kierunku astrocytarnym (PQQ)
oraz neuronalnym i astrocytarnym (IDB),

molekularny zwigzek stymulacji biogenezy mitochondriow z kierunkiem roéznicowania
astrocytarnego (wzrostowi ekspresji genu PPARGCI1A zawsze towarzyszyl wzrost

ekspresji genu GFAP).
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3. Wstep

Ludzkie indukowane  pluripotencjalne ~ komorki ~ macierzyste: hiPSC
(ang. human induced Pluripotent Stem Cells) to komorki, uzyskane w procesie
reprogramowania [1]. Opisano wiele metod reprogramowania, ale tylko nieliczne
sg metodami, ktére nie powodujg wigczenia transgenu do genomu gospodarza i mozna
je zastosowa¢ do otrzymania komorek o przeznaczeniu aplikacyjnym. Nalezg do nich
transfekcja: wektorami episomalnymi [2], mRNA, miRNA oraz transdukcja biatkami
rekombinowanymi [3]. Komorki otrzymane za pomoca reprogramowania cechuje wysoki
potencjal samoodnowy oraz zdolno$¢ do rdéznicowania zaréwno in Vvitro, jak i in vivo
w komorki endo-, ekto- oraz mezodermy [1]. hiPSC moga by¢ stosowane in vitro
do otrzymania: neuralnych komodrek macierzystych (NSC, ang. Neural Stem Cells);
progenitoréw neuralnych: (NP, ang. Neural Progenitors) [4—7], ale rOwniez progenitorow
astrocytarnych (AP, ang. Astrocyte Progenitors) [8] 1 oligodendrocytarnych
(OP, ang. Oligodendrocyte Progenitors) [9]. Metody uzywane do réznicowania neuralnego
hiPSC rdznig si¢ m.in.: stosowanymi czynnikami wzrostu oraz dtugoscia i efektywnoscia
procesu réznicowania [6, 15].

W przedstawionym cyklu prac tej dysertacji otrzymano trzy stadia réznicowania
neuralnego hiPSC: NSC, eNP (ang. early Neural Progenitors) i NP. Stadium posrednie
migdzy NSC a NP: eNP charakteryzujace si¢ specyficzng ekspresja markeréw neuralnych
opisano po raz pierwszy [4, 5]. Roznicowanie neuralne komorek pluripotencjalnych PSC
(ang. Pluripotent Stem Cells) jest procesem zlozonym i moze by¢ modulowane przez wiele
czynnikow m.in. przez poziom reaktywnych form tlenu (RFT) [10], potencjal btony
mitochondrialnej (A¥m) [11], aktywacje receptoréw PPAR (ang. Peroxisome Proliferator-
Activated Receptors) [12] oraz biogeneze mitochondriow [13, 14]. Nadal niewiele wiadomo
w jaki sposéb wymienione procesy wplywaja na roznicowanie neuralne komorek hiPSC.
Proba wyjasnienia roli tych czynnikow w rdéznicowaniu neuralnym komorek hiPSC stata
si¢ przedmiotem badan stanowigcych podstawe rozprawy doktorskie;j.

Mitochondria, to organelle odpowiedzialne za oddychanie komoérkowe i produkcje
energii, petniagce kluczowa rolg w metabolizmie komorek zréznicowanych. Biora one udziat
w regulacji wielu procesow komorkowych, w tym procesu réznicowania komorek
pluripotencjalnych (hESC, hiPSC) podczas, ktorego dochodzi do zmiany toru oddychania
komoérkowego z opartego na glikolizie anaerobowej na fosforylacje oksydacyjng (OXPHOS)

[16]. Wykazano, ze roznicowanie komorek podczas embriogenezy prowadzi

13



do progresywnego wzrostu liczby kopii mtDNA, masy mitochondriéw, wielko$ci i ztozonosci
tych organelli [17-20]. W 2010 roku Prigioneiwsp. [21], wprowadzili pojecie
»stanu metabolicznego komorki” taczace dojrzato§¢ mitochondriow z roznicowaniem
komorek. Mitochondria komorek hiPSC wykazuja ,,niedojrzaty fenotyp” i matg aktywnos¢.
Podczas  réznicowania  hiPSC  zmienia si¢ ich  metabolizm  energetyczny
[16], co przedstawiono na Rycinie 1. Komoérki te w stadium niezréoznicowanym preferuja
glikoliz¢ anaerobowa [16], podczas gdy komorki zréznicowane — fosforylacje oksydacyjng
[22]. Zwigzane jest to ze zwigkszeniem liczby mitochondriow w odpowiedzi na zwigkszone
zapotrzebowanie na ATP [14, 20]. W trakcie rdéznicowania neuralnego, zmianom
metabolicznym [16, 24-26] towarzysza zmiany morfologii komoérek oraz ekspresji glownych

markerow neuralnych [4, 5].
hiPSC Komorki po réznicowaniu

Glikoliza

Glikoliza

Reprogramowanie

Pirogronian _ Pirogronian

Roéznicowanie

3-8 =)

¥ Liczba kopii mtDNA 4 Liczba kopii mtDNA
¥ Produkcja ATP 4 Produkcja ATP
¥ Fosforylacja oksydacyjna 4 Fosforylacja oksydacyjna
¥ Catkowita masa komérki 4 Calkowita masa komorki
4 Produkcja mleczanu } Produkcja mleczanu
A Okragly ksztalt mitochondriow A Wydhizony ksztalt mitochondriéw

Rycina 1. Metabolizm hiPSC przed i po réznicowaniu (Wg. Xu i wsp., 2013)

Biogeneza mitochondriow jest kontrolowana przez geny kodujace biatka
mitochondrialne. Gtéwng rolg W tym procesie odgrywa biatko PGC-la (ang. Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha) kodowane przez gen PPARGC1A.
Biatko PGC-1a aktywuje miedzy innymi ekspresje jadrowego czynnika transkrypcyjnego
NRF1 (ang. Nuclear Respiratory Factor 1) [27]. Biatko NRF1 bierze udziat w regulacji
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transkrypcji genow jadrowych kodujacych podjednostki kompleksow tancucha oddechowego
ETC (ang. Electron Transport Chain) i1 inne biatka mitochondrialne oraz aktywuje
mitochondrialny czynnik transkrypcyjny TFAM (ang. Mitochondrial Transcription Factor A).
TFAM, odgrywa istotng role w inicjacji transkrypcji i replikacji mitochondrialnego DNA.
Jest wiec ogniwem koordynujgcym ekspresje genow jadrowych i mitochondrialnych,
w procesie biogenezy mitochondriow [16].

Bioragc pod wuwage mozliwos¢ zastosowania komorek hiPSC w medycynie
regeneracyjnej zrozumienie zwigzku migdzy biogeneza mitochondriow, a losem komorek
hiPSC ma kluczowe znaczenie. Rola mitochondriow w procesie roéznicowania komorek
macierzystych SC (ang. Stem Cells) jest przedmiotem wielu badan [16, 28], jednak
rzeczywisty wplyw mitochondriow in vivo na roznicowanie i plastycznos¢ komorek
SC zostat dotychczas stabo poznany [29]. Nie potwierdzono, czy intensywno$¢ biogenezy
mitochondridow 0raz zmiany metaboliczne wplywaja na kierunek réznicowania komorek
SC i ich plastyczno$é¢, czy tez biernie towarzysza temu procesowi oraz czy procesem tym
mozna sterowaé. Ponadto w pismiennictwie brak jest doniesien na temat wptywu stymulacji
biogenezy mitochondriéw na réznicowanie neuralne hiPSC. Do zbadania tego zagadnienia
wykorzystano komorki NSC, eNP, NP otrzymane przez roéznicowanie neuralne komorek
hiPSC 1 poddane dziataniu takich substancji jak: pirolochinolinochinon (PQQ,
ang. Pyrroloquinoline quinone) i idebenon (IDB, ang. ldebenone). PQQ jak i IDB
sg, agonistami receptorow PPAR (PQQ - PPARo, IDB - PPARa i PPARY) oraz analogami
koenzymu Q10 (CoQ10), mogacymi petni¢ role nosnikéw elektronéw w mitochondrialnym
fancuchu oddechowym. Zwigzki te cechuje aktywno$¢ przeciwutleniajgca oraz zdolnosé¢

do indukcji biogenezy mitochondriow w réznych typach komoérek [30, 31].
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4. Cel pracy

Hipoteza badawcza

Wrazliwos¢ komorek hiPSC na czynniki indukujace biogeneze mitochondriow
(PQQ oraz IDB) podczas roznicowania neuralnego zalezy od stadium rozwojowego komorek

I ma zwigzek z ich kierunkiem réznicowania.
Cel glowny:

Okreslenie wrazliwosci komoérek hiPSC na wczesnych etapach rozwoju neuralnego
invitro na czynniki indukujgce biogenez¢ mitochondriow: PQQ i IDB, oraz zbadanie
molekularnego zwiazku miedzy biogeneza mitochondriow, a roznicowaniem neuralnyn
hiPSC.

Cele szczegotowe:

1. Otrzymanie i charakterystyka populacji komorkowych NSC, eNP oraz NP.

2. Ocena wptywu PQQ i IDB w komoérkach NSC, eNP, NP na:

e zywotnos¢, poziom RFT, A¥m oraz catkowita liczb¢ komorek,

e poziom wskaznikow biogenezy mitochondriow: ekspresje biatek COX-1 i SDHA, liczbe
kopii mtDNA oraz ekspresj¢ genow PPARGC1A, TFAM, NRF1,

e poziom ekspresji markeréw rdéznicowania neuronalnego (MAP2) oraz astrocytarnego
(GFAP).
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5. Zadania badawcze

1. Otrzymanie komoérek: NSC, eNP, oraz NP w wyniku réznicowania hiPSC

oraz ich charakterystyka za pomoca RT-PCR, RNA-seq i barwienia immunocytochemicznego

[4, 5]. Schemat eksperymentu przedstawiono na Rycinie 2.

1.Neurohasal, 1. Neurohasal: 1.Neurohasal: 1.Neurohasal:
2. Neural Induction Advanced DMEM DMEM/F12 [1:1], DMEM/F12 [1:1],
Suplement [1:50], [1:1], 2.N2 [1%], 2.N2 [1%],
3.AAS [1:100], 2. Neural Induction 3.B27 [1%], 3.B27 [1%],
Hodolwa: Supplement [1:50], 4.EGF [20ng/ml], 4.AAS [1:100]
rekombinowana 3.AAS [1:100], 5.bFGF [20ng/ml] Hodowla:
witronektyna Hodowla: 6.AAS [1:100] Matrige:DMEM/F12
Matrige:DMEM/F12 Hodowla: [1:30]
[1:30] Matrigel:DMEM/F12
* * [1:30] * *
7 dni 30 dni V%o |21 dni N7t 1 dni \
—_— —_ < a ni_ 14 dnl —
@ = [ Y| — SN2
e ZASS (D
N
hiPSC NSC eNP NP
Analiza:

- ekspresji genow: POUSF1, SOX2, NANOG, NES, GFAP, MAP2,
NEURODI, NEFL, TUBB3, NRF-1, TFAM , PPARGCI1A, SIRTI,
PRKAAIL, PPARA, ACTB(RI-PCR);

- ekspresji genow: POUSF1, SOX2, NANOG, NES, GFAP,
ALDHIL1, MAP2, NEUROD1, NEFL, TUBB3, DCX, CSPG4,
NRF-1, TFAM, PPARGCI14, SDHA, MT-CO1, MIK67 (RINA-seq);

- ekspresji biatek: Nestyna, B-Tubulina ITT, DCX, NF200, MAP2,
GFAP, Ki67 (harwienie immunocytochemiczne).

* Sklad pozywek indukujacych réznicowanie neuralne komorek hiP§ stosowanych na poszczegélnych etapach réZnicowania

Rycina 2. Schemat doswiadczen obejmujgcych otrzymanie i charakterystyke komorek: NSC,
eNP oraz NP
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2. Inkubacja NSC, eNP, NP z PQQ [4] lub IDB [5], a nastgpnie: a) ocena wrazliwosci
komorek na badane zwiazki (oznaczenie: zywotno$ci, poziomu RFT, AWm oraz catkowitej
liczby komorek); b) analiza biogenezy mitochondriow  (okreslenie  poziomu:
oksydazy | cytochromu ¢ COX-1 oraz dehydrogenazy bursztynianowej SDHA; oznaczanie
liczby kopii mitochondrialnego DNA); analiz¢ zmian profilu ekspresji genow NRF1, TFAM,
PPARGC1A, MAP2, GFAP, po wyznaczeniu gendw referencyjnych. Schemat do$wiadczen
przedstawiono na Rycinie 3 [4, 5].

PQQ, IDB
| | I

| | |
<0

) 220 _ ZZASN
NSC eNP NP
lsam lsdm lsam
Analiza:

- zywotnosci, poziomu wolnych rodnikéw, potencjatu
btony mitochondrialnej, liczby komérek

- poziomu biatek COX-1, SDHA

- liczby kopii mtDNA

- ekspresji genow: NRF1, PPARGC1A, TFAM, MAP2, GFAP

Rycina 3. Schemat doswiadczen oceniajgcych wplyw substancji badanych na komérki NSC,
eNP oraz NP
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6. Omowienie zalet i ograniczen metod badawczych uZytych w pracach

oryginalnych

W Tabeli 1 przedstawiono zalety i ograniczenia metod badawczych uzytych w pracach

oryginalnych.

Tabela 1. Zalety i ograniczenia metod badawczych uzytych w pracach oryginalnych

Lp. | Metoda Zalety Ograniczenia

1. Analiza ekspresji potwierdzenie obecnosci lub | — metoda nie pozwala na
genoéw metoda braku danego transkryptu; oceng ilosciowg ekspresji
(RT-PCR) genow;

2. Analiza ekspresji precyzyjna informacja na — niejednoznaczno$é w
genow metoda temat poziomow ekspres;ji mapowaniu do genomu,
(RNA-seq) genow; spowodowana brakiem

analiza calego transkryptomu intronow w sekwencjach
Z bardzo wysoka MRNA,

wydajnoscia;

wysoka czutos¢

i doktadnos¢;

3. Analiza ekspresji jakosciowa oraz ilosciowa — konieczno$¢ poprawnego
gendow metoda ocena ekspresji genow; wyboru genow
(QRT-PCR) wysoka czutos¢ referencyjnych;

I specyficznosé reakcji;
pozwala na walidacje
wynikéw otrzymanych
metoda RNA-seq;

4. Ocena liczby umozliwia 0szacowanie — brak;
kopii mtDNA poczatkowej liczby
metoda qPCR czasteczek DNA;

wysoka czulo$¢ i
specyficznos¢;

5. Barwienie detekcja kilku antygenow — reakcje fatszywie
immunocyto- jednoczesnie; pozytywne lub negatywne;
chemiczne przeciwciala drugorzegdowe | — reakcje krzyzowe

z fluorochromami Alexa
Fluor®,

wytwarzaja fotostabilne
koniugaty;

przeciwcial z epitopami
typowymi dla r6znych
biatek;
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6. Pomiar pomiar aktywnosci brak;
zywotnosci metabolicznej i proliferacji
(alamarBlue Cell zywych komorek;

Viability detekcja moze byé
Reagent) prowadzona metoda
kolometryczna
lub fluorescencyjna;
nie wymaga lizy komorek;

7. Pomiar potencjatu akumulacja barwnika zalezy niska stabilnos¢;
btony od potencjatu btony
mitochondrialnej mitochondrialnej;

A¥Ym
(Mitotracker®
red CMXRos)

8. Pomiar poziomu uwzglednia biodostepnosé, sonda DCFH-DA nie jest
reaktywnych form dystrybucje oraz metabolizm selektywnym wskaznikiem
tlenu RFT przeciwutleniaczy w obrebie tworzenia okreslonych RFT
(DCFH-DA) komorki; w komorkach;

niska stabilnos¢;

9. Ocena liczby umozliwia normalizacje brak;
komorek za otrzymanych wynikow z
pomoca barwnika innych oznaczen w stosunku
Janus green do liczby komorek;

barwnik moze by¢
stosowany jednoczesnie z
metodami opartymi o
fluorescencje lub
luminescencjg;

10. | Test immuno- pozwala na ocene ekspresji nie daje pelnego obrazu
enzymatyczny biatek istotnych dla dotyczacego
MitoBiogenesis™ funkcjonowania funkcjonalnos$ci
In-Cell ELISA mitochondriow: COX-1 oraz mitochondridéw;

Kit SDHA;

test nie wymaga
przeprowadzenia lizy
komorek;
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7. Podsumowanie i omowienie najwazniejszych wynikow
l. Otrzymanie i charakterystyka: NSC, eNP oraz NP z komérek hiPSC

1. W wyniku réznicowania hiPSC otrzymano 3 populacje komdrkowe na réznych etapach
rozwoju neuralnego: NSC, eNP, NP, charakteryzujace si¢ specyficzng: morfologia,
ekspresja markerow neuralnych, neuronalnych i astrocytarnych oraz biogenezy
mitochondriow na poziomie mRNA [4] (Fig.1A, Suppl.Fig.1) oraz ekspresja gtéwnych
markeréw neuralnych na poziomie biatka [4] (Fig.1BC); [5] (Fig.1).

2. W stadium NSC, w porownaniu do komorek hiPSC zanotowano spadek ekspresji genow
pluripotencjalnych: POUSF1 oraz NANOG [4] (Fig.1A, Suppl.Fig.1) oraz wzrost poziomu
markeréw neuralnych komorek macierzystych: Nestyny, B-Tubuliny 111 [4] (Fig.1BC);
[5] (Fig.1).

3. Podczas réznicowania komorek NSC w  kierunku eNP odnotowano wzrost poziomu
ekspresji markeréw neuronalnych: B-Tubuliny Il oraz MAP2, pojawienie si¢ ekspresji
markera astrocytow GFAP oraz spadek poziomu ekspresji Ki67 [4] (Fig.1BC) [5], (Fig.1),
co $wiadczy o zmniejszeniu tempa proliferacji komorek eNP.

4. Podczas roznicowania komoérek eNP w kierunku NP odnotowano spadek ekspresji
Nestyny oraz wzrost poziomu ekspresji GFAP [4] (Fig.1BC); [5] (Fig.1), a takze dalsze
zmniejszenie tempa proliferacji (spadek ekspresji Ki67) [4] (Fig.1BC); [5] (Fig.1).

Il. Wplyw substancji badanych na wybrane procesy zyciowe komérek NSC, eNP i NP

1. W badaniach potwierdzono, ze PQQ [4] oraz IDB [5] w ustalonym, optymalnym stezeniu
0,5uM wptywa na: zywotnos¢ [4, 5] (Fig.2A), poziom RFT [4, 5] (Fig.2B), AYm
[4, 5] (Fig.2C), catkowitg liczbe komoérek [4, 5] (Fig.3C) oraz regulacj¢ biogenezy
mitochondriow [4, 5] (Fig.3AB, Fig.4ABC, Fig.5ABC).

2. Po ekspozycji na PQQ [4] oraz IDB [5] zanotowano obnizenie poziomu RFT [4, 5]
(Fig.2B), ktéremu towarzyszyt wzrost zywotnosci [4, 5] (Fig.2A) oraz wzrost calkowitej
liczby komorek [4, 5] (Fig.3C) w populacjach komorek NSC i eNP.

3. Zestawienie najwazniejszych wynikéw dziatania substancji badanych (PQQ 0,5uM
oraz IDB 0,5uM) na NSC, eNP i NP przedstawiono w publikacjach [4, 5] w Tabeli 1.
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I11. Wplyw substancji badanych na biogeneze mitochondriow

1. Wykazano istotny statystycznie wzrost kopii mtDNA pod wptywem PQQ [4] (Fig.4AB)
oraz IDB [5] (Fig.4AB) wylacznie w stadium eNP.

2. Po zastosowaniu PQQ [4] oraz IDB [5] zanotowano zmiany ekspresji genéw: NRF1,
PPARGC1A, TFAM [4, 5], w zaleznosci od stadium rozwojowego. Jednoczesny wzrost
ekspresji tych genow pod wptywem PQQ [4] oraz IDB [5] odnotowano jedynie
w stadium eNP [4] (Fig.5ABC); [5] (Fig.5ABC).

3. Po ekspozycji na PQQ [4] oraz IDB [5] w komodrkach NSC oraz eNP wykazano istotny
wzrost ekspresji biatek: SDHA, jak i COX-1 [4] (Fig.3AB); [5] (Fig.3AB).

IV. Wplyw substancji badanych na réznicowanie neuralne i jego zwiazek z biogeneza

mitochondriow

1. Wptyw PQQ [4] oraz IDB [5] na ekspresj¢ genu MAP2 i GFAP byt rézny w zaleznosci
od stadium zrdéznicowania komorek. Zmianom poziomu ekspresji genu MAP2 [4, 5]
(Fig.5D) oraz GFAP [4, 5] (Fig.5E) towarzyszyly zmiany: ekspresji genow regulujgcych
biogenez¢ mitochondriow: NRF1, TFAM, PPARGCI1A, [4, 5] (Fig.5ABC), liczby kopii
mtDNA [4, 5] (Fig.4AB) oraz ekspresji bialek: SDHA, COX-1 [4, 5] (Fig.3AB).

2. W stadium eNP, w ktorym potwierdzono wzrost poziomu wszystkich markeréw
biogenezy mitochondridéw po ekspozycji na PQQ [4] i IDB [5]. Potwierdzono wzrost
ekspresji GFAP oraz represje MAP2 po dziataniu PQQ [4] (Fig.5DE) lub jednoczesny
wzrost ekspresji GFAP oraz MAP2 po traktowaniu komorek IDB [5] (Fig.5DE).
Po dodaniu IDB do eNP wzrost ekspresji genu GFAP byt wyzszy niz MAP2
[5] (Fig.5DE).

