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1. Wprowadzenie

1.1  Neurogeneza embrionalna

Podczas rozwoju zarodka obserwuje si¢ intensywng proliferacje i roznicowanie komorek, co w
konsekwencji prowadzi do uksztattowania si¢ trzech listkdw zarodkowych (endo-, mezo- i
ektodermy). Zarodek myszy wyksztalca zr6znicowana warstwe ektodermalna w obszarze
ptytki nerwowej okoto 7,5 dnia rozwoju embrionalnego (E7,5). W E8,5 ptytka nerwowa
przeksztalca si¢ w cew¢ nerwowa, z ktorej pozniej tworzy sie centralny uktad nerwowy [1].
Najintensywniej neurogeneza zachodzi podczas rozwoju zarodkowego, natomiast w dojrzatym
organizmie, w niektorych obszarach mozgu, utrzymuje si¢ przez cate zycie, jednak na znacznie
nizszym poziomie [2, 3]. Zarodkowe komorki macierzyste dzielg si¢ symetrycznie, ale pod
wplywem programu genetycznego i sygnatow zewnetrznych przeksztalcajg sie w neuronalne
komorki progenitorowe. Ostatecznie, komorki réznicujg si¢ do postmitotycznych neuronéw o
okreslonej funkcji [4].

Jak wspomniano powyzej, okreslenie kierunku réznicowania komorki w zarodku ksztattowane
jest przez wewnetrzne i zewngtrzne czynniki. Utrzymanie stanu pluripotencji komorek
macierzystych jest koordynowane gtownie przez wysoka ekspresje czynnika transkrypcyjnego
OCT4 (ang. Octamer-binding transcription factor 4) i NANOG (ang. Nanog homeobox) [5].
Sekwencyjna inaktywacja i aktywacja ekspresji okreslonych czynnikoéw transkrypcyjnych jest
wymagana do prawidtowej specjalizacji komorek neuronalnych i precyzyjnego
ukierunkowania neurogenezy podczas rozwoju zarodkowego [6, 7]. PAX6 (ang. Paired box 6)
jest  kluczowym czynnikiem transkrypcyjnym, wplywajacym na  przejscie od
niezroznicowanych komodrek macierzystych do neuronalnych progenitorow. Podczas rozwoju
zarodkowego PAX6 koordynuje specjalizacje neuroektodermy i jej regionalizacje [7].
Dojrzewanie uktadu nerwowego zarodka jest $ci§le zwigzane z istotnymi zmianami profilu
ekspresji genow [8]. Neurogenina i czynnik transkrypcyjny BHLH z rodziny Achaete-Scute 1,
koordynujg sieci transkrypcyjne i wplywaja na ksztaltowanie si¢ morfologii i funkcji
neuronalnych progenitorow. Nastepnie, mitotycznie aktywne neuronalne komarki macierzyste
przechodzg do fazy postmitotycznej [9-11]. Dojrzate i w pelni funkcjonalne neurony uzyskuja
okreslony fenotyp, co jest Sciste zwigzane z wysokim poziomem ekspresji NeuN (ang.
Hexaribonucleotide Binding Protein-3), MAP2 (ang. Microtubule-associated protein 2) i B-11I
TUBILIN (ang. Tubulin beta 3 class I1) [2, 12-16].

1.2 Modele neurogenezy

Badania mechanizmoéw neurogenezy w zarodkach sg problematyczne ze wzgledu na
wykorzystanie zwierzat, wysoki koszt materiatow oraz aspekty etyczne. Stad, modele in vitro
staty si¢ szeroko stosowane do badan nad poczatkowymi etapami rozwoju tego procesu.

1.2.1 Modele wykorzystujace pluripotencjalne komorki macierzyste

Modele in vitro nasladujace neurogenezg zarodkowag oparte sa na pluripotencjalnych
zarodkowych komorkach macierzystych (ESC) [17-20] oraz indukowanych pluripotencjalnych
komdrkach macierzystych (iPSC) [21-23]. ESC i iPSC moga si¢ roznicowac do trzech listkdw
zarodkowych pod wptywem ukierunkowanej stymulacji. Kontrolowane réznicowanie zalezne
od czynnikéw podawanych z zewnatrz sprawia, ze ESC 1 iPCS sg uzytecznymi modelami
komorkowymi do badania wczesnych stadiow rozwoju uktadu nerwowego, w tym
réznicowania podtypow neuronalnych. Istnieja trzy glowne metody aktywowania procesu
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neurogenezy w ESC i iPSC. Do pierwszej metody nalezy formowanie ciat zarodkowych (ang.
Embryoid bodies, EB), nasladujacych $rodowisko in vivo [24, 25], druga to hodowla z
komorkami zrebu [26, 27] i ostatecznie metoda wykorzystujaca hodowle jednowarstwowa [28,
29]. Metody te majg jednak wiele wad. Przedstawione modele komoérkowe wymagaja
skoordynowanego i $cisle okreslonego uzycia czynnikow stymulujacych i hamujacych, a takze
wzbogacania hodowli neuronalnej poprzez izolacj¢ komoérek. Metoda wspolnej hodowli z
komorkami zrgbu jest silnie uzalezniona od dodatkowej warstwy komorek, jednakze wigkszo$¢
czynnikdéw oddziatujgcych na rozwoj neurondw jest niezbadana [28, 29].

1.2.2 Modele neurogenezy oparte na liniach komorkowych

Modele neurogenezy wykorzystujace zarodkowe i indukowane pluripotencjalne komorki
macierzyste wymagaja duzej liczby odczynnikow i sg czasochtonne [30-32]. Do otrzymania
ESC wykorzystuje si¢ warstwe odzywczg mysich zarodkowych fibroblastow i suplementacje
podstawowym czynnikiem wzrostu fibroblastow bFGF (ang. Basic fibroblast growth factor)
[33]. Ponadto, aby utrzyma¢ ESC w stanie niezroznicowanym, pozywka do hodowli
komorkowej musi zawiera¢ czynnik LIF (ang. Leukemia inhibitory factor) lub MEK (ang. MAP
kinase-ERK kinase) [34]. Modele neurogenezy in vitro oparte na liniach komdrkowych nie
potrzebuja wielu odczynnikéw ani dodatkowej warstwy komorek, co upraszcza caty proces.