3. Wykazano, ze wzrostowi genu PPARGCI1A [4, 5] (Fig.5B) zarowno w przypadku
zastosowania PQQ [4], jak i IDB [5] towarzyszy wzrost ekspresji markera astrocytow
GFAP [4, 5] (Fig.5E).

V. Omowienie wynikow

1. Zwiazek PQQ i IDB z PGC-1a i receptorami PPAR jest znany z literatury [30, 32-36].
Wiadomo réwniez, ze aktywacja receptorow jadrowych PPAR wptywa na wybor kierunku
réznicowania neuralnego [12]. Biatko PGC-1a kodowane przez gen PPARGC1A odgrywa
istotng role w biogenezie mitochondriow [30, 37]. PGC-1a ulega ekspresji na wysokim

poziomie podczas rozwoju zarodkowego, ale rowniez W progenitorach neuralnych i nowo
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powstatych neuronach W postnatalnym moézgu [38]. Xing i wsp., 2018 [37] wykazali,

ze nadekspresja genu PPARGC1A prowadzi do wzrostu ekspresji GFAP. Ponadto

udowodniono, ze aktywacja receptora. PPARa wigze si¢ z pojawieniem fenotypu

astrocytarnego; PPARP/6 neuronalnego, a PPARy oligodendrocytarnego [12].

W populacjach NSC, eNP iNP potwierdzono ekspresjc PPARA [4] (Suppl.Fig.1)

oraz wykluczono ekspresj¢ PPARG [7], ktorym towarzyszyt brak markerow fenotypu

oligodendrocytarnego i pojawienie si¢ markerow astrocytow w otrzymanych populacjach

[7]. Dotychczasowe wyniki sugerujg, ze przez aktywacje szlakow zaleznych od PGC-1a

oraz receptora PPARa substancje badane: PQQ [4] oraz IDB [5] promuja réznicowanie

astrocytarne.

PQQ [4] oraz IDB [5] wykazuja dziatanie wielokierunkowe, dlatego zmiany ekspresji

GFAP [4, 5] (Fig.5E) oraz MAP2 [4, 5] (Fig.5D) po traktowaniu komoérek PQQ [4]

oraz IDB [5] moga wynika¢ takze ze zmian poziomu RFT [4, 5] (Fig.2B) oraz A¥Ym [4, 5]

(Fig.2C).

e Wiele wskazuje na to, ze poziom RFT wpltywa na kierunek roéznicowania komoérek
macierzystych [10]. Wysoki potencjal samoodnowy komorek PSC oraz ekspresja
markerow pluripotencjalnosci OCT4, NANOG i SOX2 uwarunkowany jest przez niski
poziom RFT [10]. Wraz ze wzrostem stopnia zréznicowania maleje ekspresja
enzymOw antyoksydacyjnych 1 nastepuje wzrost poziomu RFT, ktéory promuje
réznicowanie neuralne [39]. Zarowno PQQ [40], jak i IDB [31] to zwigzki o silnych
wlasciwo$ciach antyoksydacyjnych. PQQ chroni mitochondria przed indukowang
stresem oksydacyjnym peroksydacja lipidow i inaktywacja ETC [40]. IDB przez
interakcje z ETC zwigksza wytwarzanie ATP wymaganego do funkcjonowania
mitochondriow, redukuje poziom RFT, hamuje peroksydacje lipidow oraz chroni
btone lipidowsa i mitochondria przed uszkodzeniami oksydacyjnymi [34, 35]. Ponadto
IDB bierze udziat w przenoszeniu elektronow bezposrednio do IIT kompleksu ETC,
zastepujac kompleks I i przywracajac produkcje ATP [36]. W prezentowanych pracach
[4, 5] wykazano, ze PQQ [4] oraz IDB [5] obnizajg poziom RFT [4, 5] (Fig.2B)
we wszystkich badanych populacjach komorkowych nie potwierdzono jednak wptywu
RFT na kierunek réznicowania hiPSC, co wymaga dalszych badan.

e Schieke i wsp. [11] udowodnili, ze zmiany A¥Ym majg duze znaczenie dla kierowania
réznicowaniem komorek SC, dlatego w badaniach oceniono zdolnos¢ do modyfikacji
A¥Ym przez PQQ [4] (Fig.2C) oraz IDB [5] (Fig.2C). Po traktowaniu komorek
zwigzkiem PQQ [4] jedynie w populacji eNP A¥m [4] (Fig.2C) wzrost istotnie
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statystycznie. W populacji NP odnotowano jego spadek. W populacjach NSC, eNP
oraz NP traktowanych IDB [5] nie wykazano znaczacych zmian w A¥Ym [5] (Fig.2C).
W badaniach zaobserwowano wzrost ekspresji markera astrocytow GFAP [4, 5]
(Fig.5E), jednak wyst¢powat on takze w komoérkach traktowanych IDB. To sugeruje,
ze mechanizm molekularny dotyczacy zmiany kierunku réznicowania w komorkach
traktowanych badanymi zwigzkami nie byl bezposrednio zwigzany ze zmianami A¥Ym

[4, 5] (Fig.2C). Zbadanie tej zalezno$ci wymaga dalszych badan.
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8. Wnioski

1)

2)

3)

4)

5)

6)

Przedstawione w dysertacji wyniki pozytywnie weryfikuja postawiong hipoteze,
wykazujac, ze wrazliwos¢ hiPSC na czynniki indukujace biogenez¢ mitochondriéw
(PQQ oraz IDB) podczas roznicowania neuralnego zalezy od stadium rozwojowego
komorek i ma zwigzek z ich Kierunkiem réznicowania.

Na weczesnych etapach rozwoju neuralnego hiPSC mozna wyodrebni¢ trzy stadia
rozwojowe (NSC, eNP, NP) roznigce si¢ istotnie ekspresja gendéw i biatek (do tej pory
stadium NP funkcjonowato w literaturze, jako populacja jednorodna).

W  komorkach hiPSC réznicowanych neuralnie istnieje przedzial ,,wrazliwos$ci
rozwojowej” na badane czynniki stymulujagce biogeneze mitochondriow. Aktywacja
biogenezy mitochondriow zar6wno za pomocg PQQ jak i IDB w tym przedziale
jest zwiazana z r6znicowaniem w Kierunku astrocytarnym.

Nie potwierdzono znaczenia zmiany potencjalu btony mitochondrialnej (A¥m)
oraz reaktywnych form tlenu (RFT) w regulacji roznicowania neuralnego hiPSC.
Zalezno$¢ molekularna stymulacji biogenezy mitochondriéw i zmiany drogi roznicowania
w stadium eNP w kierunku astrocytarnym dotyczy aktywacji drogi przekazywania
sygnalu spowodowanej wzrostem ekspresji genu PPARGC1A. Otrzymane wyniki
sugeruja wigc, ze zarowno PQQ jak i IDB promuja roznicowanie astrocytarne przez
aktywacje szlakow zaleznych od PGC-1a oraz receptora PPARa.

Komoérki w stadium NSC, eNP, NP otrzymane przez réznicowanie komorek hiPSC
stanowig dobry model in vitro do badan wrazliwo$ci wczesnych etapow rozwoju

neuralnego na czynniki indukujace biogenez¢ mitochondriow.
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Denvation of plurpotent stem cells from adult somate tssues by reprogramming technology has opened new therapeutc
possibilities. Cwrrent most efficient procedures for derivation of induced plunpotent stem (1P5) cells are based on the viral
vectors, which represent the danger of inserbional mutagenesis during incorporation of introduced genes into the host
genome. To circumvent this problem, the new, safe, non-integrative and non-viral strategies of reprogramming have been

developed. In thi= review we discuss novel DNA-free and viral-fres methods of reprogramming to iP5 cells inchiding protein

transduction, mENA and microFNA delrvery.

Eey words: 1P5 cells, somatic cells reprogramming, protein fransduction, mBEMA and miBNA transfection

INTRODUCTION

Development of cloning technology in vertebrates
clearly demonstrates that the nuclens of differentiated
somatic cell may attain pluripotent stage in the cyto-
plasm of the cocyte (Gurdon et al. 1964). Phenotypic
and melecular investigation of embryonic stem (ES)
cells during the last three decades has enabled identi-
fication of genes which are responsible for the mainte-
nance of cellular pluripotency in mammals (reviewed
in Michels and Smith 2012). However, in vifro condi-
tions for suceessful derivation of ploripotent cells from
differentiated somatic cells were not known. Yamanaka
and his PhD student, Takahashi, undertook the chal-
lenge of finding the proper combination of transcrip-
tion factors for genetic modification of mouse embry-
onic fibroblasts (MEF) into iPS cells (Takahashi and
Yamanaka 2006). The procedurs of reprogramuming
appeared to be the most efficient when a combination
of 4 cut of 24 tested genes encoding transcription fac-
tors Octd, Sox2, KIfd, c-Myc (OSEM factors, also

Correspondence should be addressed ro L. Buzanska
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called Yamanaka factors) was applied. One vear later
Yamanaka's group successfully derived iP'S cells also
from human fibroblasts (Takahashi et al. 2007). The
first methed, emploved for the introduction of repro-
gramming transcription factor genes to differentiated
cells, was based on four monocistronic retroviral vec-
tors. However, upon transduction, retroviral vectors
are randomly integrated into the host genome, thus
sigmficantly increasing the risk of insertional mta-
genesis and cancer (Schroder et al. 2002, W et al
2003, Bushman et al. 2005, Olita et al. 2008). In order
to lower the excessive amounts of random integration,
polycistronic vectors containing the sequence for all
reprogrammuing factors under a single promoter have
been used (Carey et al 2009, Zhang et al. 2011).
However, this method imvolves integration of trans-
genes, and therefore it is unsuitable for the generation
of clinical-grade 1PS cells.

In addition to the stable integration approach. the
transtent transfection using episomal vector or minicir-
cle DNA has been employed (Yu et al. 2009, Narsinh
et al 2011). This reprogramming methed is non-inte-
grating since the introduced genetic material persists
in the muclens as extrachromosomal DMNA. However,
potential spontanecns infegration cansing mutagenesis
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can occur, thus limiting the advantage of this tech-
nique for possible clinical applications (Okita et al.
2008). In that respect closer to the clinical application
seems to be efficient. transgen-free induction of human
pluripotent stem cells by the vectors derived from
Sendai virus. However. this technique involves viral
particles raising questions regarding the safety of gen-
erated iPS cells (Fusaki et al. 2009).

Sate methods for derivation of iPS cells have
become the main goal of development in reprogram-
ming technology. The most promising are DNA-free
and viral-free protocols. They include introduction of
reprogramming-inducing molecules into cells such as:
(1) recombinant proteins (Zhou et al. 2009, Kim D. et
al. 2009). (2) messenger RNA (mRNA) (Warren et al.
2010). and (3) mature microRNA (miRNA) (Miyoshi et
al. 2011). The efficiency of non-integrating reprogram-
ming methods is greatly enhanced by the use of low
oxygen level conditions (Szablowska-Gadomska et al.
2011) and small molecules such as histone deacetylase
inhibitors (Huangfu et al. 2008) and/or DNA methyl-
transferase inhibitors (Mikkelsen et al. 2008).

The strategies of somatic reprogramming such as
using recombinant proteins, mRNA and miRNA are
the safest and integration-free methods having the
highest potential for therapeutic application of all
known methods for reprogramming. These techniques
are the main focus of this review and will be described
below in detail.

RECOMBINANT PROTEIN TRANSDUCTION

The strategy to entirely replace gene delivery during
the reprogramming process by recombinant protein
transduction was reported for the first time by Kim D.
and coauthors (2009) and Zhou and others (2009).
Recombinant protein transduction is one of the DNA-
free strategies of cellular reprogramming that rely on
introduction of proteins into the target cells. bypassing
the need to introduce exogenous genetic materials.
However, some macromolecules including proteins
have largely limited ability to cross cellular membrane.
therefore. recombinant proteins have to be modified.
The observation that some proteins are able to pass
through the cell membrane barrier contributed to the
identification of specific domains controlling this pro-
cess. Cell penetrating peptides (CPP). also termed
membrane translocating sequences (MTS) or protein
transduction domains (PTDs). are peptides that have

the ability to transport through the cell membrane
large molecules in a process independent of classical
endocytosis. These properties make CPP domains suit-
able for ftransfer of proteins and other molecules into
living cells (Fig. 1). for spreading the protein from
transfected to non-transfected cells (Beerens et al.
2003) and also for entering the nucleus (Matsui et al.
2003, Prochiantz 2000).

Naturally existing peptides having the ability to
translocate through the cell membrane barrier are
characterized by a high proportion of basic amino
acids (e.g.. arginine or lysine) (Ziegler et al. 2005.
El-Sayed et al. 2009). Poly-arginine domains are the
type of CPP which are frequently used in reprogram-
ming protocols. They bind to the plasma membrane.
facilitating chemical compounds or proteins to translo-
cate through the cell membrane (Schwarze et al. 2000).
Poly-arginine penetrating peptide is composed of six
to twelve arginine residues and assigns recombinant
proteins with high transduction capacity (Matsui et al.
2003). It has been reported that oligo-arginine residue
(3R) was sufficient for delivery of functional transcrip-
tion factors. but its delivery effectiveness is not as
powerful as poly-arginine (11R) residue (Hitsuda et al.
2012). Thus, for cellular reprogramming pluripotency
transcription factors. such as K1f4, Oct4. Sox2, Nanog
and Lin28, have been produced as recombinant pro-
teins containing nine or eleven “arginin fails™ func-
tioning as protein transduction domain (PTD).

The pioneers of the experimental procedure for
reprogramming using recombinant proteins (Kim D. et
al. 2009, Zhou et al. 2009) applied the method of serial
transduction with proteins containing poly-arginine
domain. Though the process of reprogramming somat-
ic cells to pluripotency stage was completed. the effi-
ciency of this process was low. However. using recom-
binant proteins for cellular reprogramming has some
advantages. as it does not require complicated manipu-
lation protocols and also does not incorporate any
changes to the genome. thus representing a safe meth-
od for iPS cells derivation.

For the pioneering experiments, Zhou and col-
leagues used MEFs from OG2 transgenic mice (Oct4d-
GFP reporter). MEFs were cultured in media contain-
ing Oct4, Sox2. Klf4, c-Myc recombinant proteins
associated with poly-arginine domain (11R) in the
presence of valproic acid (VPA) — a histone deacety-
lase inhibitor (HDAC). After four rounds of protein
supplementation and subsequent culture of 5x10° MEF
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cells for 2328 days, three 1PS cell clones positive for
Oct4-GFP reporter gene were successfully generated.
Resulting 1PS cells formed compact small colonies,
which were morphologically similar to mouse embry-
onic stem (mES) cell colonies. Global gene expression
analysis revealed that derived 1PS cells were similar to
mES cells and subsequent genomic sequencing analy-
ses showed that Oct4 and Nanog promoters were dem-
ethylated. Obtained iPS cells contributed to embryonic
development of the three germ layers in mouse chime-
ras and they also possessed the ability to differentiate
into neurons, cardiomyocytes, and pancreatic as well
as hepatic cells (Zhou et al. 2009).

For the reprogramming of human newborn fibro-
blasts (HNF) Kim and colleagues (2009) used whole
cell extracts from human embryonic kidney (HEK)
293 cells, which were transfected with plasnud encod-
ing pluripotent factors, such as OCT4, SOX2, KLF4
and C-MYC. Proteins were fused to 9-arginine peptide
tags to allow transport through the plasma membrane.
Cell extracts were added to the fibroblast cultures six
times within the first week. Efficiency of reprogram-
ming was low (0.001%), but obtained cells possessed
pluripotent stem cell properties including differentia-
tion potency info three germ layers performed in virre
and in vive (Kim D. et al. 2009).

Protein transduction method in reprogramming can
be used routinely for developmentally immature new-
born or fetal cells. However, it has been proven that it
is generally more difficult for adult cells to undergo
reprogramming procedures (Park et al 2008).
Szablowska-Gadomska and colleagues (2012) reported
that human umbilical cord blood-derived neural stem
cells (HUCB-NSC) can be reprogrammed using
recombinant proteins fused with poly-arginine
domains. HUCB-NSCs have been treated with HEK 293
cell extracts contaming KLF4-9R, OCT4-9R and
SOX2-9R recombinant proteins. The induction of
pluripotency in HUCB-NSC was successful when
small molecules, such as histone deacetylase mhibitor
Trichostatin A (TSA), DNA methyltransferase mhibi-
tor RG-108, and 5% oxygen tension were applied in
addition to the recombinant proteins. TSA and RG-108
in combination with low oxygen tension showed an
important role in epigenetic stimulation and in the
generation of induced pluripotent stem cells from
HUCB-NSC (Szablowska-Gadomska et al. 2012).

Several studies have indicated that other peptide
domains can also be functional as the potential protein
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transmembrane carriers (Wadia and Dowdy 2002).
The cell penetrating TAT domain from HIV1 (HIV1
TAT) is one of these, and was used for reprogramming
of human fibroblasts (Pan et al. 2010). However, the
reprogramming to iPS cells was not fully successful,
since TAT engineered proteins remained in the endo-
somes instead of being transported to the nucleus. To
make TAT-protein-based reprogramming effective, the
approach of the conjugation in complex with cationic
liposomes (lipo-Tat) was applied resulting in higher
transduction efficiency (by 1000 fold) (L1 et al. 2012).
iPS cell generation using TAT-conjugated reprogram-
ming factors (Oct4, Sox2, c-Mye, K14, Nanog) was
further supported by adding VPA to the culture medi-
um (Zhang et al. 2012).

In summary, the application of recombinant pro-
teins 15 considered to be a safe and non-integrative
method of generation of 1PS cells, although this tech-
nology has some limitations. One of them is the qual-
ity and quantify of recombinant proteins required for
cellular reprogramming, since it is challenging to gen-
erate and purify sufficient quantities of desired pro-
tems. The other limifation is linked fo bacterial post-
translational modification of proteins, which revealed
essential disadvantages and low efficiency of 1PS cell
generation (Zhou et al. 2009). Since 1PS cells obtained
by recombinant proteins transduction have significant
potential for clinical application, these technical diffi-
culties need to be resolved (Yang et al. 2012). It is of
note that the first clinical trial using 1PS cells, which
has already started in Japan in order to cure retinal
disease age-related macular degeneration (AMD), 1s
based on iPS cells obtained by the technology of repro-
grammuing with recombinant proteins (Cyranoski 2013,
Takahashi 2013).

TRANSFECTION WITH mENA

Efficient reprogramming of somatic cells fo pluri-
potency can be achieved by introducing mRNA mole-
cules into living cells. mRNA can be obtained from
purified Iysed cells, synthesized from free nucleotides
either chemically or enzymatically, and delivered to
the cells by microinjection, electroporation or lipofec-
tion. Transfected cells translate the mRNA into the
desired protein (Fig. 2), which can be transported to
the nucleus for its functional outcome. The mRNA
technique may offer several advantages over the clas-
sical reprogramming protocols. Technology based on
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mRNA totally eliminates the risk of integration of
genetic material into the genome and insertional muta-
genesis inherent fo all DNA-based methodologies,
including those that are defined as non-integrating.

Transfection using mRNA encoding reprogram-
ming factors was applied for the first time in 2010
(Warren et al. 2010, Yakubov et al. 2010). Warren and
colleagues (2010) produced human 1PS cells by repeat-
ed transfection of modified synthetic mRNAs designed
to bypass innate antiviral responses. Fibroblasts and
keratinocytes were transfected with four synthetic
modified mRNAs encoding Oct4, Sox2, KIf4, and
c-Myc in the presence of interferon inhibitor. Efficiency
of synthetic mRNA transfection in cellular reprogram-
ming was higher than using retroviral vectors (1.4%
versus 0.04%. respectively). It was also shown that
additional fransfection of Lin28-encoding synthetfic
modified mRNAs, under hypoxic conditions, enhanced
reprogramming of fibroblasts and keratinocytes to 1PS
cells.

1PS cells obtained wsing mRNA molecules show
simular characteristics and morphology as derived by
Yamanaka protocol using the retroviral transduction
method (Takahashi et al. 2007). However, some dis-
tinctions in the molecular phenotype, differentiation
capacity, and teratoma formation between viral iPS
and the mRNA-1PS cells have been reported. The dif-
ferent capability of teratoma formation in vive can be
explained by the possibility of producing partially
reprogrammed intermediates during mRNA-based
reprogramming procedure (Chan et al. 2009).

The ability to maintain a high-level of expression of
defined proteins in human cells for many days without
infroducing the cells to unsafe DNA-based transgenes
makes the mRNA-based reprogramming procedure
attractive for therapeutic applications. Today 1t 1s con-

Recombinant protsins

Fig. 1. Delivery of recombinant protemns to the somatic cells:
(CPP) cell penetrating peptide.

sidered to be the optimal strategy for the fast genera-
tion of pluripotent cell lines with therapeutic potential
as compared to other non-integrative methods using
episomal DNA plasmids or highly-infective Sendai
virus. The mRNA reprogramming method 1s consid-
ered to be the safest and a highly efficient method,
which eliminates the need for screening the cells to
confirm viral remnants (Warren et al. 2010). However,
mRNA molecules delivered into the living cells usu-
ally induce a significant inflammatory response and
may also cause a variety of nonspecific effects includ-
ing translation block. cell cycle arrest and apoptosis
(Warren et al. 2010). Frequently observed cell death
after repetitive transfection of cells with even a small
amount of mRNA was related to the cell immune
response. The application of chemical compounds
(Pepinh-TRIF, Pepinh-MYD, BI8R, chloroquine, TSA)
known for their ability to suppress such cellular
responses did not evoke the desired effect (Drews et al.
2012). One of the possibilities to solve this problem is
the use of RNA wviruses to destroy or inhibit specific
immune-related proteins which enable persistent infec-
tion (Bode et al. 2007). The other possibility to escape
the response of the immune system during multiple
transfections with mRNA is the induction of suppres-
sion of exogenous RNA-recognition receptors (PRRs).
They include Toll-like receptors TLR3, TLR7, TLR&
(Alexopoulou et al. 2001, Diebold et al. 2004, Kariko
et al. 2005), the RNA helicase RIG1I (RARRES3)
(Yoneyama et al. 2004), protein kinase R (PKR, aka.
EIF2ZAK2) (Levin et al. 1981), and members of the
oligoadenylate synthetase family of proteins (OAS1,
OAS2, OAS3). These and other receptors trigger an
inflammatory response upon detecting pathogen-asso-
ciated molecular patterns (PAMPs) such as exogenous
RINA. However, it 1s not yet clear how cells distinguish
exogenous mRNA from the large amount of endoge-
nous RNA (Hornung et al. 2006, Saito et al. 2008,
Takahasi et al. 2008, Yoneyama and Fujita 2008,
Schmidt et al. 2009).

The third possibility to increase the rate of recovery
of cells transfected with mRNA is the knock-down of
p53 (Angel and Yanik 2010). The same group has
introduced the procedure of desensitizing cells to fre-
quent transfection with mRNA. They applied small
interfering RNA (siRNA) cocktail for the combined
knock-down of interferon beta (IFNB) and transcrip-
tion factors Eif2ak2, Stat2 to allow sequential trans-
fections with mRNA for the successful reprogram-

34



ming. Co-transfection of cells with siRNA cocktail
designed to directly knock-down the expression of
immune-related proteins allowed for repeated trans-
fection with exogenous mRNA and increased viability
of mRNA transfected cells (Angel and Yamk 2010).
Further methodological advancement was the pro-
longed transfection with mRNA. which allowed for
generation of iPS colonies without interferon-directed
blocking (Arnold et al. 2012). Arnold and colleagues
(2012) used thus technology together with the combina-
tion of three transcription factors (OSK and ONT) for
successful reprogramming of human Huntington’s
disease fibroblasts. However, the efficiency of repro-
gramming was low: 0.0005% of input cells as com-
pared to 14% obtained by Warren and coworkers
(2010) with the OSKN transcription factor combina-
tion.

Although the generation of iPS cells from adult
patients 1s difficult, Heng and colleagues (2013) gener-
ated human 1PS cells from adipose-derived mesenchy-
mal stem cells (MSCs) from a 50-year old patient using
synthetic modified mRNA encoding transeription fac-
tors in feeder-free defined conditions. Twelve karyo-
typically normal clonal 1PS cell lines that were obtained
revealed normal karyotype up to 10* passage, but after
24 passages displayed chromosomal mosaicism of nor-
mal and abnormal karyotypes. Reprogramming effi-
ciency was at 0.005% level, and thus the procedure
was considered just as the progress toward reaching
clinical application (Heng et al. 2013).

Despite a few disadvantages which are recently
being reduced by technological progress, the mRNA
technique for iPS cell derivation is safer than wviral-
based classical reprogramming protocols, since if
eliminates the risk of genomic integration and inser-
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tional mutagenesis. Application of the modified RNA
strategy may serve in the future as the method for
derivation of the clinical-grade human i1PS cell lines.

TRANSFECTION WITH miRNA

miRNAs are 18-24 nucleotide-long single stranded
RNA molecules usually generated from non-coding
regions of gene transcripts, and function to suppress
gene expression by repression of mRINA translation.
miRNAs are associated with a protein complex called
RNA-induced silencing eomplex (RISC) which inhib-
its the translation of targeted mRNA (Ambros 2004,
Bartel 2004, Rana 2007, Kim VN et al. 2009)The
reports showed that specific muRNAs can play a criti-
cal role in control of pluripotency-related genes. These
conclusions were based on studies demonstrating that
specific miRNAs are highly expressed in embryonic
stem cells (Houbaviy et al. 2003, Suh et al. 2004,
Marson et al. 2008). Several years earlier Leeand
coworkers (1993) and Ruvkun (2001) confirmed the
significant role of miRINAs in regulation of embryonic
development and cell differentiation. Some important
cellular processes that miRINAs have been implicated
in include: expression of self-renewal genes in human
embryonic stem (hES) cells (Xu et al. 2009), cell cycle
control of ES cells (Wang et al. 2008), alternative splic-
ing (Makeyev et al 2007) and heart development
(Latronico and Condorelli 2009).

Several miRNAs could mediate reprogramming of
somatic cells to 1PS cells, or they enhance 1PS cell
reprogramming when expressed with combinations of
the OSKM factors (Judson et al. 2009). Specific miR-
NAs, such as miR290-295 m mouse or miR-302/367 in
human, facilitate iPS cells to maintain the ES cell phe-

Fig. 2. mRNA delivery to the living cell and activation of the gene response.
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notype by stimulation of expression of pluripotent
genes (Wang et al. 2007, 2008, Babiarz et al. 2008,
Wang and Blelloch 2009). These miRNAs have the
ability to regulate the cell cycle which probably is con-
nected with their capacity to enhance 1PS cell repro-
gramming (JTudson et al 2009). Furthermore, cell-
specific miRNAs can replace the function of e-Myce
during reprogramming (Judson et al. 2009). Lin and
others (2011) reported co-suppression of four epige-
netic regulators: Lysine-specific histone demethylase
1A (also known as AOF2, KDMI1 or LSD1), histone
H3K4 demethylase (AOF1), histone deacetylase com-
plex-repressor component (MECP1-p66) and Methyl-
CpG-binding domain protein 2 (MECP2) by miR-302.
The consequence of AOF2 silencing connected with
DNA-methyltransferase-1 (DNMT1) deficiency result-
ed in global genomic DNA demethylation and H3K4
modification during somatic cell reprogramming
(SCR), while supplementation of AOF2 changed pluri-
potent stage of 1PS cells propagating their differentia-
tion (Lin et al. 2011). Involvement of different miRNA
clusters 1n the activation and inhibition of the specific
cellular processes during reprogramming is presented
on Figure 3.

The mir-302 cluster is located in the 4q25 locus of
human chromosome 4 (Puca et al. 2001) and 1is pre-

Somatic cell iPsC
Reprogramming ) . -._
L )
Inhibition of Mesenchymal Activation of
apoplosis and to Epithalial pluripotency
incraass in Transition genes
proliferation

miR-21
miR-2%a
miR-158a-3p

family

Fig. 3. The role of miRNA 1in the activation and inhibition of
the specific cellular processes during reprogramming.

donunantly expressed in hES and 1PS cells (Suh et al.
2004, Wilson et al. 2009). while during early embry-
onic development and in vifre differentiation the
expression of miR-302 is lost (Suh et al. 2004, Ren et
al. 2009). The majority of nuR-302-targeted genes are
transcripts of developmental signals and oncogenes
(Lin et al. 2008). The MiR-291/294/295 family pres-
ents a similar expression profile in mice (Judson et al.
2009).

As demonstrated by Lin and coworkers (2008), nuR-
302 cluster not only improves the efficiency of SCR
but also enhances the stemness and pluripotency of the
reprogramuned cells. In addition, miR-302 may silence
cyclin-dependent kinase inhibitor 1 (CDKI1, p21Cipl)
thus promoting cell proliferation (Dolezalova et al.
2012). In human cells miR-302 cluster was also shown
to be implicated 1n the inhibition of GI-S cell cycle
transition by simultaneous suppression of cyclin
E-CDK2 and cyclin D-CDK4/6 pathways (Lin et al.
2010).

Next to the miR-302s, the miR-367 expression is
essenfial for 1PS cell reprogramming by the nuR-
302/367 cluster (Betel et al. 2008, Zhang and Wu
2013). The miR-302/367 cluster has been shown to be
a direct target of Oct4 and Sox2 transcription factors,
since levels of miR-302/367 cluster correlate with Oct4
transcripts in ES cells during early embryonic devel-
opment, indicating an important role of these miRNAs
in ES cell homeostasis and maintenance of pluripo-
tency (Card et al. 2008). Moreover, expression of the
miR-302/367 cluster can directly reprogram mouse and
human somatic cells to a pluripotent cell state without
the presence of reprogramming transcription factors
(Anokye-Danso et al. 2011). The efficiency of repro-
gramming obtained by Anokye-Danso and colleagues
(2011) was higher when mtegrating viral vectors
encoding miRNAs were used, compared to the method
based on direct transfection of mouse and human cells
with mature niRNAs (miR-200c, miR-302. miR369)
(Miyoshi et al. 2011). The same combination of miRNA
was 1nvestigated and found to successfully generafe
induced pluripotent stem cells from human somatic
cells. The reprogramming was effective when trans-
fections with mature miRNA were repeated 4 times in
48 h intervals. After 30 days post-transfection miR-
NA-derived 1PS cells expressed genes typical for
undifferentiated ES cells, including Nanog, Oct4,
Sox2, Cripto, Dppa5 and Fbxl15, Ssea-1, as well as
E-cadherin which is the epithelial cell marker highly
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expressed in ES cells (Miyoshi et al. 2011). However,
the reprogramming efficiency using this method based
on incorporation of mature miRNA molecules was
about 0.01%. These experiments showed that nuiRNAs
can reprogram somatic cells to pluripotency and miR-
367 1s required for muR-302/367 reprogramming.
Moreover, the supplementation with histone deacety-
lase inhibitors, such as valproie acid or sodium butyrate
in miR-302/367 reprogramiming further enhanced this
process (Anokye-Danso et al. 2011, Zhang and Wu
2013). The miR-302/367 expression along with HDAC?2
suppression allows for highly efficient iPS cell repro-
gramming (10%) without the expression of the com-
monly used reprogramming factors. Moreover, the
miRNA-based method was more efficient than previ-
ously described strategies, mcluding transfection of
synthetic mRNAs or OSKM factors (Warren et al
2010).

Reprogramming methods using mature miRNAs do
not require vector-based gene transfer, therefore they
can be considered to be a potential solution for the
personalized medical applications.

CONCLUSIONS

Reprogramming methods are constantly developing
due to the amazing technological progress in the stem
cell field. The performance of the applied methods is
expected to be improved, while maintaining a high
degree of safety. The present state of the art in the
advancement of reprogramming procedures suggests
that utilizing integration-free and virus-free methods
under feeder-free conditions is the most promising step
toward safe translation of 1PS cells to future possible
personalized regenerative medicine.

Improving both the efficiency and biological safety
of reprogramming using recombinant proteins, mRNA
and miRNAs is an opportunity for more rapid intro-
duction of 1PS cells to therapeutic application.

However, despite the overall methods of reprogram-
ming, it 1s very crucial to extensively investigate the
1PS cell-derived cell lines considered to be used in the
clinic. The issues that must be evaluated in addition to
the reprogramming technology raised in this review
are the appropriate somatic origin of iPS cells and a
proper differentiation of 1PS in order to exclude the
immunogenic potential of undifferentiated cells and
elimination of the risk of tumorigenesis in the host tis-
sue.
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ARTICLE INFO ABSTRACT

Keywords: Pyrrologuinoline quinone (PQQ) is a factor influencing on the mitochondrial biogenesis. In this study the PQQ
Mitochondral biogenesis effect on viability, total cell number, antioxidant capacity, mitochondrial biogenesis and differentiation potential
PQQ was investigated in human induced Pluripotent Stem Cells (iPSC) - derived: neural stem cells (NSC), early neural

Developmental neurotoxicity
Neural stem cells

Neural progenitors

hiPSC

progenitors (eNP) and neural progenitors (NP). Here we demonstrated that sensitivity to PQQ is dependent upon
its dose and neural stage of development. Induction of the mitochondrial biogenesis by PQQ at three stages of
neural diffe ion was eval d at mtDNA, mRNA and protein level. Changes in NRFI1, TFAM and
PPARGCIA gene expression were observed at all developmental stages, but only at eNP were correlated with the
statistically significant increase in the mtDNA copy numbers and enhancement of SDHA, COX-1 protein level.
Thus, the “developmental window™ of eNP for PQQ-evoked mitochondrial biogenesis is proposed. This effect was
independent of high antioxidant capacity of PQQ, which was confirmed in all tested cell populations, regardless
of the stage of hiPSC neural differentiation. Furthermore, a strong induction of GFAP, with down regulation of
MAP2 gene expression upon PQQ treatment was observed. This indicates a possibility of shifting the balance of

cell differentiation in the favor of astroglia, but more research is needed at this point.

1. Introduction

Differentiation ability and the therapeutic potential for personalized
diagnosis and treatment are the main qualities of human induced
pluripotent stem cells (hiPSC) (Takahashi et al., 2007; Szablowska-
Gadomska et al., 2012). hiPSC can generate neural stem cells, as well as
neural and glial progenitors (Choi et al., 2014), Neural stem cells (NSC)
and neural progenitors (NP) can subsequence be differentiated into
neurons, astrocytes and oligodendrocytes. Neural stem cells can be
obtained from hiPSC by direct differentiation under adherent condi-
tions (Chambers et al., 2010), or indirectly, through the stage of three-
dimensional aggregates formed by hiPSC (Embryoid Bodies) in a sus-
pension culture (Karumbayaram et al., 2009; Szablowska-Gadomska
et al., 2012). The latter method is considered currently as the closest
model of in vitre embryo neurogenesis.

Mitochondria play a central role in cell metabolism by controlling
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the cellular respiration and energy production. Somatic cells repro-
gramming into iPSC is associated with decrease in mitochondria con-
tent and activity, and with metabolic shift toward glycolysis. The op-
posite occurs during differentiation (Wanet et al, 2015). In 2010
Prigione with colleagues, introduced a “metabolic state hypothesis”
linking mitochondrial state and cellular metabolism to the stage of
differentiation. The differentiation process is an inverse process to the
reprogramming and is associated with increase the mtDNA copy
number, ATP levels and oxidative phosphorylation intensity, while the
decreasing production of lactic acid. Mitochondria take a part in the
stem cells differentiation decisions and development of stem cells by
the level of free radicals (ROS) modulation and intensity of oxidative
phosphorylation (Xu et al., 2013), but also by the increase of mi-
tochondrial mass, which is proportional to the neuronal mass growth
(Zheng et al., 2016). However, the mechanisms linking mitochondrial
biogenesis to the neural stem cell differentiation are still unknown.
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Substances which induce mitochondrial biogenesis may play a role
in neural stem cells (NSC) development. One of them is
Pyrroloquinoline quinone, a well-studied compound modulating mi-
tochondria DNA content and positively influencing the biogenesis of
mitochondria (Bauerly et al., 2006; Chowanadisai et al., 2010). PQQ is
responsible for the increase of the amount of mitochondria by mod-
ulation in CREB (cAMP-response-element-binding protein) phosphor-
ylation and subsequent PPARGCIA (Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a)) directed up-regulation
of NRF-1 (nuclear respiratory factor-1), NRF2 (nuclear factor, erythroid
2-like 2) and TFAM (transcription factor A, mitochondrial) expression
(Chowanadisai et al., 2010).

Despite the plethora of studies on PQQ, its activity on different
stages of neural differentiation has not been evaluated. We present here
our studies on the response of neural stem cells generated from hiPSC to
Pyrroloquinoline quinone treatment. We were investigating whether
sensitivity to different concentrations of PQQ and induction of mi-
tochondrial biogenesis depend on the stage of differentiation of NSC.
For that purpose we generated from hiPSC three cell populations at
different developmental stages: neural stem cells (NSC), early neural
progenitors (eNP) and neural progenitors (NP). NSC, eNP and NP
phenotype has been confirmed with qualitative and quantitative ana-
lysis of protein expression (immunocytochemistry) and gene expression
(RT-PCR and RNA-seq). Subsequently, we tested the influence of PQQ
on cell viability, total cell number, ROS level, mitochondrial membrane
potential and differentiation capacity. The biogenesis of mitochondria
has been checked by analysis: succinate dehydrogenase (SDHA) and
cyclooxygenase isoenzymes (COX-1) protein level, mtDNA copy
number (qPCR) and NRF-1, TFAM and PPARGCIA genes expression
(RT-qPCR). The influence of PQQ on neural differentiation capacity of
hiPSC was evaluated by the analysis of the expression of genes related
to neuronal (MAPZ) and astrocytic (GFAP) differentiation.

2. Materials and methods
2.1. Cell culture and neural differentiation

The induced pluripotent stem cells (iPS) were feeder free cell line
derived from CD34 + fraction of human cord blood cells by transfection
with EBNA1-based episomal system comprising of seven factors: SOX2,
OCT4, KLF4, MYC, NANOG, LIN28, SV40L T antigen (The Gibco®
Human Episomal iPSC Line, Life Technologies, Thermo Fisher
Scientific). The cells were grown on recombinant human Vitronectin
(Thermo Fisher Scientific), maintained in culture in Essential 8 Medium
(Thermo Fisher Scientific). The neural commitment to the stage of NSC
was performed according to Yan et al., 2013 with some modifications,
while further differentiation was proceeded with our protocol im-
plementing neural differentiation medium type I and type IL. Briefly, at
the 80% of confluence Essential E8 Medium was changed to the neural
induction medium (Gibco® PSC Neural Induction Medium, Thermo
Fisher Scientific) and cells were cultured for 7 days with medium
changed every second day. On the 7th day of culture cells were plated
in 96 or 6 well plates (Nunc) coated by 1:30 Matrigel: DMEM/F12 ratio
(BD Matrigel™ Basement Membrane Matrix, BD Biosciences) in Neural
Expansion Medium (Neural Induction Supplement 1:50, Neurobasal,
DMEM/F12, 1:1) to obtain neural stem cell (NSC) population. NSCs at
passage 6 were used for derivation of early neural progenitors (eNP). To
obtain eNP stage of development, cells were grown for 14 days in
neural differentiation medium type I: Neurobasal, DMEM/F12 [1:1], N2
supplement 1%, B27 supplement 1%, EGF [20 ng/ml], bFGF [20 ng/
ml]. The third tested cell population — neural progenitors (NP), was
obtained by withdrawing of EGF and bFGF from the above mentioned
medium (neural differentiation medium type 1) and culturing for the
following 14 days. NSC, eNP and NP phenotype has been confirmed
with RT-PCR, RNAseq (mRNA copy number) and im-
munocytochemistry staining (protein expression), as described below.
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2.2, Immunofluorescence staining

After fixation with 4% of PFA (15 min) cells were washed with PBS,
permeabilized with 0,1% Triton X-100 and blocked with 10% goat
serum. The following primary antibodies were applied overnight:
NESTIN (1:500 Millipore), B-TUBULIN III (1:1000, Sigma-Aldrich), DCX
(1:500, Cell Signaling Technology), MAP-2 (1:500, Sigma-Aldrich),
Ki67 (1:500, Novocastra), NF200 (1:200, Sigma-Aldrich), GFAP (1:500,
Dako). After washing with PBS, appropriate secondary antibodies
(Alexa Fluor 488 and 546, 1:1000, Thermo Fisher Scientific) were ap-
plied for 1 h, and cell nuclei were contra stained with Hoechst 33,258
(Sigma-Aldrich). The measurement of fluorescence was performed by
calculating the % of the area of selected positive marker staining per
image. Images and calculations were obtained using Confocal Laser
Microscope LSM 510 (Zeiss) and ZEN 2012 blue edition software in the
Laboratory of Advanced Microscopy Techniques, Mossakowski Medical
Research Centre, Polish Academy of Sciences.

2.3, PQQ treatment

Cells were seeded at a 96-well or 6-well plate covered with the
solution of Matrige.DMEM/F12, 1:30 ratio (BD Matrigel™ Basement
Membrane Matrix, BD Biosciences) at density 5 x 10° cells/em® in
Neural Expansion Medium for Neural Stem Cells (NSC) population; 2)
in neural differentiation medium (type I differentiation medium) for
Early Neural Progenitors (eNP) population; 3) in neural differentiation
medium (type 11 differentiation medium) for Neural Progenitors (NP)
population. After 24 h the medium was replaced with fresh medium
supplemented with PQQ (Sigma) at concentrations 0,5 uM; 0,25 pM;
0,125 pM; 0 pM.

2.4. Alamar blue cell viability assay

Cell viability was measured by Alamar blue viability assay (Sigma-
Aldrich) after 5 days of incubation with PQQ at various concentrations
(0-0,5 pM). Untreated NSC, eNP and NP cell populations were used as
the controls. Alamar Blue (0,1 mg/ml Sigma) was added to the culture
medium (1:10) for 3h in 37 "C. The fluorescence intensity of resorufin
was measured by Fluoroscan Ascent (FL, Labsystems) plate reader at
544 nm and 590 nm wavelengths for excitation and emission, respec-
tively. The results were normalized to the whole cell number with Janus
green normalization staining (Abcam) according to the manufacturer's
protocol. Final data are presented as % of the untreated control.

2.5. Reactive oxygen species detection

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay (Sigma-
Aldrich) was used to measure the ROS level at the experimental and
control cell populations. The DCFHDA reagent at a concentration of
1 pM was added to the cell cultures then incubated for 3 h. After the fat-
soluble DCFH-DA enters the cell, it is hydrolyzed by lipase into DCFH,
then the non-fluorescent DCFH is oxidized by intracellular ROS to be-
come fluorescent DCF, detected by quantitative fluorescent measure-
ments. The fluorescence of DCF was measured at a wavelength:
485-538 nm on plate reader (Fluoroscan Ascent FL (Labsystems). The
normalization of the fluorescent measurements to the whole cell
number for each sample was performed with Janus green normalization
staining (Abcam) according to the manufacturer's protocol. Final data
are presented as % of untreated control.