Szczurza linia komorek raka nadnercza PC12 (barwiak) wywodzi si¢ z komorek
zarodkowego grzebienia nerwowego [35, 36]. Linia PC12 wymaga stymulacji czynnikiem
wzrostu nerwow NGF (ang. Nerve growth factor), aby aktywowac neurogeneze. Zastosowanie
NGF skutkuje zahamowaniem proliferacji komorkowej i rozwojem neuronéw z wysokim
stopniem ztozono$ci komorkowej (rozwoj drzewka dendrytycznego i pobudliwosé elektryczna)
[37, 38]. SH-SY5Y to ludzka linia komérkowa wyprowadzona z komorek neuroblastomy.
Niezroznicowane komorki SH-SYSY wykazujg cechy neuroblastow 1 wymagaja stymulacji
kwasem retinowym (ang. Retinoic acid, RA) oraz mézgowym czynnikiem neurotroficznym
BDNF (ang. Brain derived neurotrophic factor) w celu aktywacji roznicowania neuronalnego
[39, 40].

Komorki macierzyste raka zarodkowego (ang. Embryonic carcinoma cells, ECS) wykazuja
zblizone cechy z zarodkowymi komoérkami macierzystymi pod wzgledem morfologii, rozwoju
i ekspresji specyficznych markerow [41, 42]. ECS wywodza si¢ z komorek potworniaka i
przejawiaja ztosliwy fenotyp w niezroéznicowanym stadium, lecz zréznicowane komorki ESC
traca cechy nowotworowe [43-46]. Linia komorkowa NTERA-2 wyprowadzona zostata z
ludzkich komdrek raka zarodkowego [47]. Ponadto, NTERA-2 moze réznicowaé si¢ w neurony
pod wptywem zewngtrznej stymulacji. W stadium niezréoznicowanym, komorki maja wysoka
ekspresje SSEA-3 (ang. Stage-specific embryonic antigen 3) - markera pluripotenc;ji, ale pod
wpltywem RA jego ekspresja obniza si¢ i komorki nabywaja cech neuronalnych [48, 49].
Niemniej jednak linia NTERA-2 wykazuje wyzszy poziom globalnej metylacji genomu niz
inne linie komoérkowe raka zarodkowego, co moze sugerowa¢ ograniczenia w rdéznicowaniu
komoérkowym [50, 51]. Linia NTERA-2 wymaga réwniez dhugiego okresu stymulacji RA (4
tygodnie) oraz suplementacji inhibitorami mitotycznymi przez kolejne 2-4 tygodnie w celu
wzbogacenia populacji komérek neuronalnych [52].

Linia P19 (komorki mysiego raka zarodkowego) otrzymana zostata przez przeszczepienie
komoérek 7,5-dniowego zarodka do jadra myszy [53]. Linia P19 jest powszechnie
wykorzystywana do nasladowania poczatkowego rozwoju zarodka, w tym badan nad rozwojem
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wszystkich trzech listkow zarodkowych [53, 54]. Aby imitowac rozwdj zarodka, komorki P19
sa hodowane w zawiesinie w celu utworzenia agregatow komorkowych [46, 55, 56]. Proces
réznicowania mezodermalnego i endodermalnego w komorkach P19 jest wyzwalany przez
zastosowanie DMSO (ang. Dimethyl sulfoxide) w stgzeniu 0,5-1% [57-59].
Kardiomiogennemu réznicowaniu komoérek P19 towarzyszy zwigkszona ekspresja MEF2c
(ang. Myocyte enhancer factor 2C), Nkx2.5 (ang. Homeodomain-containing NK2 homeobox 5)
i GATA4 (ang. GATA-binding factor 4)- markerow swoistych dla komorek sercowych [46, 60].
Ponadto zr6znicowane komoérki P19 wykazujg rytmiczne skurcze, co wskazuje na ich duza
przydatno$¢ w badaniu molekularnych mechanizméw rozwoju komoérek migs$nia sercowego
[61]. Stymulacja RA podczas agregacji komorek indukuje roéznicowanie neuronalne w
komorkach P19 [62]. Neurony wywodzace si¢ z komorek P19 sg postmitotyczne i majg cechy
charakterystyczne dla komérek neuronalnych. Kilka dni po stymulacji RA morfologia komorek
ulega radykalnej zmianie, wraz z arboryzacja drzew dendrytycznych i wytworzeniem
funkcjonalnych synaps [62, 63]. Zrdznicowane neuronalnie komodrki P19 posiadajg receptory
kwasu y-aminomastowego (GABA) [64], a takZze jonotropowe receptory glutaminianu,
zarowno NMDA (ang. N-methyl-D-aspartate), jak i AMPA (ang. Alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionate)/KA (ang. Kainite) [64, 65]. Ponadto, neuronalnie zréznicowane
komorki P19 przeszczepione do prazkowia dorostego szczura mogg przetrwacé stosunkowo
dhugi okres czasu, przy tym nie zaobserwowano formowania si¢ guza W miejscu przeszczepu.
W pelni rozwinigte neurony wywodzace si¢ z linii P19 wykazuja whasciwosci morfologiczne i
elektrofizjologiczne, zasadniczo przypominajace dojrzate neurony [63, 66]. Co wazne, badania
z wykorzystaniem komorek P19 ujawnity szereg genow, ktore okazaty sie by¢ kluczowe
podczas rozwoju neuronOw in vivo [67-69]. To potwierdza ich wysoka uzyteczno$¢ w
badaniach nad neurogeneza u ssakow.

1.3 Regulacja neurogenezy

Indukcja neurogenezy zalezy od czynnikéw wewnetrznych i zewnetrznych. Do kluczowych
czynnikéw wymaganych do rozwoju neurondw naleza miedzy innymi: FGF (ang. Fibroblast
growth factors), kwas retinowy, SHH (ang. Sonic hedgehog) i NOTCH [70-74]. Szlak
sygnatowy zalezny od NOTCH to konserwatywny mechanizm molekularny, ktory koordynuje
interakcje z sasiadujagcymi komoérkami i znaczaco wplywa na rdéznicowanie komodrkowe.
Podczas neurogenezy sygnalizacja zalezna od NOTCH hamuje proces dojrzewania neuronow.
Niemniej jednak $ciezka interakcji jest plejotropowa i silnie zalezna od tkanki i typu komdrek
[75]. Aktywacja szlaku NOTCH promuje ekspresje¢ genow represorowych, co skutkuje
obnizeniem ekspresji genéw dojrzewania neuronalnego i utrzymaniem puli komorek
macierzystych. Z drugiej strony, wylaczenie ekspresji genow zaangazowanych w $ciezke
NOTCH wyzwala przedwczesne roznicowanie neuronéw [76]. RA jest metabolitem witaminy
A, ktory indukuje wczesng neurogenezg in vivo [77, 78]. Podczas tworzenia EB stosunkowo
wysokie stezenie RA stymuluje neuronalng ekspresje genow 1 tlumienie roznicowania
mezodermalnego [79, 80]. Czasteczki RA ulegajg translokacji z cytoplazmy do jadra przez
biatko CRABP2 (ang. Cellular RA-binding protein 2), gdzie funkcjonuje jako aktywator
heterodimerowego kompleksu RAR (ang. Retinoic acid receptor) i RXR (ang. Retinoid X
receptor) [81]. W zarodkowych komérkach macierzystych aktywny kompleks receptora RAR-
RXR dziata jako czynnik transkrypcyjny [82, 83] i pozytywnie moduluje sieci transkrypcyjne
w kierunku rozwoju neuronalnego [84]. Nastepng grupa biatek o fundamentalnym znaczeniu
jest rodzina biatek GATA. Nalezg one do czynnikow charakteryzujacych si¢ domenami palcow
cynkowych, ktore rozpoznaja motyw WGATAR w regionach regulatorowych genéw
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docelowych [85]. GATA s3 istotne dla rozwoju wszystkich trzech listkow zarodkowych i
pochodnych narzadow (w tym mozgu, skory, struktur krwiotworczych, watroby i1 uktadu
sercowo-naczyniowego). Znaczenie GATA dla rozwoju organizmu jest krytyczne, a wigkszo$¢
inaktywujacych mutacji w sekwencji GATA jest $miertelna dla zarodkdw [86, 87]. Niemniej
jednak rola biatek GATA w rozwoju mézgu jest stabo poznana. Stwierdzono, ze GATA2 i
GATA3 wplywaja na tworzenie podtypdw neurondéw podczas koncowego réznicowania
neuronéw glutaminergicznych i serotoninergicznych [88]. Ponadto, zalezny od RA szlak
sygnatlowy moze synergistycznie oddziatywaé¢ z GATA2 w trakcie rozwoju organizmu [89]. Ta
obserwacja sugeruje, ze podobny mechanizm moze by¢ réwniez zaangazowany w rozwoj
neuronow.

1.4 Czynniki PRDM

Czynniki transkrypcyjne PRDM (ang. PRDI-BFI (positive regulatory domain I-binding factor
1) and RIZ1 (retinoblastoma protein-interacting zinc finger gene 1) homologous domain
containing) tworza grupe 19 biatek majacych znaczacy wptyw na procesy komorkowe [90-93]
(strukturg i role czynnikbw PRDM w komdérkach macierzystych i neuronalnych opisano w
Publikacji 3). Na koncu N biatka znajduje si¢ domena PR (ang. PRDF1-RIZ), ktora jest
strukturalnie podobna do domen katalitycznych SET (ang. Suppressor of variegation, Enhancer
of Zeste, Trithorax). Domeny SET wykazuja aktywnos¢ histonowej metylotransferazy
lizynowej (ang. Histone methyltransferases, HMT) [94]. Jak dotad, wewngtrzna aktywnos¢
HMT zostata udowodniona tylko dla kilku biatek PRDM (PRDM2, PRDM3, PRDMS, PRDM9
i PRDM16) [95-103]. Czynniki PRDM dziatajg jako mediatory w ttumieniu lub aktywacji
transkrypcji w tkankowo-zaleznym konteks$cie. Ponadto zmiany ekspresji gendw regulowane
przez biatka PRDM odbywajg si¢ czeSciowo za posrednictwem interakcji z kofaktorami [96,
99, 104-109]. Czynniki PRDM moga nadzorowac¢ ekspresj¢ genow poprzez interakcje z PRC2
(ang. Polycomb complex 2), HAT (ang. Histone acetyltransferases), HMT, HDAC (ang.
Histone deacetylases), PRMT5 (ang. Protein arginine 5 N-methyltransferase) i LSD1 (ang.
Lysine-specific 1 demethylase 1) [96, 99, 104-109]. Interakcja migdzy Suv39H1 HMT i
PRDM3 [110] skutkuje metylacja H3K9 i w konsekwencji prowadzi do zmniejszenia ekspresji
docelowych gendw. Inne biatka z rodziny PRDM, takie jak PRDM1, PRDM5, PRDM6 i
PRDM12 oddziatuja z G92 HMT i1 hamuja ekspresje genéw poprzez metylacje H3K9 [95-97,
101, 111]. Oprocz domeny PR, biatka PRDM zawieraja rowniez powtarzajace si¢ domeny palca
cynkowego. Domeny palcow cynkowych dziataja jako struktury odpowiedzialne za interakcje
z okreslonymi sekwencjami DNA lub z innymi biatkami [112-118]. Rola PRDM3 jest $cisle
zalezna od kontekstu odziatywania z innymi kofaktorami. PRDM3 przejawia aktywno$¢
metylotransferazy histonu 3 lizyny 9 (H3K9) co bezposrednio jest zwigzane z funkcja
represyjng [118]. Z drugiej strony, pozytywna regulacja genéw zalezna od PRDM3 zachodzi
poprzez odzialywanie na poziom metylacji histonu 3 w pozycji lizyny 4 (H3K4) [118-121].
Szczegotowy opis biatek oddziatujgcych z PRDM3 znajduje sie¢ w Publikacji 3.