2.6. Mitochondrial membrane potential assay
Changes in the mitochondrial membrane potential were evaluated
at three different stages of hiPSC neural differentiation (NSC, eNP and

NP) in control cells and after 5day of cell exposition to PQQ
(0-0,5pM), using the mitochondrial membrane potential (Aym)-
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sensitive fluorochrome Mitotracker® Red CMXRos (Thermo Fisher
Scientific). The level of mitochondrial membrane potential, revealed as
the red dye fluorescence intensity, was measured 4 h after MitoTracker
Red CMXRos (50 nM) was added to the cells and detected at a wave-
length: 544-590nm on plate reader (Fluoroscan Ascent FL
(Labsystems). Janus green normalization staining (Abcam) was used for
normalization of the fluorescence readouts to the whole cell number for
each sample and final data are presented as % of untreated with PQQ
control.

2.7. Succinate dehydrogenase (SDH-A) and cyclooxygenase isoenzymes
(COX-1) protein expression assay

The protein level of succinate dehydrogenase A (SDH-A) was eval-
uated by enzyme-linked immunosorbent assay (ELISA) (MitoBiogenesis
In-Cell ELISA Colorimetric kit, Abcam). After 5 days of incubation with
PQQ, NSC, eNP and NP cells were fixed with 4% PFA on 96-well
Matrigel coated plate (RT), then the cells were incubated for 5 min with
0.5% acetic acid in order to block the endogenous alkaline phosphatase
activity. After washing with PBS, permeabilization of the cell mem-
brane by 1x Permabilization Buffer for 30 min was performed.
Unspecific antibody binding was blocked with 2 x Blocking Buffer for
2h and the incubation with primary antibodies anti-SDH-A was per-
formed for 24 h. The incubation for 60 min with the secondary anti-
body conjugated with alkaline phosphatase was followed by the reac-
tion with the substrate for alkaline phosphatase. The absorbance was
measured colorimetrically immediately after reaction took place, at OD
405 nm wavelength (Fluostar plate reader OMEGA, BMG LABTECH). To
determine the protein level of cyclooxygenase isoenzymes (COX-1), the
enzyme-linked immunosorbent assay (MitoBiogenesis In-Cell ELISA
Colorimetric kit, Abcam) was performed. After the fixation of NSC, eNP
and NP control and experimental cell populations, permeabilization
was performed with 1 % Permabilization Buffer. After incubation with
2 x Blocking Buffer, primary antibody anti-COX-1 for 24 h was added.
Secondary antibody conjugated with horseradish peroxidase was ap-
plied for 60 min. After antibody removal, the substrates for horseradish
peroxidase were added and absorbance was immediately measured at a
wavelength of OD 600nm (Fluostar plate reader OMEGA, BMG
LABTECH). SDH and COX-1 protein expression level (readouts as the
absorbance level) were normalized to cell number with Janus green
normalization staining (Abcam) according to the manufacturer's pro-
tocol. After these steps SDHA and COX-1 protein expression were pre-
sented as % of untreated with PQQ control.

2.8. Total cell number measurements

After 5days of incubation with PQQ the total cell number was
evaluated by Janus Green reagent (Abcam) in tested cell populations.
Cells were fixed with 4% PFA (RT). Incubation with 1 x Janus green
reagent (5 min) was followed by the reaction with 50 pl of 0,5 M HCl
(10 min in RT). Before the HCL was added, the cells were washed with
PBS until Janus green dye was completely removed. The absorbance
was measured using a Fluostar plate reader OMEGA (BMG LABTECH) at
a wavelength: OD 595 nm. Total cell number was obtained from stan-
dard curve. The results are presented as % of untreated control.

2.9. Gene expression analysis

2.9.1. Primer design

All primers were design using Primer3 software (http://bioinfo.ut.ce/
primer3-0.4.0/) based on the mRNA and DNA nucleotide sequences
from GenBank (http://www.nchi.nlm.nih.gov/genbank /). Primers speci-
ficity was checked in Primer-BLAST (htp: //www.ncbl.nlm.nih.gov/wols/
primer-blast/). The properties of each RT-PCR, ¢PCR and RT-qPCR
primer, including melting temperature, GC content, and PCR suitability
were evaluated using free online software (htip://www.bioinformatics.
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org/sms2/pcr primer _stats.html). UNAFOLD tool (http://ew.idtdna.com/
UNAFold) was used to simulate folding of amplicons in melting tem-
perature of primers. Genes amplification with designed primers were
tested in silco (http://www bioinformatics.org/sms2/per_products.
html). uMELT (Melting Curve Predictions Software) were used to
melting-curve prediction (hitps://www.dna.utah.edu/umelt/umelt.html).
All primers used in this study were synthesized in the Laboratory of
DNA  Sequencing and Oligonucleotide Synthesis, Institute of
Biochemistry and Biophysics Polish Academy of Sciences, (htp://oligo.
pl/). After in silico validation all the primer pairs were tested in a gPCR
set-up step. Standard curves was generated to determine the efficiency
of amplification, by pooling undiluted ¢eDNA from the samples across all
conditions, and diluting the pooled ¢cDNA by 1:5, 1:25, 1:125, 1:625
and 1:3125. PCR efficiencies (Suppl. Tables 2 and 3) (E) were calcu-
lated as E = (107V%1%P¢ — 1) % 100. A melting-curve analysis was
performed at the end of the amplification, to confirm the presence of a
single PCR product.

2.9.2. DNA and RNA isolation

DNA and total RNA was isolated from cells using ZR-Duet™ DNA/
RNA Mini Prep Kit (Zymo Rsearch) according to the manufacturers'
protocols. Genomic DNA was eliminated from RNA samples by a DNase
treatment wusing a Clean-Up RNA Concentrator kit (A&A
Biotechnology, Gdynia, Poland). The concentration of RNA and DNA
was determined by measuring the absorbance at 260nm using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher scientifie,
Waltham, USA) and its purity was assessed by calculating the 260,280
absorbance ratio. RNA integrity was assessed by electrophoresis on 2%
agarose gels,

2.9.3. RT
C¢DNA to RT-PCR was transformed by reverse transcription (High-
Capacity RNA-to-cDNA™ Kit, Thermo Fisher Scientific).

2.9.4. RT-PCR

Expression of genes POUSFI (POU Class 5 Homeobox 1, encoded
OCT4), SOX2 (SRY (sex determining region Y)-box 2), NANOG (Nanog
Homeobox), NES (Nestin), MAP2 (Microtubule Associated Protein 2),
NEUROD1 (Neuronal Differentiation 1), NEFL (Neurofilament Light),
TUBB3 (Tubulin Beta 3 Class III), GFAP (Glial Fibrillary Acidic Protein),
NRF1 (Nuclear Respiratory Factor 1), TEAM (Transcription Factor A,
Mitochondrial), PPARGC1A (PPARG Coactivator 1 Alpha), ACTB (Actin
Beta) were analyzed at mRNA level by RT-PCR method-using 2 x PCR
Master Mix Plus (A & A Biotechnology) in the presence of specific pri-
mers (Suppl. Table 1), (LightCycler 96, Roche). PCR was performed
using a Q5® High-Fidelity DNA Polymerase (Promega). The PCR primer
sequences are showed in the Suppl. Table 1. The PCR was performed in
a CivivCycler Thermoeycler (Biotech INC) using the following cycle
parameters: initial denaturation 98 "C, 35 cycles of 98 "Cfor 10s, 66 °C,
67 °C, 68 "C or 69 "C (depending on target) for 30s, 72°C for 44 s and
final extension - 72 °C for 2 min. Amplification products were separated
by electrophoresis on 1.5% agarose gel (Suppl. Fig. 1). All primers were
verified in silico (point 2.9.1.) and in vitro.

2.9.5. RTqPCR

The ¢cDNA NRF1, TFAM, PPARGCIA, MAP2 and GFAP amplicons
were analyzed by real-time PCR using the iTaq™ universal SYBR® Green
supermix (Bio-Rad) in LightCycler® 96 (Roche Diagnostics GmbH,
Mannheim, Germany). The amplification was performed with 1 ul
(10 ng) of cDNA template in 25pl of reaction mixture containing
12,5 pl of iTaq™ universal SYBR® Green supermix (Bio-Rad) and 0,25 pl
each primer. The amplification program included an initial denatura-
tion step at 95 °C for 3 min, 45 cycles of denaturation at 95 °C for 10s,
and annealing/extension at 58 °C for 1 min. All samples were tested in
triplicate. The sequences of the specific primers used in experiments are
presented in Suppl. Table 2. For all genes PCR efficiency was tested
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(Suppl. Table 2).

2.9.5.1. Validation of reference genes for RT-qPCR analysis

In order to compare gene expression between tested cell populations
we decided to select and assay the expression levels of a panel of 16
reference genes (Suppl. Fig. 2, Suppl. Table 3). The candidates were
initially selected from relevant literature: (Synnergren et al., 2007,
Coulson et al., 2008; She et al., 2009; Eisenberg and Levanon, 2013;
Vossaert et al., 2013). Reverse transcription and real-time PCR were
performed as described in point 2.9.4. Sequences of primers (Suppl.
Table 3) used as housekeeping genes were designed and verified in silico
(point 2.9.1) and in vitro, as described previously. Validations of
housekeeping genes for the three tested cell populations were prepared
in NormFinder software (Suppl. Fig. 2).

2.9.6. qPCR

Detection of the expression of mt-ND1 (Mitochondrially Encoded
NADH:Ubiquinone Oxidoreductase Core Subunit 1), SLCO2ZBI (Solute
Carrier Organic Anion Transporter Family Member 2B1), mt-ND5
(Mitochondrially Encoded NADH:Ubiquinone Oxidoreductase Core
Subunit 5), SERPINA1 (Serpin Family A Member 1) DNA was carried
out using real-time RT-qPCR with a iTaq™ universal SYBR® Green su-
permix (Bio-rad) and LightCycler 96 (Roche). The quantitative real-
time PCR (Q-PCR) was performed with 1 pl (10 ng) of DNA template in
25 pl of reaction mixture containing 12,5 pl of iTaq™ universal SYBR®
Green supermix (Bio-rad) and 0,25 pM/]1 each primer. PCR reactions
were subjected to hot start at 95 °C for 3 min followed by 45 cycles of
denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and extension
at 72 °C for 30 s. The ratio of mtDNA to nuclear DNA was calculated for
two pairs of genes: mt-ND5 with SERPINAT and mt-NDIwith SLCO2BI.
For the analysis of mt-DNA copy number specific primers were design
and verified in silico and in vitro, as described previously (point 2.10.1).
In order to improve and enhance the specificity of amplification of the
mt-ND5, SERPINAI, m-ND1, SLCO2BI DNA, with the design primers
pseudogenes amplification was excluded in silico by using: BLAT Search
Genome software (https:/ /genome.ucsc.edu/cgi-bin/hgBlat?
command = start). Sequence of the primers used for gPCR are shown
in the Suppl. Table 4.

2.9.7. qPCR, RT-gPCR data analysis

The quantification cycle (Cq) values and the baseline settings of
each amplification plate were automatically calculated by the qPCR
instrument software (LightCycler® 96 Software, Roche Diagnostics
GmbH, Mannheim, Germany). The data were analyzed using GeneEx
6.1 software (Multid Analyses AB, Goteborg, Sweden). Relative gene
expression was performed in relation to a comparator (references
genes). The reference genes chosen for gene expression analysis were
showed in the Supplementary data. As a comparator NormFinder va-
lidated 13 genes for gene expression analysis for NSC, and 3 for eNP,
and NP. The software calculates gene expression based on 13 genes for
gene expression analysis for NSC, and 3 for eNP, and NP. NormFinder
algorithm has been used to determine the most stable reference gene(s).
This analysis provides not only a ranking of the assessed genes based on
their stability value, but also calculates the optimal number of genes
necessary for normalization.

2.9.8. RNA-Seq

The quality and quantity of isolated RNA was verified on 2200
TapeStation (Agilent) and Quantus fluorometer (Promega) respectively.
Only RNA with RNA Integrity Number (RIN) value =7.5 was subjected
to further library preparation. The library of RNA was prepared by
Truseq Stranded mRNA kit (cat.no. RS-122-2101, llumina, USA) ac-
cording to the protocol. The quality and quantity of the library was
measured on 2200 TapeStation and on Quantus. Sequencing was per-
formed with the use of NextSeq 500,550 High Output Kit-75 cycles
(catno. FC-404-2005, Numina, USA) on NextSeq 500 sequencer
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(Ilumina, USA). The control populations were performed for genome-
wide RNAseq analysis. The libraries were subjected to sequencing using
the Illumina NextSeq 500 76 bp single-end mode. Before using in sta-
tistical analysis the raw RNAseq data (FASTQ) was trimmed for adapter
sequences and filtered using Trimmomatic (Bolger and Lohse, 2014).
Then the reads were mapped with STAR (Dobin et al., 2013) aligner
using the reference genome (GRCh38) coupled with Ensembl 88 tran-
scriptome annotations. Transeription levels were calculated using
HTseq-count (Anders et al., 2015) (Tange, 2011) and were further used
for differential gene expression (DGE) analysis using edgeR (Robinson
et al., 2010). Data are presented as normalized counts per million
(log,), and differential gene expression results.

2.10. Statistical analysis

The results from 3 independent experiments, each in 4 replicates
were analyzed wusing the following statistical tests after
Kolmogorov-Smimov normality test: 1) One-way ANOVA, Tukey's post-
test or Bonferroni Multiple Comparison Test, 2) Two-way ANOVA,
Bonferroni Multiple Comparison Test, 3) t-student test. The statistical
significance of the results was determined for p-value; 1) p < 0,05 (*);
p < 0,001 (*%); p < 0,0001 (***); p < 0,00001 (****) for compar-
ison inside the group; 2) p < 0,05 (#); p < 0,001 (##); p < 0,0001
(###); p < 0,00001 (####) for comparison between group.
Statistical analysis was performed using GraphPad Prism 5.0. RNA-Seq
results from 3 independent experiments are presented as normalized
counts per million (logz), and differential gene expression results have
been obtained using generalized linear model (GLM) linear regression
in R (edgeR) (Robinson et al., 2010), p-value < 0.05 (*); p < 0,001
(**);p < 0,0001 (***);p < 0,00001 (****), Results on the graphs are
given as the mean with standard error of measurement (SEM). Data in
the text are shown as the mean with standard deviation (SD).

3. Results
3.1. hiPSC neural differentiation

Human induced pluripotent stem cells were neurally committed and
differentiated into three cell populations: NSC, eNP, and NP at different
stages of development as described in Materials and methods section.
The characteristics of various cell phenotypes in NSC, eNP, and NP
populations were demonstrate with RNA-Seq (NGS) analysis of genes
involved in maintaining of pluripotency (POUS5F1, NANOG, 50X2)
regulation and proliferation (MKI67) as well as genes engaged in neural
differentiation process, like early neural marker NES, neuronal markers
TUBB3, DCX, NEFH, NEFL, NEUROD1, MAP2, glial markers: for astro-
cytes: GFAP, ALDHILI (Aldehyde Dehydrogenase 1 Family Member
L1), and oligodendrocytes: CSPG4 (Chondroitin Sulfate Proteoglycan 4)
(Fig. 1A). Differentiation protocol applied in this study resulted in loss
of pluripotency markers (POUS5F1 and NANOG) in all three populations.
S0X2, besides being marker of pluripotency is also indicator of neural
lineage commitment and, thus, is still present in analyzed cells. Similar
mRNA copy number level for neural/neuronal markers, such as NES,
TUBB3, NEFH as well as proliferation marker MKI67 were observed in
all tested populations. However, during acquiring more mature phe-
notype cells start to express more mRNA copy number for DCX, NEFL,
MAP2 Transition from NSC to eNP resulted in statistically significant
elevation of expression of astrocytic markers, such as GFAP and
ALDHILI, while the level of mRNA for the early oligodendroglial
marker CSPG4 was constantly present in cells regardless of time of
differentiation (Fig. 1A).

Additional genes analyzed by RNA-Seq in the three populations
include contributors of the complex of the mitochondrial respiratory
chain SDHA (Succinate Dehydrogenase Complex Flavoprotein Subunit
A) and MT-COI (Mitochondrially Encoded Cytochrome C Oxidase I).
The mRNA copy number for these genes is on the same level for NSC,
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eNP and NP cell populations.

On the Fig. 1A we present RNA level of representative genes im-
portant for mitochondrial biogenesis. The expression of NRF1 and
TFAM decreased during differentiation, while PPARGCIA significantly
increased in neural progenitors (eNP and NP).

To confirm on the protein level the expression of genes important
for neural differentiation, immunocytochemical staining was per-
formed. The cellular immunostaining and the quantitative evaluation of
the expression of neural markers in the investigated cell populations is
presented on Fig. 1B and C, respectively. The change in cell morphology
along differentiation, from more rounded and flattened in NSC to
elongated, with small cell body and long protrusions forming neuronal
network in NP populations are clearly visible (Fig. 1B). Proliferation of
NP cells (Ki67 staining), as compared to eNP and NSC population de-
creased (Fig. 1B), however there is no significant difference in the ex-
pression of MKI67 on the mRNA level (Fig. 1A). The expression of
NESTIN on protein level significantly decreased during transition from
eNP to NP stage, while the difference between NSC and eNP is not
significant (Fig. 1C). The difference in the expression of NES between
all three populations on mRNA level was also not significant (Fig. 1A).
The expression of neuronal markers, such as B-TUBII and MAP2 sig-
nificantly increased during transition from NSC population to eNP,
while the difference in the expression of this markers between eNP and
NP is not significant (Fig. 1C), The amount of astroeytic (GFAP) staining
significantly increased in the NP population as compared to NSC and
eNP populations (Fig. 1B and C).

3.2, Viability assay

The PQQ treatment resulted in statistically significant increase of
the viability of NSC (***, p < 0,0001) at all tested concentrations and
eNP population for 0,125pM-025pM (*, p < 0,05 for dose:
0,125 pM, 0,25uM and ***, p < 0,0001, for 0,5 pM). However, the
viability of NP cell population was not changed by PQQ treatment with
the exception for the highest tested dose 0,5 pM, where the significant
decrease of viability was observed (*, p < 0,05). When different tested
groups were compared, significant difference was observed: viability of
NSC was enhanced as compared to NP at all tested dose (###,
p < 0,0001), and for NSC/eNP comparison at 0,125 pM PQQ con-
centration (##, p < 0,001). Thus at the highest dose (0,5 pM), PQQ
revealed a positive impact on cell viability at: NSC (138,46% =+ 12,58)
and eNP (130,08% + 5.65) stages and marginally decreased cell via-
bility (4,02% = 6.13) in neural progenitors (NP). The results are shown
in Fig. 2.

3.3. Reactive Oxygen Species (ROS) detection

After 5days of PQQ exposition the intracellular ROS levels sig-
nificantly decreased (when compared to the untreated control) in all
tested groups: NSC, eNP and NP, but only at the highest 0,5 uM. In NP
population ROS level was significantly decreased upon PQQ treatment
at all tested concentrations (0,125 puM and 0,5 M, *** p = 0,0001
and 0,25pM,**, p < 0,001). For NSC and eNP cell populations only
highest dose of PQQ (0,5pM) induced significant decrease (***,
p =< 0,0001 for NSC) and (*, p < 0,05 for eNP). No significant dif-
ferences between tested groups were detected. Thus, in our study we
have observed decrease in the ROS level in all stages of tested neural
development. At the highest PQQ dose (0,5 pM) ROS ratio (vs control)
was noted as: 74,03%( = 6.73) for NSC; 83,37%( + 14,38) for eNP and
75,41%( + 2.55) for NP. Differences in ROS level between tested po-
pulations were not significant. The previous reports also showed that
significant changes for antioxidant-related genes during differentiation
were not detected (Prigione and Adjaye, 2010), therefore the anti-
oxidant potential of cells could be at stable level, and not dependent
from stage of neural differentiation. The results are shown in Fig. 2B.
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Fig. 2. A The viability of hiPSC at three different stages of neural differentiation: neural
stem cells (NSC), early neural progenitors (eNF) and neural progenitors (NF) after 5 days
exposure to the different concentrations of PQQ. B) ROS level measured in tested cell
populations after 5 days exposure to the different concentrations of PQQ evaluared by
DCFH-DA assay. C) The mitochondrial membrane potential measured in tested cell po-
pulation after 5days exposure to the different concentrations of PQQ evaluated by
MitoTracker Red CMXRaos staining. After normalization of data to cell number (obtained
by Janus Green staining), results has been shown as % of control untreated with PQQ.
Brackets shows statistical significance between samples vs. control (one way ANOVA,
Tukey's post-test): (*) p < 0.05; (**) p < 0.01; (***) p < 0,001; (****) p < 0,0001;
and comparison between groups (two way ANOVA, Bonferroni post-test): (#) p < 0,05;
(##)p = 0,01: (###) p < 0,001; (F###)p < 0,0001
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3.4. Mitochondrial membrane potential

PQQ at dose 0,25uM significantly increase mitochondrial mem-
brane potential in NSC population (*, p < 0,05). The mitochondrial
membrane potential was also significantly increased (*, p < 0,05) in
eNP population at the highest dose of PQQ (0,5 pM). However, statis-
tically significant decrease of mitochondrial membrane potential was
detected in NP (**, p < 0,01). The evaluation of differences between
tested cell populations revealed significant difference between NSC and
NP at PQQ dose 0,25 pM and 0,5 pM (###, p < 0,001), then between
eNP and NP only at the highest PQQ dose 0,5 uM (###, p < 0,001).
Funetional mitochondria were labeled by MitoTracker Red CMXRos
(Molecular Probes, Thermo Fisher Scientific), as described previously.
PQQ enhance mitochondrial membrane potential at all tested con-
centrations at NSC and eNP, but not at NP stage of differentiation. The
data for 0,5 uM o PQQ were shown as: (130,82 + 6,49) at stage NSC:
and eNP (131,99; = 3.60) at eNP and (0,5 pM:68,26 =+ 15,96) at NP
stage of differentiation. The results are shown in Fig. 2C.