1.5 Funkcja PRDM3 w komérkach neuronowych

W Caenorhabditis elegans, biatko Egl-43 (homolog PRDM3) kontroluje inwazj¢ komorek i
jest niezbedny do okreslenia kierunku réznicowania [122]. Niedobdr Egl-43 podczas rozwoju
zarodkowego zatrzymuje migracje dwoch komoérek neuronowych specyficznych dla neuronow
typu serotoninergicznego [123]. U Drosophila melanogaster, Hamlet (homolog PRDM3)
koordynuje zalezny od $ciezki Notch rozwoj neuronéw receptora wechowego (ang. Olfactory



receptor neurons, ORN) [124]. Hamlet usuwa stan wywotany przez Notch w rozwijajacych si¢
komdrkach i zmienia profil ekspresji genow poprzez status metylacji regionéw promotorowych
i gesto$¢ upakowania histonéw. Opisane zmiany powoduja zalezng od biatka Hamlet
zwigkszong dostepnos¢ chromatyny, umozliwiajac czynnikowi Su (H) (ang. Hairless protein
suppressor) zwigzanie si¢ ze wzmacniaczami specyficznymi dla Notch. U kregowcdw rola
PRDM3 jest stabo poznana. Myszy z wyltaczong ekspresja Prdm3 ging podczas rozwoju
zarodka z wyraznie zaznaczonymi wadami w uktadzie sercowo-naczyniowym i neuronalnym
[125]. Ponadto wykazano, ze RA istotnie zwigksza ekspresj¢ genu Prdm3 w mysim raku
zarodkowym, a ektopowa nadekspresja Prdm3 wyzwala rozwdj neuronéw niezaleznie od
stymulacji RA [126]. Zwigkszenie poziomu ekspresji Prdm3 obserwuje si¢ podczas
neuronalnego réznicowania si¢ komorek macierzystych in vitro [25]. Ekspresja genow, ktéra
kieruje rozwojem mozgu, jest czesciowo regulowana przez mechanizmy epigenetyczne [127].
PRDM3 ulega ekspresji w jadrze neuronéw hipokampu, gdzie posrednio kontroluje aktywnos¢
neuronalng zwigzang z AMPAR (ang. a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor) [128]. PRDM3 oddziatuje na zalezng od AMPAR aktywno$¢ neuronalng poprzez
promotor miR-124 [128]. Co ciekawe, obnizenie ekspresji miR-124 w korowych i
hipokampowych neuronach odbywa si¢ poprzez utworzenie aktywnego kompleksu PRDM3 z
HDAC1 (ang. Histone deacetylase 1) [128].

2 Hipotezy

= Metoda generowania neuronow zroéznicowanych z komorek P19 moze by¢ uproszczona
bez utraty wydajnosci neurogenezy.

* Niedobér PRDM3 znaczaco wptywa na réznicowanie neuronéw wyprowadzonych z
komorek P19.

= Ekspresja Prdm3 podczas neurogenezy zalezy od wptywu biatek GATA i szlaku
sygnatowego RA.

3 Celem badan

= Opracowanie skutecznej i uproszczonej metody neurogenezy in vitro przy uzyciu
komérek P19 do badan nad rola PRDM3.

= Okreslenie profilu ekspresji Prdm3 podczas neurogenezy in vitro.

= Ocenienie i charakterystyka roli PRDM3 podczas réznicowania neuronow.

= Zbadanie mechanizmoéw regulujacych aktywnos¢ promotora Prdma3.

4 Materialy i metody
4.1 Hodowla komérkowa

Komorki P19 (uzyskane od Katsuhiko Mikoshiba, RIKEN Center for Brain Science, Wako,
Japonia) hodowano w pozywce DMEM (ang. Dulbecco's modified eagle medium, DMEM) z
dodatkiem 4,5 g/l glukozy (Lonza, Bazylea, Szwajcaria), 100 jednostek/ml penicyliny i 100
jednostek jednostek/ml streptomycyny (Lonza, Bazylea, Szwajcaria). Pozywka byla
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suplementowana w 10% ptodowsg surowica bydleca (FBS) (EURx, Gdansk, Polska). Komorki
byly hodowane w inkubatorze w 37 °C i 5% CO2. W celu aktywacji procesu neurogenezy,
komorki P19 (liczba wysianych komoérek: 1 x 10°) hodowano na 100 mm szalce Petriego
(Corning, Corning, NY, USA) w zawiesinie. Pozywka do indukcji neurogenezy sktadata si¢ z
DMEM z 5% FBS z dodatkiem 0,5 pM kwasu all-trans retinowego (Sigma, St. Louis, MO,
USA) przez okres 4 dni. W tym okresie komorki P19 ulegaly agregacji i przypominaty
poczatkowe stadia embrionalne. Agregaty komorek zebrano po 1,5 min swobodnego spadku w
probéwce o pojemnosci 15 ml, aby unikng¢ zanieczyszczenia pojedynczymi komdrkami.
Nastepnie komoérki P19 poddano dziataniu trypsyny i wysiano na plytki hodowlane na nastepne
4 dni w pozywce podtrzymujacej (DMEM z 100 jednostkami/ml penicyliny i 100
jednostkami/ml streptomycyny z dodatkiem 10% FBS) w celu utrzymania dalszego
réznicowania neuronow.

4.2 RT-PCR i RT-gPCR

RNA catkowity wyizolowano z komoérek P19 za pomoca fenozolu (A&A Biotechnology,
Gdynia, Polska). Odwrotng transkrypcje przeprowadzono z uzyciem 0,5 pg catkowitego RNA
zgodnie z zaleceniem producenta (EURx, Gdansk, Polska). cDNA otrzymane w reakcji
odwrotnej transkrypcji zastosowano do przeprowadzenia PCR lub qPCR. Do wyzej
wymienionych metod zastosowano zestaw Fast SG qPCR Master Mix zgodnie z zaleceniami
producenta (EURx, Gdansk, Polska). Profil ekspresji genéw oceniano za pomocg termocyklera
LightCycler 96 (Roche, Mannheim, Niemcy). Warunki amplifikacji cDNA byly nastepujace:
denaturacja w 95 °C przez 5 min, nast¢pnie 95 °C przez 10 s, 60 °C przez 10 si 72 °C przez 10
S (40 cykli). Kazdy badany gen zostal znormalizowany wzgledem genu Gapdh (ang.
Glyceraldehyde-3- phosphate dehydrogenase). Sekwencje starterow zastosowane w RT-PCR i
RT-gPCR przedstawiono w Publikacji 1, Tabela 1 i Publikacji 2, Tabela 1.