3.5. SDH-A and COX-1 protein expression and total cell number

Succinate dehydrogenase complex, subunit A, flavoprotein variant
is one of a major protein in the complex of the mitochondrial re-
spiratory chain. SDHA protein expression level was evaluated by en-
zyme-linked immunosorbent assay (ELISA) after 5days of NSC, eNP
and NP PQQ different concentration treatment. Statistically significant
increase in SDHA protein expression was shown for NSC (**,
p < 0,01), at the highest concentration of PQQ and for eNP (¥,
p < 0,05) at the dose 0,125uM, 0,5puM. SDHA at the highest PQQ
0,5uM  tested dose amounted 122,75%( + 2.12) (NSC);
104,56%( £ 2.54) (eNP); 95,96%( + 11,22) (NP). Comparison be-
tween different cell populations revealed significant difference in the
SDHA protein expression between NSC and NP (###, p < 0,001). The
results are shown in Fig. 3A.

Cytochrome ¢ oxidase 1 (COX1) also known as mitochondrially en-
coded cytochrome ¢ oxidase 1 (MT-CO1), is a main subunit of the cy-
tochrome ¢ oxidase complex protein. At the highest dose (0,5 pM) PQQ
significant increase of COX-1 protein expression level in NSC (%,
p =< 0,01 and eNP (***, p =< 0,001) population is observed. On the
other hand 0,5 pM PQQ significantly decreased COX-1 protein expres-
sion in NP population (*** p < 0,001). COX-1 at 0,5uM PQQ
amounted 107,37%( + 3.88) for NSC; 135,23%( + 5.25) for eNP and
62,88%( = 11,18) for NP cell populations. Statistical evaluation of
differences between NSC, eNP and NP revealed significant difference in
0,25 uM PQQ between NSC vs. eNP (##, p < 0,01) and eNP vs. NP
(##, p < 0,01). At the highest dose significant difference was in-
dicated between NSC vs. eNP (###, p < 0,001); eNP vs. NP (####,
p =< 0,0001) and NSC vs. NP (####, p < 0,0001). The results are
shown in Fig. 3B.

Thus, the exposure to PQQ increased level of markers indicative for
induction of mitochondrial biogenesis (SDHA, COX-1) at NSC and eNP
stage of differentiation. Reduction of SDHA and COX-1 protein ex-
pression were observed in a NP population.

Total cell number in control and experimental populations were
estimated by Janus Green staining. At the highest dose PQQ sig-
nificantly enhance total cell number of NSC and eNP (*, p < 0,05) and
significantly decrease cell number in NP population (*, p < 0,05).
Total cell number was significantly higher in NSC vs eNP population at
0,125 pM, 0,5uM doses: (####, p < 0,0001) and 0,25uM (##,
p < 0,01) respectively. Positive influence of 0,5 pM PQQ on the total
cells number of NSC (120,11%( = 13,59)) and eNP
(110,00%( + 6.37)) but not on NP cells culture (0,5uM;
75,38%( = 13,48)) was observed. Significant difference between the
eNP and NP was revealed at all tested doses: 0,125 pM (###,
p < 0,001); 0,25 pM and 0,5 uM (####,p < 0,0001). The results are
shown in Fig. 3C.
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Fig. 3. Mitochondrial biogenesis indicators measured in tested cell populations: neural
stem cells (NSC), early neural progenitors (eNF) and neural progenitors (NF) after 5 days
of exposure to the different concentrations of PQQ. (A) The Succinate dehydrogenase
(SDH) level; (B) The Cyclooxygenase isoenzymes (COX-I) level. SDHA and COX-1 level
was measured by MitoBiogenesis™ In-Cell ELISA Kit. After normalization of data (A,B) to
cell number (obtained by Janus Green staining), results have been shown as % of control
untreated with PQQ. (C) Total cells number obtained from standard curve measured with
Janus Green staining. Brackets shows statistical significance between samples vs. control
(one way ANOVA, Tukey's post-test): (*) p < 0,05; (**) p = 0,01; (***) p < 0,001;
(****)p < 0,0001; and comparison between groups (two way ANOVA, Bonferroni post-
test): (#) p < 0.05; (##)p < 0,01; (F##) p < 0,001; (#F###) p < 0,0001
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Fig. 4. The relative mtDNA copy number evaluated by g-PCR measurement of NDI, ND5, SLCO2B] and SERPINAI level in tested cell populations: neural stem cells (NSC), early neural
progenitors (eNP) and neural progenitors (NP) after 5 days exposure to the 0,5 M of PQQ. (A) The ratio of NADH dehydrogenase subunit 1 (ND1) to SLOO2B1 and (B) the ratio of (ND5)
to SERPINAT are presented as mean (SEM). Brackets shows statistical significance between samples vs. control, (t-Student): (*) p < 0,05; (**) p < 0,01; (***) p < 0,001; (****)
p < 0,0001; and comparisan between groups (two way ANOVA, Bonferroni post-test): (#)p < 0,05; (##) p < 001; (###) p < 0001; (####) p = 0,000

3.6. mtDNA copy number

Representative mitochondrial (NDI and ND5) and nuclear
(SCLO2B1 and SERPINAT) genes have been chosen to evaluate quan-
titatively changes in mtDNA copy number during neural differentiation.
After treatment of NSC, eNP and NP with 0,5 pM PQQ for 5 days total
cellular DNA was isolated and the number of mtDNA copy was eval-
uated by qPCR.

The relative mtDNA copy number was calculated as a ratio of: 1)
mitochondrial NDI gene and nuclear SCLO2B] gene or 2) mitochon-
drial ND5 and nuclear SERPINAT gene. Fig. 4A shows a relative copy
number ND1/SCLO2B1 ratio treated group vs. untreated control. The
incubation with PQQ significantly increases mtDNA copy number ND1/
SCLO2BI ratio at the eNP (**,p < 0,01) stage, but not at the NSC and
NP stages of hiPSC neural differentiation. Analysis of differences be-
tween PQQ treated and control cell populations revealed significant
difference between NSC and NP in both control (####, p < 0,0001)
and experimental (##, p < 0,01) groups. Significant difference be-
tween eNP and NP was shown for the control group (####,
p < 0,0001), while difference between NSC and eNP was significant
only in treated group (##,p < 0,01).

Fig. 4B shows a relative copy number ND5/SERPINA] ratio treated
group vs. untreated control. PQQ significantly increases relative mtDNA
copy number ND5/SERPINAT ratio in treated group vs. untreated con-
trol at the eNP (*, p < 0,05) stage of differentiation; but significant
decrease at NP (*,p < 0,5) is observed. Impact of PQQ on the NSC cell
population was not statistically significant. Significant difference be-
tween eNP and NP was shown for the experimental group (###,
p = 0,001).

In summary PQQ induce increase in mtDNA copy number for both
tested mitochondrial genes only at eNP stage. This is confirmed by the
increase in control vs. experimental (0,5uM PQQ) 44,17( + 4.30)/
70,40( £ 9.35); 105,60( = 2.94)/144,67( = 29,63) for ND1/SCLO2B1
ratio and ND5/SERPINAI ratio respectively.

3.7. Relative gene expression analysis (RT-gPCR) of representative genes
involved in mitochondrial biogenesis and neural differentiation

The NRF1, TFAM, PPARGCIA, MAP2, GFAP relative gene expression
was evaluated using RT-gPCR method. Total RNA was isolated from
treated (0,5pM PQQ) and untreated (control) cells on the fifth day of
the experiment from hiPSC at the NSC, eNP and NP cell populations
(Fig. 5).

The relative NRF1 gene expression in treated (0,5 uM PQQ) vs. un-
treated control group was the highest at the stage of early progenitors

(eNP). Significant increase in relative NRFI gene expression value after
treatment by PQQ in comparison to control was also detected at the
stage of neural stem cells (NSC), but not at the neural progenitors (NP)
stage of development.

In our experiments PQQ induced changes in NRFI relative gene
expression level at all tested stages of differentiation. At the stage of
NSC and eNP PQQ increase relative expression of NRFI by fold change
1,01( + 0.09) and 2,08(+ 0.27) for NSC and eNP respectively.
Different response was observed at the stage of NP, where NRFI ex-
pression fold change was at the level — 0,39,( = 1.26). Statistically
significant difference at the relative NRF1 gene expression level was
observed between NSC vs. NP cells populations (*, p < 0,05) and eNP
vs. NP, (***, p < 0,001). (Fig. 5A).

In the case 0of PPARGCIA gene expression, the strongest response for
the PQQ treatment was found for the stage NSC. The relative
PPARGCIA expression was increased upon PQQ treatment at NSC and
eNP populations, but not at the late neural progenitors NP population.
The differences between all tested populations were statistically sig-
nificant (***, p < 0,001) (Fig. 5B). The relative expression of peroxi-
some proliferator-activated receptor (PPAR) gamma coactivator 1-a
PPARGCIA(PGCI alpha) - the master regulator of mitochondrial bio-
genesis was enhanced in NSC 5,51( £ 0.33) and eNP 2,88( = 0.37)
populations, while repressed by PQQ at stage NP-0,21( = 0.96).

In the case of TFAM, PQQ increase relative TFAM expression level in
the early neural progenitors (eNP) while at NSC and NP stages such
effect was not observed. Statistically significant difference at TFAM
relative gene expression was demonstrated between all tested cell po-
pulations at different stages of neural development (***, p < 0,001)
(Fig. 5C). PQQ change TFAM relative gene expression level at all tested
stages of differentiation. Difference between all tested populations was
recorded. At NSC stage —1,10( = 0,30) and NP — 2,47( = 0,25) was
observed. At eNP stage small increase in relative TFAM genes fold ex-
pression were detected 0,17 ( £ 0,22).

The MAP2 gene expression level was negatively influenced by PQQ
treatment at all three investigated stages of differentiation. The stron-
gest inhibition of the relative MAP2 gene expression was detected at
neural progenitor (NP) stage. Statistically significant difference be-
tween NSC ws. NP and eNP vs. NP was indicated (***, p < 0,001)
(Fig. 5D).

The expression level of GFAP gene was strongly influenced by PQQ
treatment. The increase of the relative GFAP gene expression was ob-
served at all exposed cell populations but mostly at NSC and eNP stages.
The increase in the relative expression of GFAP was observed in NSC:
4,95( £ 0.27), eNP: 4,63( + 0.60) and NP: 1,01( * 0.51). Statistically
significant differences were detected at both: neural stem cells (NSC)
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Fig. 5. Real-time (RT-gPCR) evaluation of expression of genes involved in mitochondrial biogenesis and neural differentiation in investigated cell stages: NSC, eNP, NP. A relative
expression of (A) NRFI; (B) TFAM, (C) PPARGCIA, (D) GFAP, (E) MAP2 was measured after 5 days treatment of cell cultures with 0,5 pM PQQ). Data were represented as the mean (SEM)
from three independent experiments at each in 4 replicates. Brackets shows statistical significance between samples vs. control (t-Student) (*) p < 0,05;(**)p < 0,01; (***)p = 0,001;
(****) p < 0,0001; and comparison between groups (two way ANOVA, Bonferroni post-test): (#) p < 0,05; (##) p < 0,01; (###)p < 0,001 (####) p < 0,0001.

and early neural progenitors (eNP) revealing significantly higher re-
lative expression of GFAP than neural progenitors (NP) population (***,
p < 0,001) (Fig. 5E). The increase in relative GFAP expression was
accompanied by a relative MAP2 repression in the cells of
NSC;1,38( + 0.27); eNP:1,33( = 0.34) and NP:4,64( = 0.31).

4. Discussion

Transition f{rom the pluripotent to differentiated neuronal cells is
linked to the mitochondrial biogenesis and the metabolic switch, where
the balance between glycolysis and oxidative phosphorylation
(OXPHOS) is shifted to the latter (Zheng et al., 2016). While the asso-
ciation of the fate control and energy metabolism was widely in-
vestigated in adult neural stem cells (Rafalski and Brunet, 2011) and in
the restricted neural progenitors differentiating into post-mitotic neu-
rons (Zheng et al., 2016), the earlier phases of neural commitment still
remain a “black box”. Thus we aimed to compare the three different
stages of neural development from human iPSC, namely: “neural stem
cells” (NSC), “early neural progenitors” (eNP) and “neural progenitors”
(NP) upon the exposure to PQQ, a well known agent stimulating mi-
tochondrial biogenesis (Chowanadisai et al., 2010). The neural com-
mitment from hiPSC was performed according to Yan et al.,, 2013, but
further differentiation was carried out with our protocol as described in
Materials & methods section.

In our experiments we measured the acquisition of specific stages of
hiPSC neural differentiation. The main pluripotency factors POUSFI
(OCT4) and NANOG were not detected by quantitative RNAseq analysis
in all three tested populations, (Fig. 1A). However data from RT-PCR
indicated the presence of NANOG in control populations, but at the low
level of expression (Suppl. Fig. 1). This is consistent with the finding,
that the balance of OCT4/NANOG expression is changing in favor of
NANOG when cells leave the pluripotency stage in order to acquire
lineage specification (Radzisheuskaya et al., 2013). Together with the
strong expression of SOX2 pluripotency marker which is also typical for

neural commitment, we conclude, that our “NSC” population acquired
neural fate. Obtained by us cell populations were further characterized
by the expression of early neural (NES, B-TUBIII), advanced neuronal
(NF-200, MAP2, NEUROD1), and astrocytic (GFAP) markers on the
protein level (immunofluorescence) (Fig. 1B and C) and mRNA level
(RNAseq, Fig. 1A and RT-PCR, Suppl. Fig. 1). From the above markers
only astrocytic markers GFAP and ALDHILI (not analyzed on protein
level) were hardly detected in NSC stage, while the rest were present in
all three stages of development, however with different intensity. The
quantitative evaluation of GFAP on the protein level revealed sig-
nificant difference not only between NSC and NP populations, but also
between eNP and NP. Thus the mRNA (Fig. 1A) and protein (Fig. 1B
and C) expression panels revealed, that the phenotype of the tested
populations during the differentiation from NSC through eNP, to NP
change from early to advanced neuronal markers acquiring mor-
phology, that show branched, neuronal network (inserts in Fig. 1B)
with the representative astrocytic population at NP stage.

We compared three different stages of cell development upon PQQ
treatment at concentrations in the range of 0-0,5 pM. The most efficient
concentration (0,5 pM) in our biochemical assays was subsequently
employed for molecular biology studies. Table 1 shows the summary of
the influence of PQQ (0,5 M) on hiPSC at different stages of neural
differentiation.

We have found that the sensitivity to PQQ is dependent on the stage
of hiPSC neural differentiation. However high antioxidant capacity of
PQQ was confirmed in all tested cell populations, regardless of the stage
of hiPSC neural differentiation. In our experiments the ROS production
was significantly inhibited at all tested cell populations (Fig. 2B) and
mitochondrial membrane potential was significantly raised in NSC and
eNP (Fig. 2C). The only exception from the above was that mitochon-
drial membrane potential at NP stage, which was significantly lowered,
but that may be explained by the possible different dose response as
compared to earlier stages of development.

Furthermore the most effective PQQ effect was at the eNP and NSC
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Table 1
Summary of the influence of PQQ (0,5 pM) an NSC, eNP, NP.

NSC eNP NP
Viability e 1 1)
ROS level 10 1 L)
Mitochondrial membrane potential t (ns) 107 L=
Total cell number 1M Y ]
Protein expression SDHA 1(**) 1= | (ns)
coxa 1) 10**% L)
miDNA copy number ND1/SCLO2B1 + (ns) 1) | (ns)
ND5/SERPINAT 1 (ns) 1 | (ns)
Relative gene expression  NRF1 ti1,01) 11(2,08) (= 0.39)
TFAM L(=1.100  1(0a7 L(—247)
PPARGCIA 1(5,51) 1(2.88) L(-021)
MAPZ2 (138 J(-133) [(—464)
GFAP 1 (4,95) 1(4.63) t(1,01)

=p < 005 *=p =< 0,01; *==p = 0,001, ns- non significant.

stage regarding other cellular processes tested as viability and increase
of total cells number. The opposite effect was observed in the NP stage
of development (Figs. 2, 3C), where dramatic switch in cellular re-
sponse to PQQ appeared (Table 1). That suggests different than ROS
level related mechanisms underlying the PQQ induced change in de-
velopmental fate decisions. The previous reports also showed that sig-
nificant changes for antioxidant-related genes during differentiation
were not detected (Prigione and Adjaye, 2010), therefore the anti-
oxidant potential of cells could be at stable level, and not dependent
from stage of neural differentiation.

We have found the specific “developmental window™ of sensitivity
to PQQ in hiPSC neural differentiation, which is eNP stage of devel-
opment. As indicated in Table 1, this is the only stage, where PQQ
positive effect for the cell is accompanied by elevated mitochondrial
biogenesis.

In order to assess mitochondrial biogenesis at the protein level we
determined expression of: Flavoprotein (FP) subunit A of succinate
dehydrogenase (SDH) and Cytochrome C Oxidase I (COX-1; mt-CO1).
Exposure to PQQ has increased SDHA and COX-1 protein expression in
NSC and eNP stage of differentiation (Fig. 3A, B).

To further estimate mitochondrial biogenesis we also measured
mtDNA copy number as the ratio between 1) mt-ND1 to SCLO2B1 gene
copy number and 2) mt-ND5 to SERPINAI gene copy number. The
significant increase mtDNA copy number in our studies was recorded
only at eNP cell population (Fig. 4A, B). Mitochondrial DNA copy
number increase upon PQQ addition was reported earlier (Scacco et al.,
2003; Alvarez-Fischer et al., 2011) however, to the best of our knowl-
edge our data are the first to show that PQQ enhances mtDNA copy
number during neural differentiation of human iPSC and only at stage
of early neural progenitors (eNP).

We have also measured the expression of genes important for the
enhancement of mitochondrial number, such as NRF1, PPARGCIA and
TFAM (Fig. 5A, B, C), which were previously shown to be regulated by
PQQ treatment (Chowanadisai et al., 2010). It is well documented, that
the key player of mitochondrial to nuclear crosstalk linking mi-
tochondrial biogenesis to respiration is peroxisome proliferator-acti-
vated receptor-gamma coactivator 1 alpha (PGC1 alpha) protein (Wu
et al, 1999; Scarpulla, 2011). Pathways of mitochondrial biogenesis
through PGC-la involve NRF1 and NRF2 which subsequently regulate
the transeription of respiratory chain eytochrome ¢ oxidase subunit 411
(C0OX4) and responsible for replication of mtDNA mitochondrial tran-
scription factor A (TFAM) (Dominy and Puigserver, 2013),

The increase in relative gene expression of NRFI and PPARGCIA
was detected only at the early stages of neural development (NSC) and
(eNP) (Fig. 5A, B). TFAM relative gene expression appeared to be down-
regulated by PQQ at neural stem cells (NSC) and neural progenitors
(NP), while at stage of eNP was up-regulated (Fig. 5C). Thus elevated
mitochondrial biogenesis (shown as elevated TFAM expression which
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comrelates mtDNA copy number increase) is proved only for eNP.

The PQQ induced significant increase of mitochondrial biogenesis,
measured by elevated mtDNA content and high expression of mi-
tochondrial proteins SDHA and COX-1, which appeared only in eNP as
well as significant up regulation of TFAM expression coexist with the
“developmental switch” from neuronal to astrocytic differentiation, as
shown quantitatively by down-regulation of neuronal (MAPZ2) and up-
regulation of glial (GFAP) genes expression (Fig. 5D, E).

In conclusion PQQ was found to act in a different way depending on
stage of neural differentiation of human iPS cells. In our study mi-
tochondrial biogenesis was detected only at eNP stage of differentia-
tion. Positive effect of PQQ exposition on cell parameters such as via-
bility, total cells number was observed for neural stem cells (NSC) and
early neural progenitors (eNP) but not for late neural progenitor (NP).

The presented here change in the cellular fate induced by PQQ
treatment at the selective stages of development which are correlated
with mitochondrial biogenesis, may be of interest for the wide range of
toxicological studies and the future possible therapeutic applications,
especially when the patient specific human iPSC are considered.

Supplementary data to this article can be found online at http://dx
doi.org/10.1016/j.tiv.2017.05.017.
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1. POU5F1; 2. SOX2, 3. NANOG, 4. NES, 5. GFAP, 6. MAP2,7. NEUROD1,8. NEFL, 9. TUBB3,
10. NRF1, 11. TFAM, 12. PPARGCIA, 13. SIRT1, 14. PRKAA1, 15. PPARA, 16. ACTB

Suppl.Fig.1. Neural differentiation of hiPSC was confirmed, at mRNA level, for the presence
of specific pluripotency markers (1-3), neural marker (4), neuronal and glial markers (5-10),
as well as important genes for mitochondrial biogenesis (NRF1, TFAM, PPARGCI1A, SIRT1,
PRKAA1, PPARA). RT-PCR experiments has been performed at: neural stem cells (NSC),

early neural progenitors (eNP) and neural progenitor (NP). ACTB expression was used as

reference genes.
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Supp.Fig.2. Gene expression was measured by RT-qgPCR for a panel of selected reference

genes. The stability of gene expression was calculated for NSC (A), eNP (C) and NP (E) cells

using NormFinder algorithm; the lowest values correspond to the most stable genes.