4.3 Generowanie komoérek P19 z niedoborem PRDM3

Wytaczenie ekspresji genu PRDM3 w komorkach P19 wykonano metoda CRISPR/Cas9.
Sekwencja crRNA (5-TCTCTAACCTTTGCAGATCG-3') komplementarna do mysiego genu
Prdm3 (ekson 4) zostata zaprojektowana przy uzyciu programu CHOPCHOPv2 [129]. crRNA
i tracrRNA znakowany ATTO-550 zakupiono z Integrated DNA Technologies (Coralville, 1A,
USA). Komorki P19 wysiano 24 godziny przed transfekcja na 24-dotkowe ptytki w stezeniu
3,5 x 10* komdrek na kazdy dotek. W dniu transfekcji, otrzymano dupleks crRNA i tracrRNA-
ATTO-550 (stezenie rdowno molowe: 1 uM) poprzez inkubacje w 95 °C przez 5 min i
schtodzenie do temperatury pokojowej (ang. Room temperature, RT). Nastepnie dupleks
crRNA:tracrRNA-ATTO-550 dodano do 25 ul Opti-MEM (Thermo Fisher Scientific,
Waltham, MA, USA) i zmieszano z 1 uM biatkiem Cas9 (Integrated DNA Technologies,
Coralville, 1A, USA) w celu stworzenia kompleksu rybonukleoproteinowego (RNP). Po 10
minutach inkubacji w temperaturze pokojowej kompleks RNP polaczono z mieszaning 25 pl
Opti-MEM i 1,5 pl lipofektaminy CRISPRMAX (Thermo Fisher Scientific, Waltham, MA,
USA) Mieszanina byta trzymana w RT przez kolejne 10-15 min. Nastgpnie, roztwor RNP
dodano do pozywki. W celu analizy wystapienia potencjalnych, niespecyficznych mutacji
wygenerowanych przez metode CRISPR/Cas9, wytypowano za pomocg oprogramowania
CHOPCHOPV2 [129] miejsca o wysokim prawdopodobienstwie wigzania CrRNA w genomie.
Nastepnie, sekwencje DNA amplifikowano metodg PCR (sekwencje starterow przedstawiono



w Publikacji 2, Tabela S1) i zbadano metoda sekwencjonowania Sangera (Genomed,
Warszawa, Polska) (Publikacja 2, Rysunek S1).

4.4 Western blotting

Do analizy ekspresji wybranych biatek uzyto frakcji jadrowej wyizolowanej z komoérek P19.
Stezenie biatek jadrowych oceniano przy uzyciu zestawu Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Ekstrakt biatek jadrowych (20 pg)
separowano w 4-15% zelu poliakrylamidowym (Bio-Rad, Hercules, CA, USA) i nastepnie
przeniesiono na membrang PVDF (Merck Millipore, Burlington, MA, USA). Membran¢
inkubowano przez noc z przeciwciatem pierwszorzegdowym przeciwko PRDM3 (1: 1000, Cell
Signaling Technology, Danvers, MA, USA) w 5% odtluszczonym mleku w TBS Sigma-
Aldrich, Saint Louis, MO, USA) z dodatkiem 0,1% tween-20 (Sigma-Aldrich, Saint Louis, MO,
USA). Nastepnie, membrang inkubowano 1 godzing z rozcienczonym 1: 5000 kozim
przeciwciatem przeciwkroliczym skoniugowanym z HRP (Sigma-Aldrich, Saint Louis, MO,
USA) w TBST z 5% dodatkiem odtluszczonego mleka w temperaturze pokojowej. Po
przeptukaniu, membrang wywolywano przy uzyciu ECL Western Blotting Analysis System
(Amersham, Illinois, CA, USA), a nastgpnie obrazowano za pomocg ChemiDoc XRS+ (Bio-
Rad, Hercules, CA, USA). Do normalizacji ekspresji biatka zastosowano biatko jadrowe-
lamining B1 w rozcienczeniu 1: 1000 (Santa Cruz Biotechnology, Dallas, TX, USA). Mase
czasteczkowy frakcjonowanego biatka oszacowano stosujac standardy wielko$ci Precision Plus
Protein WesternC (Bio-Rad, Hercules, CA, USA).

4.5 Analiza FACS

Po 24 godzinach od wykonanej transfekcji, komarki P19 wyznakowane tracrRNA-ATTO-550
(Integrated DNA Technologies, Coralville, IA, USA) rozdzielono metoda sortowania komorek
aktywowanych fluorescencja (FACS). Komorki traktowane tylko kompleksem RNP (bez
odczynnika do transfekcji) zastosowano, jako kontrole w celu okreslenia bramki odczytu
podczas procesu sortowania komorek. Analize¢ 1 sortowanie komoérek przeprowadzono za
pomoca urzadzenia FACSAria (BD Biosciences, San Jose, CA, USA) przy uzyciu
oprogramowania Cell Quest (BD Biosciences, San Jose, CA, USA) na Wydziale Immunologii
Uniwersytetu Warszawskiego.

4.6 Wyprowadzenie klonu komorek P19 z wylaczona ekspresja Prdm3

Komorki P19 uzyskane z sortowania FACS rozcienczono w stezeniu: 1 komdrka na 100 pl
pozywki DMEM/10% FBS. Nast¢pnie komorki zostaty wysiane do indywidualnych dotkow
96-dotkowej ptytki (100 ul pozywki/dotek) i inkubowane przez nastgpne 7 dni. Do dalszych
procedur wybrano dotki z pojedyncza kolonig. W dniu trypsynizacji komorki przemyto 100 pl
soli fizjologicznej buforowanej fosforanem (PBS) bez wapnia i magnezu (Lonza, Bazylea,
Szwajcaria) i rozdzielono na pojedyncze komorki za pomoca 20 pl trypsyny-EDTA (0,25%)
(Biosera, Nuaille, Francja). Na koniec komorki wysiano w tym samym uktadzie na dwie 96-
dotkowe ptytki. Komoérki uzyto do dalszych analiz, gdy poziom konfluencji osiagnal okoto
80%.

4.7 1zolacja genomowego DNA, HRM PCR i sekwencjonowanie Sangera

Genomowe DNA z komoérek P19 zostato wyekstrahowane przy uzyciu zestawu Genomic Mini
(A&A Biotechnology, Gdynia) zgodnie z instrukcja producenta. W sklad mieszaniny



reakcyjnej do HRM PCR wechodzito: 5 ul RT HS-PCR Mix EvaGreen (A&A Biotechnology,
Gdynia, Polska), 1 ul DNA (10 ng), 0,25 pl kazdego startera (10 pM), a nastepnie dopetniono
woda do objetosci 10 ul. Sekwencje starterow uzytych do PCR i HRM PCR przedstawiono w
Publikacji 2, Tabela 2. Testy HRM PCR przeprowadzono z uzyciem aparatu LightCycler 96
(Roche, Mannheim, Niemcy). Warunki reakcji HRM PCR obejmowaty: 95 °C przez 5 min,
nastepnie 40 cykli 95 °C przez 15 s, 60 °C przez 15 s, 72 °C przez 20 s. Analiz¢ krzywej
topnienia przeprowadzono w nast¢pujacych warunkach: wstepne ogrzanie produktu PCR do 95
°C. Nastepnie mieszaning schtadzano do 40 °C przez 60 s i ogrzewano do 65 °C. Sygnat
fluorescencji rejestrowano w sposob ciagly od 65 do 97 °C. Amplifikowane krzywe oceniano
przy uzyciu oprogramowania LightCyler 96 (Roche, Mannheim, Niemcy). Sekwencja
produktow PCR zostata potwierdzona sekwencjonowaniem Sangera (Genomed, Warszawa,
Polska).

4.8 Konstrukcja plazmidéw

Region promotorowy dla Prdm3 (zlokalizowany 5' powyzej niekodujacego eksonu 1)
amplifikowano z genomowego DNA wyizolowanego z komoérek P19 przy uzyciu zestawu
Genomic Mini (A&A Biotechnology, Gdynia, Polska). Startery dla regionu promotorowego
Prdm3 zaprojektowano w oparciu o sekwencj¢ zlokalizowang na chromosomie 3 (chr3:
30.014.710-30.013.010). Sekwencje nukleotydowe dla enzymow restrykcyjnych Kpnl i Hindll11
zostaty dodane odpowiednio do starteréw (w Publikacji 2, Tabela 3, przedstawiono sekwencje
starterow uzytych do klonowania promotora Prdm3). Stosujac metode PCR, amplifikowano
region promotora dla Prdm3 za pomoca polimerazy DNA PrimeSTAR Max (TaKaRa, Shiga,
Japonia) zgodnie z instrukcjami producenta. Enzymy Kpnl i HindlIl (Thermo Fisher Scientific,
Waltham, MA, USA) zastosowano do strawienia odpowiednich miejsc restrykcyjnych w
plazmidzie pGL3 kodujacym gen lucyferazy (Promega, Madison, WI, USA), a nastepnie
poddano ligacji z produktem PCR przy uzyciu metody Gibsona. W skrécie, do klonowania
uzyto zestawu OverLap™ (A&A Biotechnology, Gdynia, Polska). Fragmenty DNA (stosunek
molowy wektora pGL3 do insertu 1:9) rozpuszczono w wodzie wolnej od nukleaz, dodano 4 pl
buforu do OverLap, 2 pl mieszaniny enzymow wchodzacych w sktad OverLap™ wraz z
fragmentami DNA. Mieszaning umieszczono na lodzie i dopetniono wodg do 20 pl. Reakcje
taczenia wykonano w 50 °C przez 15 min. Po udanej transformacji bakteryjnej, wybrano
pojedynczg kolonie bakterii do amplifikacji, a nastepnie izolacji plazmidéw. Oczyszczone
plazmidy zweryfikowano metodg sekwencjonowania Sangera (Genomed, Warszawa).
Sekwencje kodujace VP16-RARa i VP16-RARp wstawiono do plazmidu pCMX. Plazmidy
pcDNA3-Gata3, pcDNA3-Gata4, pcDNA3-Gata6 i GATA DN (dominujgcy-negatywny
konkurent) zostaty opisane wczesniej [130, 131]. Zestaw Site-Directed Mutagenesis (Agilent
Technologies, Santa Clara, Kalifornia, USA) zastosowano zgodnie z wytycznymi producenta,
aby zmutowac¢ miejsce RARE w promotorze Prdm3. Sekwencj¢ starterow do mutagenezy
wygenerowano za pomocg QuikChange Primer Design (Agilent Technologies, Santa Clara,
CA, USA). Mutacje w miejscach wigzania receptorow RARa i RARp zostaly potwierdzone
przez sekwencjonowanie Sangera. Sekwencja starterow uzytych do mutagenezy miejscowe;j
RARE przedstawiona w Publikacji 2, Tabela S2.

4.9 Transfekcja komorek i test lucyferazowy

W tescie lucyferazowym, wysiano 3 x 10* komoérek na 24-dotkowsa ptytke. Po 24 godzinach
komorki P19 transfekowano plazmidami z Lipofektaming 3000 zgodnie z protokotem
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producenta (Thermo Fisher Scientific, Waltham, MA, USA). Testy lucyferazowe
przeprowadzono 48 godzin po transfekcji komorek przy uzyciu zestawu Luciferase Assay Kit
(Promega, Madison, WI, USA) zgodnie z protokotem dostarczonym przez producenta.
Poziomu luminescencji zostat zmierzony za pomoca luminometru Synergy LX (Biotek,
Winooski, VT, USA).