Determination of the optimal number of reference genes for normalization for NSC (B),
eNP (D) and NP (F) cells based on the calculation of the Acc. S.D., NormFinder suggests

using 13 reference genes for normalization in eNP cells, 3 reference genes in eNP and

3 genes for NP cells.
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Suppl.Tab.1. Primers used for RT-PCR

Primers Genbank Primers sequence Amplicon
number length

POUSF1 F NM_002701.5 GAGAGGGGTTGAGTAGTCCCTT

POUSF1 R CGAAATCCGAAGCCAGGTGTC 100

SOX2 F NM_003106.3 CGGAAAACCAAGACGCTCAT

SOX2R TAACTGTCCATGCGCTGGTT 140

NANOG F NM_024865.3 AATAACCTTGGCTGCCGTCT

NANOG R AGCCTCCCAATCCCAAACAAT 150

MAP2 F NM_002374.3 TGCCTCAGAACAGACTGTCAC

MAP2 R AAGGCTCAGCTGTAGAGGGA 1oL

GFAP F NM_002055.4 GTGAAGACCGTGGAGATGCG

GFAP R TGCCTCACATCACATCCTTGT e

NES F NM_006617.1 CCCCGTCGGTCTCTTTTCTC

NES R TCGTCTGACCCACTGAGGAT %

NEUROD1 F NM_002500.4 ATCTTGCACAGGGAGTCACC

NEUROD1 R TACTGCCGTCCAGTCCCATA %

NEFL F NM_006158.4 AGCGTGGGAAGCATAACCAG

NEFL R CTGGTCTGTAAACCGCCGTA %0

TUBB3 F NM_006086.3 CAACCAGATCGGGGCCAAGTT

TUBB3 R GAGGCACGTACTTGTGAGAAGA 140

SIRT1 F NM_001314049.1 GTTTCAGAAGACTCAAGTTCACCAG 77

SIRT1R GCTTGGTCTAAAAGTGTGACAATCA

PRKAA1l F NM_001314049.1 GCCATGCGCAGACTCAGTTC 92

PRKAA1 R CCCAGAATGTAGTGGCCGAT

PRARA F NM_006251 GCTTCGCAAACTTGGACCTG 85

PRARA R ACAGAAGACAGCATGGCGAA

NRF1 F NM_001001928.2 CAGCCGCTCTGAGAACTTCAT 148

NRF1R GTCTTCATCAGCACTCAGCATACTA

TFAM F NM_005011.4 TGAAAGATTCCAAGAAGCTAAGGGT 132

TFAMR TAACGAGTTTCGTCCTCTTTAGCAT

PPARGCI1A F NM_003201.2 TAGTAAGACAGGTGCCTTCAGTTC 174

PPARGC1AR CTCGATGTCACTCCATACAGACTC

F- forward; R-reverse
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Suppl.Tab.2. Primers used for RT-qPCR

PCR Amplico
) Genbank ) .
Primers Primers sequence efficienc | nlength
number

yE(%) | (bp)
NRF1F NM_005011.4 | CAGCCGCTCTGAGAACTTCAT 106 148
NRF1R GTCTTCATCAGCACTCAGCATACTA
TFAM F NM_003201.2 | TGAAAGATTCCAAGAAGCTAAGGGT 96 132
TFAMR TAACGAGTTTCGTCCTCTTTAGCAT
PPARGCI1AF NM_013261.3 | TAGTAAGACAGGTGCCTTCAGTTC 88 174
PPARGCI1AR CTCGATGTCACTCCATACAGACTC
MAP2 F NM_002374.3 | TGCCTCAGAACAGACTGTCAC 110 101
MAP2 R AAGGCTCAGCTGTAGAGGGA
GFAP F NM_002055.4 | GTGAAGACCGTGGAGATGCG 78 76
GFAP R TGCCTCACATCACATCCTTGT

F- forward; R-reverse
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Suppl.Tab.3. Primers used for reference gene validation RT-gPCR

PCR _

Primers Genbank Primers sequence efficien Ampliconle
number ngth (bp)

CyE(%)

ACTB F NM_001101.3 GCTCACCATGGATGATGATATCGC 1,95 169

ACTBR CACATAGGAATCCTTCTGACCCAT

GAPDH F NM_002046.5 GTTCGACAGTCAGCCGCATC 2,12 90

GAPDH R TCCGTTGACTCCGACCTTCA

HPRT1 F NM_000194.2 AGGCGAACCTCTCGGCTTTC 1,92 166

HPRT1R CTGGTTCATCATCACTAATCACGAC

TUBB3 F NM_006086.3 CAACCAGATCGGGGCCAAGTT 2,03 146

TUBB3 R GAGGCACGTACTTGTGAGAAGA

EID2 F NM_153232.3 GGCATCGCTCTGTCCAGTTA 2,14 74

EID2 R GCTTGGACATCTCAGACCGT

CAPN10 F NM_023083.3 TCTCACCGGGCTACTACCTG 2,05 86

CAPN10R CCCGGTAGAGAAGACTCGGA

RABEP2 F NM_024816.2 AGGAAGGGGCAAATGGTGAG 2,08 96

RABEP2 R CAGCCTTCATGGTTTCCATTTCTG

ZNF324B F NM_207395.2 CATTGGAAGGACAAACCTAGGATGATG 1,93 164

ZNF324B R CTTATCTGCTCCAAAGCTATCACTGTC

NAT1 F NM_001160170.3 TGGTTGCCGGCTGAAATAAC 2,09 93

NAT1R TCTGTCTAGGCCAGTCTCCT

TBP F NM_003194.4 GCAAGGGTTTCTGGTTTGCC 2,14 80

TBP R CAAGCCCTGAGCGTAAGGTG

PHB F NM_001281496.1 TGGAAGCAGGTGAGAATGGAG 2,05 76

PHB R ATCATGGAGCAGAGGAGGACT

UBCF NM_021009.6 ACGGGACTTGGGTGACTCTA 2,15 82

UBCR ATCGCCGAGAAGGGACTACT

CCNG1F NM_004060.3 GCCTCTCGGATCTGATATCGT 2,04 138

CCNG1R CATTCAGCTGGTGTAGCAGT

MYC F NM_002467.4 CCCTCCACTCGGAAGGACTA 2,07 96

MYC R GCTGGTGCATTTTCGGTTGT

EEF1Al1 F NM_001402.5 TGTTCCTTTGGTCAACACCGA 2,07 122

EEF1A1R ACAACCCTATTCTCCACCCA

RPLPO F NM_001002.3 CCTCGTGGAAGTGACATCGT 2,10 76

RPLPO R CTGTCTTCCCTGGGCATCAC

F- forward; R-reverse
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Suppl.Tab.4. Primers used for g°PCR

Gene Genbank ) Amplicon length
symbol number Primers sequence (bp)

SERPINAL F NM_000295.4 CAGTGAATAAATGAGGCGTACATCC 89
SERPINAL R GACTGTTTCTCATGCCTCTGGAAAG

SLCO2B1 F NM_007256.4 CCTGATGCCTAGGTTTCTTTTCTTG 85
SLCO2B1 R GGTCATCTGCCTACCCTAGAAC

mt-ND1 F NC_012920.1 TACGGGCTACTACAACCCTTC 77
mt-ND1 R ATGGTAGATGTGGCGGGTTT

mt-ND5 F NC_011137.1 CATTACTAACAACATTTCCCCCGC 70
mt-ND5 R GGCTGTGAGTTTTAGGTAGAGGG

F- forward; R-reverse
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Abstract Idebenone, the synthetic analog of coen-
zyme Q10 can improve electron transport in mito-
chondria. Therefore, it is used in the treatment of
Alzheimer’s disease and other cognitive impairments.
However, the mechanism of its action on neurodevel-
opment is still to be elucidated. Here we demonstrate
that the cellular response of human induced pluripo-
tent stem cells (hiPSC) to idebenone depends on the
stage of neural differentiation. When: neural stem
cells (NSC), early neural progenitors (eNP) and
advanced neural progenitors (NP) have been studied
a significant stimulation of mitochondrial biogenesis
was observed only at the eNP stage of development.
This coexists with the enhancement of cell viability
and increase in total cell number. In addition, we
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report novel idebenone properties in a possible
regulation of neural stem cells fate decision: only
eNP stage responded with up-regulation of both
neuronal (MAP2), astrocytic (GFAP) markers, while
at NSC and NP stages significant down-regulation of
MAP?2 expression was observed, promoting astrocyte
differentiation. Thus, idebenone targets specific stages
of hiPSC differentiation and may influence the neural
stem cell fate decision.
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Introduction

Human induced pluripotent stem cells (hiPSC) can
generate neural stem cells, as well as neural and glial
progenitors (Choietal. 2014). Differentiation of hiPSC
into neural progenitors is associated with the metabolic
switch from glycolysis to oxidative phosphorylation
(OXPHOS) and is correlated with an increase in the
number of mitochondria (Zheng et al. 2016).

Mitochondria play a central role in energy produc-
tion, apoptosis, and redox homeostasis. Loss of mito-
chondria functionality is observed in aging and age
related neurodegenerative disorders. Manipulation of
the activity and number of mitochondria is an interesting
therapeutic option for age-related neurodegenerative
diseases (Reddy 2009, Luo etal. 2015). In the process of
reprogramming (Takahashi et al. 2007) somatic cells are
converted into induced pluripotent stem cells. Among
many physiological changes, de-differentiation involves
the restructuring of mitochondria (mitochondria num-
ber, morphology, activity, and mtDNA amount). During
differentiation, which is a process opposed to repro-
gramming, mitochondria plays a leading role as well
(Wanet et al. 2015). Thus, a participation of mitochon-
dria in reprogramming and differentiation is not only
important in therapy and regenerative medicine but is
also crucial for understanding stem cell biology.

Idebenone, an analogue of CoQ10, was synthesized in
Japan in the 1980's (Kanabus et al. 2014). This drug was
intended for use for the treatment of neurodegenerative
disorders and diseases that exhibit mitochondrial etiology.
Idebenone was tested with varying degrees of success in
Friedreich’s ataxia (Parkinson et al. 2013), Leber hered-
itary optic neuropathy (LHON) (Klopstock et al. 2011),
mitochondrial encephalomyopathy (MELAS) (Napoli-
tano et al. 2000), Duchenne muscular dystrophy
(DELOS) (Buyse et al. 2015), multiple sclerosis (Vil-
loslada 2016), dementia (Bergamasco et al. 1994), and
Alzheimer’s disease (Weyer et al. 1997). Idebenone
activates electron transport chain in mitochondria and
exerts strong neuroprotective effect both in vitro and
in vivo (Murphy et al. 1990; Ratan et al. 1994, Miyamoto
and Coyle 1990). One of the most important featres of
idebenone is its antioxidant capacity (Jaber and Polster
2015). Mechanisms implicated in neuroprotection and
antioxidative properties involve stabilization of the BAX/
Bcl-2 ratio (Kernt et al. 2013). Reduced by complex II
form of idebenone protects mitochondria against lipid
peroxidation (Suno and Nagaoka 1989).
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Until now, to our knowledge, the impact of
idebenone on neural development in the stem cells
models, including hiPSC has not been studied.
Idebenone was tested in iPSC-derived Friedreich
ataxia cardiomyopathy model on the drug screening
platform and was shown not to influence tested cells in
contrary to deferiprone (the iron chelator), which
attenuated disease phenotype (Lee et al. 2016).

In this study, we present results showing the
response of neural stem/progenitor cells generated
from hiPSC to idebenone exposition at three different
stages of neural differentiation: neural stem cells
(NSC); early neural progenitors (eNP) and neural
progenitors (NP). We have investigated cell viability,
ROS level, mitochondrial membrane potential and
mitochondrial biogenesis (SDHA and COX-1 protein
level, mtDNA copy number), changes in total cell
number as well as the expression of NRFI, TFAM,
PPARGCIA, MAP2, GFAP genes. We have shown
that idebenone can positively influence viability and
total cell number, significantly increase mitochondrial
biogenesis and can change lineage specification dur-
ing neural differentiation of hiPSC.

Materials and methods
Cell culture and idebenone exposition

Before the exposition to idebenone (Sigma-Aldrich) at
concentrations of 0.5; 0.25; 0.125 pM; control NSC,
eNP and NP were generated from human induced
pluripotent stem cells (hiPSC) (The Gibco® Human
Episomal iPSC Line, Thermo Fisher Scientific), as
described in Augustyniak et al. 2017. Briefly, for
neural differentiation, we used protocol adapted from
Yan et al. 2013, with some modifications. Culture
media and reagents were purchased from Thermo
Fisher Scientific. At the undifferentiated stage, hiPSC
were grown on a 6-well plate on rh-Vitronectin in
Essential 8 Medium. The medium was replaced every
other day. At 80% hiPSC confluency, Essential E8
Medium was changed to the PSC neural induction
medium. hiPSC were grown in PSC Neural Induction
Medium for the next days. The neural stem cells, was
obtained after six passages maintained on Matrigel
(BD Matrigel™ Basement Membrane Matrix, Corn-
ing) in Neural Expansion Medium (neural induction
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supplement 1:50, Neurobasal, Advanced DMEM, 1:1).
The second stage of differentiation (eNP) was obtained
from NSC by transferring cells to neural differentiation
medium type I: Neurobasal, DMEM/F12 [1:1], N2
supplement 1%, B27 supplement 1%, EGF (20 ng/ml),
bFGF (20 ng/ml), and culturing them for next 14 days.
The third stage of differentiation (NP) was obtained
from eNP by culturing in differentiation medium type [
without EGF and bFGF (neural differentiation medium
type II). Before exposition to idebenone, all three cells
populations were seeded at a density of 5 x 107 cells/
cm? on 6-well, 24-well or 96-well (Nunc) plates
covered with the solution of Matrigel:DMEM/F12
(1:30) in medium dedicated to NSC (neural expansion
medium), eNP (differentiation medium type I), NP
(differentiation medium type II). The next day the
media were replaced by the fresh ones supplemented
with idebenone at concentrations of control; 0.125;
0.25;0.5 pM. The cells were incubated with idebenone
for 5 days.

Immunocytochemistry

NSC, eNP, and NP were characterized by immunofiu-
orescence staining. Images were prepared in Labora-
tory of Advanced Microscopy Techniques,
Mossakowski Medical Research Centre Polish Acad-
emy of Sciences using Confocal Laser Microscope
LSM 510 (Zeiss). hiPSC- derived neural stem cells,
early neural progenitors and late neural progenitors
were seeded on coverslips covered with solution of
Matrigel: DMEM/F12, (1:30 ratio) in a 24-well plate
5 x 10° ce]lslcmz) in the medium dedicated to the
stage of development. At 80% confluency cells were
fixed with 4% of PFA (15 min). At the next steps, cells
were washed with PBS and 0.1% Triton X-100 was
used for cells permeabilization. Before primary anti-
bodies (Supplementary Table 1) were added, blocking
solution of 10% goat serum was applied for 1 h and
cells were incubated with primary antibodies for 24 h.
After this time secondary antibodies (Supplementary
Table 1) were added and incubated for 1 hin the dark.
Nuclei were contrast gained with Hoechst 33258
(Sigma-Aldrich).

Alamar Blue viability assay

After 5 days of exposure to idebenone at doses of
0-0.5 pM, the Alamar blue viability assay (Sigma-

Aldrich) was performed. Fluorescence of resorufin
was read at wavelengths: 544 nm (excitation) and
590 nm (emission) 3 h after adding reagent to the
culture medium (1:10). The results are shown as the
ratio (%) of the fluorescence intensity of test samples
to the control (untreated) samples measured by
Fluoroscan Ascent (FL, Labsystems) plate reader.
Data presented on the graphs are normalized to cell
number which was obtained by Janus Green (Abcam)
staining performed according to the manufacturer’s
protocol.

ROS level detection

After 5 days of exposition of NSC, eNP, and NP to
idebenone, ROS level was measured by DCFH-DA
(dichloro-dihydro-fluorescein ~ diacetate,  Sigma-
Aldrich) assay. Cells were incubated with DCFH-
DA reagent (1 pM) for 3 h. After this time fluorescent
DCF(2',7 -dichlorofluorescin) was detected by a plate
reader Fluoroscan Ascent (FL, Labsystems) at wave-
lengths: 485 nm (excitation}—538 nm (emission).
The results are shown as the ratio (%) of the
fluorescence intensity of test samples to the untreated
control. Normalization of ROS level results to cell
number was obtained using Janus Green (Abcam)
staining.

Mitochondrial membrane potential determination

After 5 days of exposition to idebenone, NSC, eNP
and NP mitochondrial membrane potential was mea-
sured using fluorochrome Mitotracker™ Red CMXRos
(Thermo Fisher Scientific) detected at the wavelength:
544 nm (excitation) 590 nm (emission) on a plate
reader. The measurements were performed 4 h after
the 50 nM solution of MitoTracker Red CMXRos was
added to the culture medium. The results are shown as
the ratio (%) of the fluorescence intensity of the test
sample to the untreated control, after normalization of
data to the total cell number with Janus Green staining
according to manufacturer’s protocol.

SDHA and COX-1 protein level determination
Cells at the three stages of neural differentiation were
seeded separately on a 96-well plate covered with

Matrigel solution (1:30). Idebenone was added to cells
for 5 days. After this time the levels of two
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mitochondrial proteins was measured with MitoBio-
genesis In-Cell ELISA Colorimetric kit (Abcam),
according to the manufacturer’s instructions, on cells
fixed with 4% PFA. SDHA, mt-COX-1 proteins level
was obtained on a Fluostar plate reader OMEGA
(BMG Labtech). After washing with PBS, cells were
incubated for 30 min in 1X Permeabilization Buffer.
Prior to the addition of primary antibodies (anti-SDHA
and anti-COX-1), the cells were incubated in 2X
Blocking Buffer for 2h followed by a mix of
secondary antibodies conjugated with enzymes: (1)
alkaline phosphatase and (2) horseradish peroxidase
for 60 min. After this time substrate for alkaline
phosphatase was added and absorbance was measured
at OD 405 nm wavelength, then the substrate for
horseradish peroxidase was added, and absorbance
was measured at OD 600 nm wavelength. Changes in
SDHA and COX-1 levels were normalized to total cell
number measured according to manufacturer’s proto-
col using Janus Green (Abcam) staining method.
SDHA and COX-1proteins levels were shown inde-
pendently as the absorbance ratio (%) of cell samples
treated by idebenone to the untreated control.

Total cell number determination

After 5 days of incubation with idebenone, cells were
fixed with 4% PFA (RT). 1X Janus green reagent
(Abcam) was added for the 5 min. After this time cells
were washed five times with PBS, then 0.5 M HCI
(10 min in RT) was added. Absorbance used to
determine total cell number was measured on Fluostar
plate reader OMEGA (BMG Labtech) at a wave-
length: OD 595 nm. Total cell number was calculated
from the standard curve and presented as the % of
control cells untreated with idebenone.

Gene expression analysis
DNA and RNA isolation

Total RNA and total DNA was extracted from NSC,
eNP, NP samples with ZR-Duet™ DNA/RNA Mini-
Prep Kit (Zymo Research) according to the manufac-
turers’ protocols. Before reverse transcription reac-
tion, total RNA was purified with Clean-Up RNA
Concentrator kit (A&A Biotechnology, Gdynia,
Poland), and RNA integrity on 2% agarose gels was
validated. RNA and DNA concentration was
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measured using NanoDrop ND-1000 (Thermo Fisher
Scientific, Waltham, USA). The purity of nucleic acids
was assessed by calculating the 26(0/280 absorbance
ratio.

RT-gPCR

cDNAs to RT-qPCR reaction were obtained by High-
Capacity RNA-to-cDNA™ Kit, (Thermo Fisher Sci-
entific) on CivivCycler Thermocycler (Biotech INC).
Gene expression analysis was evaluated with 1 pl
(10 ng) cDNA template in 25 pl reaction mixture
containing 12.5 pl iTag™ Universal SYBR® Green
supermix (Bio-rad) and 0.25 pM/pl each primer
(Supplementary Table 2). RT-gPCR was performed
in the following steps: initial denaturation step at 95 °C
for 3 min, 45 cycles of denaturation at 95 °C for 10 s,
and annealing/extension at 60 °C for 1 min. Samples
were tested in four replicates. For each stage of
development (NSC, eNP, NP) reference gene was
selected in NormFinder software as shown in Fig. 1.
As a reference genes for a NSC stage were used: TBP,
UBC, GAPDH, EID2, RABEP2, ZNF224B, PHB,
CCNG1, CAPNI10, EEF1Al, TUBB2; for eNP:
RPLPO; for NP: EID2, RPLPO, UBC. Potential refer-
ence genes were described by Synnergren et al. 2007;
Coulson et al. 2008; She et al. 2009; Eisenberg and
Levanon 2013; Vossaert et al. 2013. GeneEx 6.1
software (MultiD Analyses AB, Goteborg, Sweden)
was used to analyze the data by Pffafl method (Pfaffl,
2001) (the quantification cycle (Cq) values and the
baseline settings automatically calculated by the gPCR
instrument software) from T_‘ightCyc]er® 96 Software
(Roche Diagnostics GmbH, Mannheim, Germany).

gPCR

The mtDNA copy numbers were calculated as (1) mt-
NDI/SCLO2BI ratio and (2) mt-ND5/SERPINA [ ratio
(Yu et al., 2012) on the quantification cycle (Cq)
values and the baseline settings automatically calcu-
lated by the gPCR instrument software (LightCyc]er®
96 Software, Roche Diagnostics GmbH, Mannheim,
Germany). The qPCR was performed with 1 pl
(10 ng) DNA template in 25 pl reaction mixture
containing 12.5 pl iTag"™ Universal SYBR® Green
Supermix (Bio-rad) and 025 pM/pl each primer
(Supplementary Table 3). PCR conditions were as
folows: hot start at 95 °C for 3 min followed by 45
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Fig. 1 Immunocytochemical confirmation of: neural stem cells
(NSC), early neural progenitors (eNP) and neural progenitors
(NP). NSC culture exhibit dense and packed morphology,
expressing the high level of early neural marker Nestin,
proliferaion marker Ki67 and early neuronal marker

cycles of denaturation at 95 °C for 10 s, annealing at
60 °C for 30 s, and extension at 72 °C for 30 s.