4.10 Immunofluorescencja

Komorki utrwalano w 4% roztworze paraformaldehydu w PBS (Sigma-Aldrich, Saint Louis,
MO, USA) przez 15 minut w temperaturze pokojowej. Nastgpnie komorki przeptukano w PBS
I permeabilizowano w 0,5% Triton x-100 (Sigma-Aldrich, Saint Louis, MO, USA) przez 10
minut i inkubowano przez 20 minut w 1% roztworze odtluszczonego mleka. Komorki P19
inkubowano z kroliczym przeciwciatem anty-MAP2 (Thermo Fisher Scientific, Waltham, MA,
USA, rozcieficzonym 1:200) i kréliczym przeciwciatem anty-p-111 TUBULIN (Cell Signaling
Technology, Danvers, MA, USA), rozcienczonym 1:200 w 1% roztworze odtluszczonego
mleka przez noc w temperaturze 4 °C. Nastepnego dnia komorki przemyto w PBS z0,1% Triton
x-100 i inkubowano z kozim przeciwciatem drugorzedowym anty-kroliczym IgG (Alexa Fluor
Plus 488, Thermo Fisher Scientific, Waltham, MA, USA, rozcienczenie 1:500) przez okres 1
godz. w RT. Jadra komoérkowe barwiono z uzyciem 1 mg/ml DAPI (4',6-diamidyno-2-
fenyloindol dichlorowodorek) (Thermo Fisher Scientific, Waltham, MA, USA) przez 10 minut.
Na koniec komoérki poddano koncowemu plukaniu w PBS, a nast¢pnie osadzono na szkietkach
przy uzyciu ProLong™ Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, MA,
USA). Preparaty analizowano za pomoca mikroskopu konfokalnego Nikon A1R (Nikon, Tokio,
Japonia). Obrazy mikroskopowe zostaty przetworzone przy uzyciu oprogramowania ImageJ
(wersja 1.52q, NIH, Bethesda, MD, USA) i oprogramowania do przegladania obrazéw firmy
Nikon.

4.11 Analiza statystyczna

Analize statystyczng danych przeprowadzono za pomoca oprogramowania GraphPad PRISM
w wersji 6 (GraphPad Software, La Jolla, CA, USA). Dla indywidualnej grupy préb w
eksperymencie dane iloSciowe przedstawiono jako Srednig i1 blad standardowy S$redniej
(S.E.M.). Istotno$¢ statystyczng danych oceniano za pomoca jednostronnej analizy wariancji
(ANOVA) z testem post hoc Tukeya, a wartosci p < 0,05 uznano za statystycznie istotne.

5 Wyniki

W literaturze przedstawiono réznorodne metody umozliwiajace badanie procesu neurogenezy
[132-135], jednakze sg to techniki czasochtonne i skomplikowane. Wigkszo$¢ z tych metod
czesto wymaga uzycia drogich odczynnikow, takich jak Neurobasal i suplement B27 [132-135].
Stad, jednym z celow byto opracowanie uproszczonego protokotu réznicowania neuronalnego
opartego na pluripotencjalnych komorkach embrionalnych linii P19, ktory stanowitby baze do
badan molekularnych mechanizmow neurogenezy. W Publikacji 1 udowodniono, ze ptyn
hodowlany ztozony z jedynie z DMEM z dodatkiem ptodowej surowicy bydlgcej (ang. Fetal
bovine serum, FBS) mozna stosowa¢ do utrzymywania i namnazania niezréznicowanych
komorek P19. Ponadto podejscie to wykazato, ze w nieskomplikowany sposdb mozna wywotac
indukcj¢ neurogenezy. Pozywke zawierajaca DMEM + 5% FBS suplementowang RA (schemat
pracy przedstawiony w Publikacji 1, Rycina 1) uzyto podczas tworzenia si¢ agregatow

11



komorkowych. Co wazne, aby unikng¢ zanieczyszczenia pojedynczymi komdrkami, czas
zbierania agregatow ustawiono na 1,5 minuty w proboéwce o pojemnosci 15 ml. Aby ocenié¢
efekt uproszczenia w tej metodzie, oceniono zmiany fenotypu w komdrkach P19 podczas
neurogenezy. Dobrze rozwinigte morfologicznie neurony obserwowano 4 dni po wysianiu
komorek (Publikacja 1, Rycina 3). Nastepnie zbadano profil ekspresji genéw w komorkach w
stanie niezr6znicowanym oraz podczas neurogenezy. Niezroéznicowane komorki P19
wykazywatly wysoka ekspresj¢ gendw pluripotencji Oct4 i Nanog. Stymulacja RA komorek
P19 podczas agregacji komorkowej spowodowata znaczny spadek ekspresji Nanog i Oct4,
natomiast ekspresja Map2 i NeuN wzrosta znaczgco po indukcji neurogenezy (Publikacja 1,
Rycina 2) [68, 133, 134, 136]. Wreszcie, skutecznos¢ protokotu zweryfikowano, oceniajac
ekspresje biatka MAP2 w 4 dniu po wysianiu komorek za pomoca immunofluorescencji.
Zroéznicowane neuronalnie komorki P19 wykazaly wysoka ekspresj¢ biatka MAP2. Ponadto
barwienie DAPI uzyte do zdefiniowania jader wraz z detekcja MAP2 wykazato, ze wigkszos¢
komorek posiada cechy dojrzatych neuronéw (Publikacja 1, Rycina 4) [133].