Statistical analysis

GraphPad Prism5.0. was used to perform statistical
analysis. Kolmogorov-Smirnov was used as a

Doublecortin (DCX). During differentiation process, the mor-
phology of cells changed to more elongated, branched, with
decreasing Ki67 expression and increasing more advanced
neuronal (B-TUBULIN3, MAP2, NF200) and astrocytic
(GFAP) markers. Scale bar 50 pm

normality test. After checking whether the distribution
is normal test groups were compared with (1) the
t-student test, (2) One-way ANOVA followed by
Tukey's Multiple Comparison Test (3) two-way
ANOVA followed by Bonferroni Multiple Compar-
ison Test; (¥) p<0.05 ; (**) p <0.01; (***) p<0.001;

%) p <0.0001; for comparison inside the group; 2)
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#) p=<0.05; ) p<0.01; (##) p<0.001; ) p<
0.0001 for comparison between group. Results repre-
sent three independent experiments, each in at least
four replicates. Results presented at the graphs were
shown as mean with standard error of measurement
(SEM). Data in the text were present as mean with
standard deviation (SD).

Results
Neural differentiation of hiPSC

NSC, eNP and NP were obtained from hiPSC as
described before (Augustyniak et al. 2017). The panel
of immunocytochemical images (Fig. 1) shows the
staining of specific neural markers in cell the popu-
lations tested in this report. They included: Nestin
(NEST)—the marker of the early stage of neural
commitment; B-tubulin I (BTUB II), Doublecortin
(DCX), Neurofilament 200 (NF200) and Microtubule
Associated Protein 2 (MAP2)—the markers of neu-
ronal differentiation; Glial Fibrillary Acidic Protein
(GFAP)—the astrocytic marker and Ki67—indicating
proliferating cells. From NSC through eNP to NP
stage, lineage-related cells acquire more neuronal
phenotype, as revealed by the enhanced expression of
BTUB I, NF200, and MAP2, while decreasing level
of NEST. DCX level was detected on similar level at
all tested stages of development. Astroglial marker—
GFAP is gradually increasing during differentiation,
while the proliferation marker Ki67 gradually disap-
pears, being the most abundant in NSC stage of
development. The advancement in neuronal differen-
tiation, as revealed by the expression of typical
markers on the protein level, is shown to be correlated
with the change in morphology from rounded to
elongated cells with long protrusions (insets in Fig. 1).
Detailed phenotype characterization of NSC, eNP and
NP on mRNA level by RNA-seq method was
presented previously by our group (Augustyniak
et al. 2017).

Influence of idebenone on cells viability
We observed an increase in viability at NSC at all
tested doses. Only in NP stage, at dose 0.25 puM cell

viability was lowered significantly [87.75% (£3.93)].
but at 0.5 pM small, no significant increase was
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observed. The largest increase of viability was
detected at eNP stage [138.19% (£10.78)] at the
highest dose 0.5 pM of idebenone. The increase in
cells viability was also high and significant for NSC
for doses 0.25 pM [128% (£6.31) and 0.5 pM (130%
(+£4.40)].

‘When the tested populations were compared at the
highest dose of idebenone (0.5 pM), the differences
between NSC [130% (£4.40)] versus NP [103.81%
(£2.45)] and eNP [138.19% (£10.78)] versus NP
[103.81% (=£2.35)]. were highly significant (##HH#;
p < 0.0001). The results are shown in Fig. 2a.

Antioxidant properties of idebenone

Antioxidant properties of idebenone, revealed by
reactive oxygen species (ROS) detection as the
decrease in ROS level, have been observed at eNP
and NP stages of neural differentiation. The most
effective antioxidant capacity was recorded at the
highest tested dose 025puM for NSC
[79.77%(x£14.47)] and 0.5 pM for eNP [85.45%
(£4.81)]; NP [88.44% (£7.09)]. A significant differ-
ence between compared populations (NSC vs. eNP vs.
NP) at the dose 0.5 M was not notified, as presented
in Fig. 2b.

Impact of idebenone on mitochondrial membrane
potential

There were no significant changes in the accumulation
of fluorescent dye between stages of differentiation at
any tested dose of idebenone (Fig. 2c). Mitochondrial
membrane potential was constant and for the cells
treated with 0.5 pM idebenone revealed the level:
NSC 106.66% (+18.54), eNP 98.76% (+13.38) and
NP 103.16% (+3.64) of the control (100%) (Fig. 2c).

Effect of idebenone on SDHA and COX-1
expression

The SDHA (Flavoprotein (FP) subunit A of succinate
dehydrogenase) protein level shown a significant
effect for the highest dose of idebenone 0.5 pM:
[123.12% (£20.94)] in the eNP and [117.04%
(£10.79)] in the NSC stage. We did not observe any
statistically significant difference of SDHA protein
level between: NSC versus eNP contrary to eNP
versus NP (#, p < 0.05) (Fig. 3a).
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Fig. 2 The cells at three different stages of neural differentiation:
NSC, eNP and NP after 5 days of exposure to the different
concentrations of idebenone were tested for (a) viability measured
by Alamar Blue assay: (b) ROS level measured by DCFH-DA assay:;
() the mitochondrial membrane potential measured by MitoTracker
Red CMXRos staining. After normalization to total cell number
results are shown the mean (SEM) of fluorescencee intensity (%) of
treated group versus control. Brackets show statistical significance
between samples versus control (one way ANOVA, Tukey’s post-
testy: #p < 0.05; #p < 0.01; *¥p < 0.001; ***p < 0.0001 and
comparison between groups (iwo way ANOVA, Bonferroni posi-
test)y: *p < 0.05; #p < 0.01: *p < 0.001; **p < 0.0001

Idebenone significantly increased COX-1 (cy-
tochrome C oxidase I) protein level in the early neural
progenitors at dose 0.25 pM [144.13% (£ 16.26)];
(** p < 0.01) and 0.5 pM [137.24% (£11.83)]; (**,
p < 0.01). At the highest dose significant enhance-
ment of COX-1 protein level was detected in NSC
stage of development [113.90% (£3.01)]; (*
p < 0.05). No significant changes between treated
and untreated control were detected at stage of NP at
the dose 0.25 pM and 0.5 pM after 5 days of expo-
sition to idebenone. We noticed significant difference
in response to idebenone between: NSC versus eNP (#,
p < 0.05); eNP versus NP (###. p < 0.0001), and
NSC versus NP (#, p < 0.05) in the highest dose

(Fig. 3b).

Influence of idebenone on the total cell number

Idebenone increased total cell number of NSC in all
tested doses: 0.125 uM [113.64% (£8.17)]; 0.25 pM
[119.75% (£18.59)]; 0.5 pM [138.57% (+12.69)],
but only for the highest dose it was statistic significant.
The statistically significant differences between trea-
ted cells and untreated control were shown at highest
dose of 0.5 puM for NSC [138.57% (£12.69)] and eNP
[118.29% (£0.11)]. At stage of late neural progenitor
(NP) idebenone inhibited total cell number, about
~T7-12% versus control samples at all tested doses,
however this effect was found to be statistically
significant only for 025 pM dose of idebenone
[88.10% (£3.87)] (Fig. 3c).

Effect of idebenone treatment on mitochondrial
DNA content

Idebenone significantly increased ratio of NDI/
SCLO2BI (*,p < 0.5) from 42.60 (£2.73) to 55.33
(£4.03) only at early neural progenitors stage
(Fig. 4a). NDI/SCLO2BI ratio remains unchanged
not significant in the two other stages (NSC and NP).
Significant difference between tested groups was
observed at untreated cells populations: NSC versus
NP (##, p < 0.01) and eNP versus NP (##, p < 0.01).
In cells treated by idebenone significant difference in
response to stimulations was noted between NSC and
NP (##, p < 0.01).
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Fig. 3 In the developmental stages: NSC, eNP and NP after
5 days exposure to the different concentrations of idebenone.
a The Succinate Dehydrogenase Complex Flavoprotein Subunit
A (SDHA) level. b The Cyclooxygenase (COX-1) level: ¢) Total
cell number obtained from standard curve (Janus green staining)
was measured. Results are shown as mean (SEM) relative
percent (%) of absorbance versus control. The SDHA and COX-
1 protein level were normalized to cell number with Janus green
staining kit. Brackets show statistical significance between
samples versus control (one way ANOVA, Tukey’s post-test):
#*p < 0.05; **p <0.01; ***p <0.001; ****p < 0.0001; and
comparison between groups (two way ANOVA, Bonferroni
post-test): *p < 0.05; *p < 0.01: **p < 0.001; ***p < 0.0001
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ND5/SERPINAI ratio analysis has shown signifi-
cant increase at eNP stage (*%%% p < 0.0001)
[128.00(£7.00)] as compared to untreated control
[99.50(£2.50)]. At NSC and NP stages ND5/SER-
PINAI ratio was not changed at significant level
(Fig. 4b). The significant difference between popula-
tions treated by idebenone was obtained for NSC
[62.67(£22.87)] versus NP [111.50 (£9.50)] (#,
p < 0.05) and NSC versus eNP [128.00 (£7.00)]. In
untreated samples significant difference appeared only
between NSC [76.25 (£11.03)] and NP [137.67
(£3.77)] (##, p < 0.01), as presented in Fig. 4b.
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Fig. 4 Therelative mtDNA copy number estimated with gPCR
measurement of NDI, ND5, SLCO2B1 and SERPINAI level in
NSC, eNP and NP after 5 days of exposure to the 0.5 uM
idebenone: a NDI/SLCOZ2BI ratio and b ND5/SERPINAI ratio.
Data are presented as mean (SEM). Brackets show statistical
significance between samples versus control, (t-Student):
#*p<0.05; #*p <0.01; #**p < 0.001; ****p < 0.0001 and
comparison between groups (two way ANOVA, Bonferroni
post-test): *p < 0.05; ¥p < 0.01; **p < 0.001; **p < 0.0001



Biogerontology

Effect of idebenone on the relative gene expression
involved in mitochondrial biogenesis and neural
differentiation

RT-gPCR analysis showed that NRFI mRNA expres-
sion level after exposure to idebenone at the stage of
the early neural progenitors (eNP) increased about
~sevenfold [6.86 (£0.416)]. The increase in expres-
sion has also been observed in NSC and NP stages but
it was much lower and ranged [0.311 (£0.156)] and
[1.092 (£0.113)], respectively. We have also observed
statistically significant differences in NRF/ mRNA
expression level between every tested developmental
stage (¥#% p < 0.001) (Fig. 5a).

Idebenone enhanced PPARGCIA gene expression
in all tested cell populations. The best efficiency in
enhancing of PPARGCIA level is observed at the eNP
stage, where relative gene expression was elevated
about ~ 11-fold [10.824 (£0.998)]. Idebenone stimu-
lated about ~ 5 times increase of PPARGCIA expres-
sionin NSC [5.304 (£0.164)] and NP [4.903 (+1.098)]
stage of development. Relative gene expression in
NSC versus eNP and eNP versus NP differed signif-
icantly (***%, p < 0.001) while NSC versus NP popu-
lation was not significantly different (Fig. 5b).

Idebenone raises the expression of TFAM gene
about ~ fivefold [4.865 (£0.233)], in early neural
progenitors. At the developmental stages NSC and NP
expression of TFAM was reduced about three times
[—2.578 (£0.252)] and one time [—0.612(£0.131)],
respectively (Fig. 5¢). Difference in the TFAM gene
expression was statistic significantly between all
compared cells populations (*##, p < 0.001).

Idebenone enhanced the MAP2 relative gene
expression only at the stage of early neural progenitors
~threefold increase [3.313 (£0.537) of expression].
Atthe stage of neural stem cells and neural progenitors
(NP) the drug has the opposite effect: in NSC
expression of MAP2 decreased about ~ onefold
[—1.088 (£0.168)] and for NP about ~twofold
[-2.391 (£0.347)]. The observed changes were
significantly different between all stage of differenti-
ation (¥** p < 0.001) (Fig. 5d).

Idebenone was found to up-regulate about ~nine-
fold [9.040 (£0.925)] the GFAP gene expression level
in early neural progenitors (eNP). Up regulation has
been observed also at NSC ~fivefold [4.765
(£0.124)] and NP ~ threefold [2.805 (£0.591)] stages
of differentiation. Significant differences were

recorded in all tested populations: NSC versus eNP
versus NP (¥%% p < 0.001) (Fig. 5e).

Discussion

In this paper, we demonstrate the cellular and molec-
ular response of hiPSC-derived cell populations to the
synthetic analog of coenzyme Q10, idebenone during
early stages of neural development. To the best of our
knowledge, the effect of idebenone has not been
studies in neural stem cells so far. We assumed that
due to the positive effect of idebenone on electron
transport in mitochondria (Haefeli et al. 2011; Erb
et al. 2012) and metabolic changes characteristic of
stem cell development, such treatment may influence
the mitochondrial biogenesis and neural differentia-
tion pathway of hiPSC-derived neural stem cells in a
stage-dependent manner: neural stem cells, early
neural progenitors and neural progenitors.

Neural stem cells are multipotent cells character-
ized by self-renewal, the ability to proliferate without
a limit and the capacity to produce neural progenitors
which finally can be differentiated into neurons,
astrocytes and oligodendrocytes (Clarke et al. 2000).
Neural progenitors can be multipotent, bipotent or
unipotent. They differ from NSC by limited capacity
to self-renew, the restricted ability of neuronal and
glial differentiation and in morphology what is
revealed by elongated cell shape and the presence of
protrusions extending from the cell body (Seaberg and
van der Kooy 2003). During hiPSC differentiation
cells gradually turn off naive pluripotency (Rad-
zisheuskaya and Silva 2014) and acquire lineage
markers shown as elevated expression of SOX2 and
NESTIN (Verpelli et al. 2013) We have confirmed in
our previous study (Augustyniak et al. 2017) the loss
of pluripotency markers: OCT4 in all tested popula-
tions and gradual silencing of NANOG with elevated
expression of SOX2 and NESTIN during neural
commitment from hiPSC and gradual upregulation
of the expression of MAP2 and GFAP during further
differentiation, which is also consistent with observa-
tions of other groups (Denham and Dottori 2011,
Kwon et al. 2012, Verpelli et al. 2013). In the neural
progenitors, which are more advanced in develop-
ment, neurites are extended and the increase of the
expression of MAP2 is observed (Denham and Dottori
2011). Nestin is a marker of neural differentiation,
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which can be detected at the earliest. Thus, the
expression of early neural marker such as Nestin was
shown after the induction of neural differentiation in
the NSC at protein level (immunocytochemistry) and
mRNA level (RT-PCR), with the tendency to diminish
expression at the last NP stage. The expression of key
proteins typical for neural development stages NSC,
eNP and NP untreated with idebenone was tested at the
all populations is presented in Fig. 1. It revealed
gradual increase of the expression of fTUB III, DCX,
NF200, MAP2 and GFAP along differentiation. The
results obtained for tested markers confirmed data,
which were previously obtained by our group on both
protein (quantification of immunocytochemistry) and
mRNA (quantitative analysis with RNA-seq) level
(Augustyniak et al. 2017). The latter additionally
proved, that presented cell populations significantly
differ between each other and can be used as the
independent stages of neural differentiation.

To elucidate whether idebenone can influence the
neural differentiation process and content of mito-
chondria, and gene expression of key regulators of
mitochondrial biogenesis have been investigated in
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Data are presented as the mean (SEM) from three independent
experiments, each in four replicates. Brackets show statistical
significance comparison between groups (one way ANOVA,
Tukey’s post-test): *p < 0.05: *#*p < 0.01: ***p < 0.001:
#2325 < 0.0001

the three above-mentioned cell populations. Thus,
viability, total cell number, ROS level and mitochon-
drial membrane potential, expression of proteins
(SDHA, COX-1) and genes (NRFI, TFAM,
PPARGC1A), mtDNA copy number (revealed as
NDI/SCLO2BI and ND5/SERPINAI ratio), important
marker of mitochondrial biogenesis and the level of
neural differentiation related markers (MAP2 and
GFAP) were evaluated upon the treatment with
idebenone. We have observed that most effective
was the highest concentration of idebenone tested by
us (0.5 pM) therefore, the further comparison between
NSC, eNP and NP cells was performed at the highest
tested concentration of idebenone. The summary of
the influence of idebenone (0.5 uM) on three different
stages of neural differentiation is presented in Table 1.

The population of NP did not respond significantly
to the drug treatment for the most of the tested
parameters (Table 1). In contrast to NSC and eNP
populations, no significant changes were detected in
cell viability (Fig. 2a), SDHA (Fig 3a), COX-1 pro-
tein level (Fig. 3b) and total cell number (Fig. 3c). The
only exception was the significant reduction of the
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ROS level which is in agreement with previously
reported function of idebenone as an antioxidant
(Jaber and Polster 2015) and similar to the response of
other tested populations (Fig. 2b).

The expression of proteins and genes implicated in
the mitochondrial biogenesis was also tested. In our
study we decided to measure the levels of two
proteins: a major catalytic subunit of succinate-
ubiquinone oxidoreductase (SDHA) a complex of
the mitochondrial respiratory chain (Hirawake et al.
1994) (Fig. 3a) and mitochondrial complex TV:
cytochrome ¢ oxidase subunits (COX-1) (Anderson
et al. 1981). The elevated level of SDHA (nuclear
encoded) and COX-1 (mitochondrial encoded) is used
as a marker of the one of the mitochondrial biogenesis
marker since both of these proteins are localized and
function in mitochondria. Thus, SDHA and COX-1
level were significantly elevated in NSC and eNP
stages, while NP population was not affected.

The developmental stage dependent elevation of
mitochondrial biogenesis after idebenone treatment
was also confirmed by the analysis of mitochondrial
DNA content. The relative DNA copy number was
calculated from representative mitochondrial to
nuclear genes ratio (NDI/SCLO2BI and ND5/SER-
PINAT). Idebenone induced significant increase of
mtDNA copy number only in the stage of eNP, while
NSC and NP populations did not respond significantly
(Fig. 4a, b).

The genes that have been evaluated in our study:
NRF1, PPARGCIA and TFAM are the key regulators
of signaling pathways implicated in mitochondrial
biogenesis (Kanabus et al. 2014). PGCl-alpha
encoded by PPARGCIA is the major factor which by
the cascade of nuclear-encoded hormone receptors,
transcription factors, and transcriptional co-activators,
including PPARs, estrogen-related receptors, thyroid
hormone receptors, nuclear respiratory factors NRF1
and NRF2 and the transcription factors CREB and
YY1 (Andreux et al. 2013; Dominy and Puigserver
2013; Kanabus et al. 2014) is able to increase the
number of mitochondria. Several neurodegenerative
diseases (Huntingtons Disease, Alzheimefs Disease,
and Parkinsons Disease) are related to the impaired
expression and function of PGC1 alpha. Signaling
cascade regulated by PGCI1 alpha is an attractive
therapeutic target for mitochondrial-based diseases
(Valero 2014; Kanabus et al. 2014). TFAM is a
mitochondrial transcription factor 1 regulating the
mitochondrial DNA replication and repair (Tiranti
et al. 1995). Therefore in our research, we examined
gene expression of NRFI, PPAPGCIA, TFAM and
demonstrated by RT-qPCR analysis, that all these
factors are significantly elevated only in eNP stage of
development (Fig. 5a, b, ¢; Table 1). Up-regulation of
NRF1 and PPARGCIA and down-regulation of TFAM
were shown in cells of NSC and NP stage of
development.

Table 1 Summary of the

NSC ENP NP
influence of Idebenone
(0.5 uM) at three different Viability T (%) 1 (*%) T (ns)
Giftoentation (+, p<0s;  ROS1ewe L) L L
#*_ p<0.01, ¥#*%, p<0.001, Mitochondrial membran potential T (ns) lins) T (ns)
#=#%% p<(.0001, ns-non- Total cell number T(*%) T | (ns)
significant) Protein expresion
SDHA T T | (ns)
COX-1 T T 1 (ns)
mtDNA copy number
NDI/SCLO2Blratio | (ns) T(*) | (ns)
ND5/SERPINAIratio T (ns) T (FEEE) 1 (ns)
Gene expression (fold change)
NRF1 T(0.31) 1 (6.86) 1(1.09)
TFAM 1 (—2.58) T(4.87) | (—0.62)
PPARGCIA T(5.30) T (10.83) 1 (4.90)
MAP2 1 (—1.09) T(3.31) 1 (—=2.39)
GFAP T (477 T (9.04) T (2.805)
@ Springer
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The last but not least was the coexistence of the
abovementioned changes with the neural fate commit-
ment. For that purpose, the gene expression of MAP2
and GFAP, a neuronal and astroglial marker, respec-
tively, was investigated in the idebenone treated
populations. While the GFAP was significantly upreg-
ulated in all tested populations, MAP2 was shown to be
repressed in NSC and NP populations and upregulated
only at an eNP stage. What’s more, the upregulation of
GFAP at eNP stage was twice as strong as in other
tested stages (Fig. 5d, e; Table 1). Thus surprisingly,
we observed that only at the stage of early progenitors
idebenone could up-regulate both MAP2 and GFAP
gene expression, which suggests that a bidirectional
induction of differentiation is possible only at this
specific stage of differentiation. Furthermore, the
specific for eNP upregulation of all tested genes
involved in the mitochondrial biogenesis as well as
significant upregulation of viability may suggest that
eNP stage is the “developmental window of sensitiv-
ity” for the neuroprotective function of the idebenone.
More research is needed to elucidate the effect of
idebenone on mitochondrial biogenesis and stem cell
fate decision during neural differentiation, however,
based on the presented results we can strongly support
the hypothesis that idebenone protective effect is
developmental stage dependent and that future tar-
geted treatment of the selected stage of neural devel-
opment may exert better therapeutic effect.
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Suppl.Tab.1. Antibodies applied for the immunocytochemistry staining of NSC, eNP, NP

Primary antibodies

Secondary antibodies

Name Company that Dilution Name | Company that produces Dilution
produces antibodies antibodies
B-TUBULIN Sigma-Aldrich
" 1:1000 Alexa
_ Fluor
DCX Cell Signaling Technology 1:500 . R
i i 488 Thermo Fisher Scientific 1:1000
MAP-2 Sigma-Aldrich 1:500 d
an
NF200 Sigma-Aldrich 1:200 £46
Ki67 Novocastra 1:500
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Suppl.Tab.2. Primers used for RT-qPCR

Primers Genbank number Primers sequence Amplicon length
POUSF1 F NM_002701.5 GAGAGGGGTTGAGTAGTCCCTT

POUSF1 R CGAAATCCGAAGCCAGGTGTC 100
SOX2 F NM_003106.3 CGGAAAACCAAGACGCTCAT

SOX2R TAACTGTCCATGCGCTGGTT 140
NANOG F NM_024865.3 AATAACCTTGGCTGCCGTCT

NANOG R AGCCTCCCAATCCCAAACAAT 150
MAP2 F NM_002374.3 TGCCTCAGAACAGACTGTCAC

MAP2 R AAGGCTCAGCTGTAGAGGGA 1ot
GFAP F NM_002055.4 GTGAAGACCGTGGAGATGCG

GFAP R TGCCTCACATCACATCCTTGT 0
NES F NM_006617.1 CCCCGTCGGTCTCTTTTCTC

NES R TCGTCTGACCCACTGAGGAT %
NEUROD1 F NM_002500.4 ATCTTGCACAGGGAGTCACC

NEUROD1 R TACTGCCGTCCAGTCCCATA %
NEFL F NM_006158.4 AGCGTGGGAAGCATAACCAG

NEFL R CTGGTCTGTAAACCGCCGTA %0
TUBB3 F NM_006086.3 CAACCAGATCGGGGCCAAGTT

TUBB3R GAGGCACGTACTTGTGAGAAGA 10
NRF1 F NM_001001928.2 CAGCCGCTCTGAGAACTTCAT 148
NRF1R GTCTTCATCAGCACTCAGCATACTA

TFAM F NM_005011.4 TGAAAGATTCCAAGAAGCTAAGGGT 132
TFAMR TAACGAGTTTCGTCCTCTTTAGCAT

PPARGC1A F NM_003201.2 TAGTAAGACAGGTGCCTTCAGTTC

PPARGCI1AR CTCGATGTCACTCCATACAGACTC L
ACTB F NM_001101.3 GCTCACCATGGATGATGATATCGC 169
ACTBR CACATAGGAATCCTTCTGACCCAT

GAPDH F NM_002046.5 GTTCGACAGTCAGCCGCATC

GAPDH R TCCGTTGACTCCGACCTTCA %
HPRT1 F NM_000194.2 AGGCGAACCTCTCGGCTTTC

HPRT1R CTGGTTCATCATCACTAATCACGAC 100
TUBB3 F NM_006086.3 CAACCAGATCGGGGCCAAGTT

TUBB3R GAGGCACGTACTTGTGAGAAGA 140
EID2 F NM_153232.3 GGCATCGCTCTGTCCAGTTA 74
EID2 R GCTTGGACATCTCAGACCGT

CAPN10 F NM_023083.3 TCTCACCGGGCTACTACCTG

CAPN10R CCCGGTAGAGAAGACTCGGA %
RABEP2 F NM_024816.2 AGGAAGGGGCAAATGGTGAG 96
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RABEP2 R CAGCCTTCATGGTTTCCATTTCTG

ZNF324B F NM_207395.2 CATTGGAAGGACAAACCTAGGATGATG

ZNF324B R CTTATCTGCTCCAAAGCTATCACTGTC 104
NAT1 F NM_001160170.3 TGGTTGCCGGCTGAAATAAC 93
NAT1R TCTGTCTAGGCCAGTCTCCT

TBP F NM_003194.4 GCAAGGGTTTCTGGTTTGCC

TBP R CAAGCCCTGAGCGTAAGGTG %0
PHB F NM_001281496.1 TGGAAGCAGGTGAGAATGGAG 76
PHB R ATCATGGAGCAGAGGAGGACT

UBCF NM_021009.6 ACGGGACTTGGGTGACTCTA

UBCR ATCGCCGAGAAGGGACTACT %
CCNG1F NM_004060.3 GCCTCTCGGATCTGATATCGT 138
CCNG1R CATTCAGCTGGTGTAGCAGT

MYC F NM_002467.4 CCCTCCACTCGGAAGGACTA 96
MYC R GCTGGTGCATTTTCGGTTGT

EEF1AL F NM_001402.5 TGTTCCTTTGGTCAACACCGA 122
EEF1ALR ACAACCCTATTCTCCACCCA

RPLPO F NM_001002.3 CCTCGTGGAAGTGACATCGT

RPLPOR CTGTCTTCCCTGGGCATCAC E

F- forward; R-reverse
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Suppl.Tab.3. Primers used for g°PCR

Gene Genbank ) )

symbol Cumber Primers sequence Amplicon length (bp)
SERPINAL F NM_000295.4 CAGTGAATAAATGAGGCGTACATCC 89
SERPINAL R GACTGTTTCTCATGCCTCTGGAAAG

SLCO2B1 F NM_007256.4 CCTGATGCCTAGGTTTCTTTTCTTG 85
SLCO2B1 R GGTCATCTGCCTACCCTAGAAC

mt-ND1 F NC_012920.1 TACGGGCTACTACAACCCTTC 77
mt-ND1 R ATGGTAGATGTGGCGGGTTT

mt-ND5 F NC_011137.1 CATTACTAACAACATTTCCCCCGC 70
mt-ND5 R GGCTGTGAGTTTTAGGTAGAGGG

F- forward; R-reverse
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figur i tabel; 10) udziale w przygotowaniu manuskryptu w tym: przygofowaniu opisu
wynikéw i metod.
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Warszawa, 29.11.2017

myr inz. Justyna Augustyniak

Pracownia Bioinzynierii Komérek Macierzystych
Instytut Medyeyny Doswiadezalnej i Klinicznej
Im. M. Mossakowskiego, PAN

ul. A. Pawinskiego 5

02-106 Warszawa

Oswiadczenie

Oéwiadczam, 2e¢ w pracy: ,Augustyniak J. Lenart J, Zychowicz M, Stepien PP,
Buzanska L.: Mitochondrial biogenesis and neural differentiation of human iPSC is
modulated by idebenone in a developmental stage-dependent manner.; Biogerontology. 2017
Aug;18(4):665-677. doi: 10.1007/510522-017-9718-4" mdj udzial polegal na uczestniczeniu
w koncepeji projektu, prowadzeniu eksperymentdw i przygotowaniu publikacji, szczegdtowo:
1) réznicowaniu komdrek hiPSC w kierunku neuralnym oraz prowadzeniu hodowli komérek:
hiPSC, NSC, eNP i NP; 2) przygotowaniu i przeprowadzeniu testow komorkowych; 3)
przygotowaniu probek do izolacji kwasow nukleinowych; 4) zaprojektowaniu starteréw do
analiz metoda: RT-PCR, qPCR, gRT-PCR oraz udzial w wykonywaniu analiz tymi
metodami; 5) zaprojektowanie panelu do wyznaczenia gendw referencyjnych w komarkach:
NSC, eNP i NP; 6) wyborze analizowanych gendw; 7) analizie statystycznej otrzymanych
wynikéw w programic Graphpad prism 5.0; 8) przygotowaniu figur i tabel: opisu metod i
wynikow, 9) redakeji catego manuskryptu.
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11.2. Oswiadczenia pozostalych wspotautorow prac tworzqcych zbior, w ktorych
wyrazajg oni zgode na wykorzystanie wspolnych publikacji w przewodzie

doktorskim kandydata oraz okreslajq swoj indywidualny wkiad w ich powstanie
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Warszawa, 29.11.2017
dr Marzena Zychowicz
Pracownia Bioinzynierii Komérek Macierzystych
Instytut Medyeyny Dodwiadezalnej i Kliniczne)
im. M. Mossakowskiego, PAN
ul. A. Pawinskiego 5
02-106 Warszawa

Oswiadczenic

Oéwiadczam, ze w pracy: . Augustyniak J, Zychowicz M, Podobinska M, Barta T,
Buzanska L.; Reprogramming of somatic cells: possible methods to derive safe, clinical-grade
human induced pluripotent stem cells.; Acta Neurobiol Exp (Wars). 2014;74(4):373-82.
Review” méj udzial polegal na uczestnictwie w przygotowaniu manuskryptu oraz jego
dyskusji merytorycznej. Wyrazam zgode na wykorzystanie publikacji w przewodzie
doktorskim mgr inz. Justyny Augustyniak.
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Warszawa, 29.11.2017
dr Martyna Podobifiska
Pracowma Bioinzynieni Komirek Macierzystych
Instytut Medycyny Doswiadezalne) 1 Klinicznej
im. M. Mossakowskiego, PAN
ul. A. Pawiriskiego 5
02-106 Warszawa

Oéwiadczenie

Oswiadezam, Ze w pracy: . Augustyniak J, Zychowicz M, Podobinska M, Barta T, Buzanska
L.; Reprogramming of somatic cells: possible methods to derive safe, clinical-grade human induced
pluripotent stem cells; Acta Neurobiol Exp (Wars). 2014:74(4):373-82. Review” mdj udziat
w przygotowaniu manuskryptu polegal na opracowaniu rycin, formatowaniu tekstu oraz przypisiw,

Wyrazam zgodg na wykorzystanic publikacji w przewodzie doktorskim mgr inZ

Justyny Augustyniak.
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Brno, 20112017

PhD Toms: Bartz

Deparmment of Histolegy and Embryology
Maszaryk University

Famenice 753/5, 625 00 Bmo

Czech Fepublic

Statement

I declare, that in the review paper: , Angustyniak J, Zychowicz M, Podobinska M, Bama T,
Buzanska L; Feprogramming of somatic cells: possible methods to derive safe, clinical-grade buman
induced phiripotent stem cells; Acta Newrobiol Exp (Wars). 2014;74(4):373-82. Review™ my
conibution was the part of the design and drafting the work as well as final approval of the version to
be published I agree that Ms Tustyna Augnstynizk will use this paper in her PhD thesis.

Toma Barta, PL.D.
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Warszawa, 29.11.2017
prof. dr hab. Leonora Buzanska
Pracownia Bioinzynierii Komdrek Macierzystych
Instytut Medycyny Doswiadezalnej i Klinicznej
Im. M. Mossakowskiego, PAN
ul. A. Pawanskiego 5
02-106 Warszawa

Oswiadczenic

Oswiadezam, Ze w pracy: Augustyniak J, Zychowicz M, Podobinska M, Barta T,
Buzanska L.; Reprogramming of somatic cells: possible methods to derive safe, clinical-grade
human induced pluripotent stem cells.; Acta Neurobiol Exp (Wars). 2014;74(4):373-82.
Review” méj udzial polegal na przygotowaniu koncepcii merytoryeznej, nadzorowaniu
przygotowania manuskryptu oraz redakeji koricowej manuskryptw. Wyrazam zgod¢ na
wykorzystanie publikacji w przewodzie doktorskim mgr inz. Justyny Augustyniak

KIEROWNIK
> .J;?u’a,w&

prof. dr hab. n. med. Lsosara Buzafsic
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Warszawa, 29.112017
dr Jacek Lenart
Pracownia Farmakoneurochemii
Instyiut Medyeyny Dodwiadezalne] i Klinicene)
im. M. Mossakowskiego, PAN
ul. A, Pawinskiego 3
02-106 Warszawa

Oéwiadezenic

Ofwindezam, e w pracy: Angestyniak I, Lenart J, Zychowicz M, Lipka G, Gaj P,
Kolanowska M, Stepien PP, Buzanska L.; Sensitivity of hiPSC-derived neural stem cells
(NSC) to Pyrrologuinoline quinone depends on their developmental stage.; Toxicol In Witra,
2017 May 31. pii; SOEET-2333(1730132-9. doi: 10.10165.6v 2017050077 mbj wdzial
polegal nma  sprawowaniu  opieki  merytoryeznej ned  prawidlewodciy  wykonania
eksperymentéw = zakresu biologii molelulemej. Wyrazam zgode na wykorzystanie publikachi
w przewodzie doktorskim mgr ing, Justyny Augustyniak
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Warszawa, 29.11.2017

dr Marzena Zychowicz

Pracownia Bioinzynierii Komorek Macierzystych
Instytut Medycyny Doswiadczalne) 1 Kliniczngj
im. M. Mossakowskiego, PAN

ul. A, Pawinskiego 5

02-106 Warszawa

Oéwiadczenie

O$wiadczam, ze w pracy: ,Augustyniak J, Lenart J, Zychowicz M, Lipka G, Gaj P,
Kolanowska M, Stepicn PP, Buzanska L.; Sensitivity of hiPSC-derived neural stem cells
(NSC) to Pyrroloquinoline quinone depends on their developmental stage.; Toxicol In Vitro.
2017 May 31. pii: S0887-2333(17)30133-9. doi: 10.1016/j.tiv.2017.05.017" méj udzial
polegal na przygotowaniu preparatéw immunocytochemicznych: neuralnych komoérek
macicrzystych (NSC); wezesnych progenitoréw neuralnych (eNP); progenitoréw neuralnych
(NP) a takze analizy jakoSciowe]j oraz ilodciowej preparatow immunocytochemicznych pod
katem gléwnych markerdw neuralnych, Wyrazam zgode na wykorzystanie publikacji w
przewodzie doktorskim mgr inz. Justyny Augustyniak.

Mane ﬁv‘m’“
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Warszawa, 29.11.2017

Prof. dr hab. Piotr P. St¢pien

Centrum Nowych Technologii UW

Instytut Genetyki i Biotechnologii, Wydziat Biologii UW
Instytut Biochemii i Biofizyki PAN

ul. A. Pawinskiego 5

02-106 Warszawa

Osvaadczenie

O$wiadczam, ze w pracy: ,,Augustyniak J, Lenart J, Zychowicz M, Lipka G, Gaj P,
Kolanowska M, Stepien PP, Buzanska L.; Sensitivity of hiPSC-derived neural stem cells
(NSC) to Pyrroloquinoline quinone depends on their developmental stage.; Toxicol In Vitro.
2017 May 31. pii: S0887-2333(17)30133-9. doi: 10.1016/j.1iv.2017.05.017" méj udzial
polegal na uczestnictwie w planowaniu cksperymentéw oraz redagowaniu i koficowe]
akceplacji manuskryptu. Wyrazam zgode na wykorzystanie publikacjii w przewodzie
doktorskim mgr inz. Justyny Augustyniak
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Warszawa, 29.11.2017

prof. dr hab. Leonora Buzanska
Pracownia Bioinzynierii Komérek Macierzystyveh
Instytut Medyeyny Dodwiadezalnej i Kliniczne)
Im. M. Mossakowskiego, PAN
ul. A. Pawinskiego 5
02-106 Warszawa
Ofwiadezenie

Oswiadczam, zc w pracy: ,,Augustyniak J, Lenart J, Zychowicz M, Lipka G, Gaj P,
Kolanowska M, Stepien PP, Buzanska L.; Sensitivity of hiPSC-derived neural stem cells
{NSC) to Pyrrologuinoline quinone depends on their developmental stage.: Toxicol In Vitro.
2017 May 31. pii: S0887-2333(17)30133-9. doi: 10.1016/4.tiv.2017.05.017" m&j udzial
polegal na uczestniczeniv w koncepcji i sprawowaniu nadzoru merytorycznego nad
wykonaniem projektu, interpretacja wynikow oraz pisaniem i redakeja koncows manuskryptu.

Wyrazam zgode na wykorzystanie publikacji w przewodzie doktorskim mer inz
Justyny Augustyniak

KIEROWHIK
Pracowni Blolndyniarl Komérek Macierzystych
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G hab. n. med. Loonors Butahaka
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Warszawa, 29.11.2017

mgr inz. Justyna Augustyniak

Pracownia Bioinzynierii Komérck Macierzystych
Instytut Medycyny Doéwiadezalnej i Klinicznej
im. M. Mossakowskiego, PAN

ul. A. Pawinskiego 5

02-106 Warszawa

Oswiadezenie

Oswiadczam, ze w pracy: ,Augustyniak J, Lenart J, Zychowicz M. Lipka G, Gaj P,
Kolanowska M, Stepien PP, Buzanska L.: Sensitivity of hiPSC-derived neural stem cells
(NSC) to Pymroloquinoline quinone depends on their developmental stage.; Toxicol In Vitro.
2017 May 31, pii: SO0887-2333(17)30133-9. doi: 10.1016/1.iv.2017.05.017"  udziat
pozostatych autordw polegat na:

Lp. | Imig i nazwisko Wyszezegdlnienie
1. mgr Gabryela Lipka - przygotowanie pozywek
hodowlanych: pomoe w
Pracownia Bioinzynierii Komorek Macierzystych izolacji RNA oraz DNA;
Instytut Medycyny Doswiadczalnej i Klinicznej
Im. M. Mossakowskiego. PAN
ul. A. Pawinskiego 5
02-106 Warszawa
2. | drn. med. Monika Kolanowska - przygotowanic reakcji
sekwencjonowania
Laboratorium Genetyki Nowotworow Czlowiecka trangkryptomu (RNA-seq);
Centrum Nowych Technologii UW
ul. S. Banacha 2¢
02-097 Warszawa
3. | drn. med. Pawet Gaj - opracowanie wynikow z
sckwencjonowania
Laboratorium Genetyki Nowotwordw Czlowieka transkryptomu (RNA-seq):
Centrum Nowych Technologii UW
ul. S. Banacha 2¢
02-097 Warszawa

uebpe g Sy

91

http://rcin.org.pl




Warszawa, 29.11.2017

dr Jacek Lenart

Pracownia Farmakoneurochemii

Instytut Medyeyny Doswiadezalnej i Klinicznej
im. M, Mossakowskiego, PAN

ul. A. Pawifiskiego 5

02-106 Warszawa

Oswiadezenie

Odwiadezam, ze w pracy: ,Augustyniak J, Lenart J, Zychowicz M, Stepien PP,
Buzanska L. Mitochondrial biogenesis and neural differentiation of human iPSC is
modulated by idebenonc in a developmental stage-dependent manner.: Biogerontology. 2017
Aug:18(4):665-677. doi: 10.1007/510522-017-9718-4" méj udzial polegal na sprawowaniu
opicki merytorycznej nad prawidiowoscia wykonania cksperymentéw z zakresu biologii
molekulamej. Wyrazam zgodg na wykorzystanic publikacji w przewodzie doktorskim mgr inZ.
Justyny Augustyniak
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Warszawa, 29.11.2017
dr Marzena Zychowicz
Pracownia Bioinzynierii Komorek Macierzystych
[nstytut Medycyny Doswiadczalne] i Kliniczne)
im. M. Mossakowskiego, PAN

ul. A. Pawiniskiego 5
02-106 Warszawa

Odwiadczenie

O$wiadczam, Ze w pracy: ,Augustyniak J. Lenart J, Zychowicz M, Stepien PP,
Buzanska L.; Mitochondrial biogenesis and neural differentiation of human iPSC is
modulated by idebenone in a developmental stage-dependent manner.; Biogerontology. 2017
Aug;18(4):665-677. doi: 10.1007/s10522-017-9718-4" mdj udzial polegat na przygotowaniu
preparatéw immunocytochemicznych: neuralnych komdrek macierzystych (NSC); wezesnych
progenitoréw neuralnych (eNP); progenitordw neuralnych (NP) oraz panelu zdjgciowego do
manuskryptu przedstawiajgcego zmiany markeréw neuralnych w komérkach: NSC; eNP; NP
podezas roznicowania, Wyrazam zgode na wykorzystanic publikacji w przewodzie
doktorskim mgr inz. Justyny Augustyniak.
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Warszawa, 29.11.2017

Prof. dr hab. Piotr P. Stgpien

Centrum Nowych Technologii UW

Instytut Genetyki 1 Biotechnologii, Wydzial Biologii UW
Instytut Biochemii i Biofizyki PAN

ul. A, Pawinskiego 5

(2-106 Warszawa

Oswiadczenie

Oéwiadezam, 2ze w pracy: ,,Augustyniak J, Lenart J, Zychowicz M, Stepien PP,
Buzanska L.; Mitochondrial biogenesis and neural differentiation of human iPSC is
modulated by idebenone in a developmental stage-dependent manner.; Biogerontology. 2017
Aug;18(4):665-677. doi: 10.1007/510522-017-9718-47 mdj udziat polegal na uczestnictwie w
planowaniu eksperymentdw oraz redagowaniu i koficowej akeeptacji manuskryptu. Wyrazam
zgode na wykorzystanie publikacji w przewodzie doktorskim mgr inZ. Justyny Augustyniak
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Warszawa, 29.11.2017
prof. dr hab. Leonora Buzanska
Pracownia Bioinzynierii Komorek Macierzystych
Instytut Medycyny Doswiadezalne] i Klinicznej
Im. M. Mossakowskiego, PAN
ul. A_ Pawinskiego 5
02-106 Warszawa
Odwiadezenie

Os$wiadczam, ze W pracy: ,,Augustyniak J, Lenart J, Zychowicz M, Stepien PP,
Buzanska L.. Mitochondrial biogenesis and neural diffcrentiation of human iPSC is
modulated by idebenone in a developmental stage-dependent manner.; Biogerontology. 2017
Aug;18(4):665-677. doi: 10.1007/s10522-017-9718-4" méj udzial polegal na uczestniczeniu
w koncepcji i sprawowaniu nadzoru merytorycznego nad wykonaniem projektu, interpretacja
wynikéw oraz pisaniem i redakeja koficows manuskryptu. Wyrazam zgode na wykorzystanie
publikacji w przewodzic doktorskim mgr inz. Justyny Augustyniak
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