Ten uproszczony model neurogenezy [137] zostal wykorzystany do zbadania roli PRDM3
podczas rozwoju neuronéw. W pierwszym etapie oceniano profil ekspresji genu Prdm3 metodg
RT-qPCR. Zaobserwowano znaczacy wzrost ekspresji Prdm3 podczas roznicowania komorek
P19 w neurony (Publikacja 2, Rycina 1b). Nastgpnie, aby oceni¢ wptyw PRDM3 na
neurogeneze zastosowano CRISPR/Cas9 (ang. Clustered regularly interspaced short
palindromic repeats) do wygenerowania komoérek P19 z wylaczong ekspresja genu Prdma3.
Ogoblny przeglad przebiegu wykorzystanych technik do utworzenia linii komoérek P19 z
niedoborem PRDM3 przedstawiono w Publikacji 2, Rycina 2a. Metoda lipofekcji zostata
zastosowana do wprowadzenia kompleksu rybonukleoproteinowego zawierajacego biatko
Cas9 wraz z crRNA: tracrRNA-ATTO-550 do niezréznicowanych komodrek P19. Po udanej
transfekcji komorki izolowano za pomocg metody sortowania komoérek aktywowanych
fluorescencjg. Wysortowane komorki (ATTO-550-pozytywne) namnazano jako pojedyncze
klony. Po 2 tygodniach z wybranych kolonii komorek wyizolowano DNA. Klony komorek typu
dzikiego (kontrolne) odrézniono od Prdm3 KO (ang. Knockout) na podstawie analizy krzywej
topnienia o wysokiej rozdzielczosci (HRM) (Publikacja 2, Rycina 2b). Zsekwencjonowano
wybrane probki DNA z poszczegblnych klonéw w celu potwierdzenia generacji linii
komorkowej niosagcej mutacje w genie Prdm3. Otrzymano klon P19_C5 (Prdm3 KO) z delecja
59 par zasad (pz) i insercja 2 pz w sekwencji genu Prdm3 (Publikacja 2, Rycina 2c). Delecja
zostata zweryfikowana metodg PCR z wykorzystaniem elektroforezy w zelu agarozowym
(Publikacja 2, Rycina 2d). Ostatecznie poziom biatka PRDM3 oceniano metodg Western
blotting. Komorki typu dzikiego wykazywaty wysoki poziom ekspresji PRDM3, podczas gdy
w komoérkach Prdm3 KO biatka PRDM3 nie byly wykrywane (Publikacja 2, Rycina 2e).
crRNA wigze si¢ z komplementarng sekwencja w DNA. Jednak prawdopodobne jest, ze RNP
taczy si¢ do podobnych sekwencji nukleotydowych. Stad, system CRISPR/Cas9 moze
generowac mutacje w niepozadanych miejscach w genomie, okres$lanych jako off-targets [138].
Z tego powodu komorki z niedoborem PRDM3 analizowano pod katem mutacji. Przy uzyciu
oprogramowania CHOPCHOPvV2 zidentyfikowano dwie lokalizacje w genomie z najwyzszym
prawdopodobienstwem wystgpienia zjawiska off-targets [129]. Probki DNA badano za pomoca
sekwencjonowania Sangera i ostatecznie potwierdzono brak niepozadanych mutacji poza
wyznaczonym regionem DNA (Publikacja 2, Rycina S1).

W kolejnym kroku podjeto probe okreslenia wpltywu niedoboru PRDM3 na proces
neurogenezy. W tym celu okreslono poziom ekspresji genéw zwigzanych z pluripotencja
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(Oct3/4 i Nanog). Podczas roznicowania neuronalnego komorek typu dzikiego nie
obserwowano ekspresji Oct3/4 i Nanog. Komorki Prdm3 KO wykazaty znaczne podwyzszenie
ekspresji obu gendéw w 5, 7 i 9 dniu po indukcji (ang. Day after induction, DAI) (Publikacja
2, Rycina 3a, b). Nast¢pnie zbadano ekspresje markerdw neuronalnych [139, 140]. Gen Pax6
odgrywa kluczowa role w proliferacji neuronalnych progenitorOw oraz w migracji
niedojrzatych neuronow [140]. Komorki Prdm3 KO wykazywaty zmniejszong tendencje W
ekspresji Pax6 w 7 i 9 DAl w poréwnaniu z komorkami kontrolnymi, ale réznice byly
statystycznie nieistotne (Publikacja 2, Rycina 3c). Niemniej jednak, komoérki Prdm3 KO
miaty wysoka ekspresj¢ Oct3/4 i Nanog podczas neurogenezy, co sugerowato rozregulowanie
procesu réznicowania. Aby potwierdzi¢ t¢ obserwacje, oceniono ekspresj¢ genu tubuliny B-111.
Tubulina B-111 obecna jest prawie wytacznie w dojrzatych neuronach [15]. Komadrki Prdm3 KO
wykazywaty wyzszy poziom ekspresji tubuliny B-111 w 5 DAI, po czym nastgpowal znaczny
spadek ekspresji w 7 1 9 DAI w poréwnaniu z komorkami typu dzikiego (Publikacja 2, Rycina
3d). Ponadto, proces neurogenezy oceniano za pomocag barwienia immunofluorescencyjnego w
celu okreslenia r6znic w ekspresji biatek MAP2 [141] i B-111 TUBULIN [15] (Publikacja 2,
Rycina 4a, b). Komorki z niedoborem PRDM3 miaty wysoki poziom MAP2- i 3-111 TUBULIN
w 5 DAI w porownaniu z komorkami typu dzikiego. Z drugiej strony komarki Prdm3 KO miaty
bardzo niskg ekspresje w 9 DAI. Natomiast, komorki typu dzikiego wykazywaty zwigkszong
ekspresje biatek MAP2 i B-1II TUBULIN z dobrze zdefiniowang morfologia neuronéw w 9
DAI (Publikacja 2, Rycina 4a, b). Barwienie DAPI uwidocznito wysoki wspotczynnik
proliferacji komdrek Prdm3 KO, w przeciwienstwie do komoérek kontrolnych (Publikacja 2,
Rycina 4a, b).

W kolejnej czesci badan celem bylo zbadanie mechanizméw kontrolujacych ekspresje genu
Prdm3 podczas neurogenezy. Uwage skupiono na regulacji aktywno$ci promotora Prdma3.
Sekwencja promotora Prdm3 zostata wytyczona wykorzystujagc baze Eukariotic Promoter
Database (EPD) [142]. Program wskazal wicle konsensusowych sekwencji wigzania biatek
GATA w obrebie sekwencji promotora Prdm3 (Publikacja 2, Rycina S2). W celu oceny
potencjalnego wptywu czynnikow GATA na aktywno$¢ promotora Prdm3, zbadano ekspresje¢
gendw Gata (Gatal, Gata3, Gata4 i Gata6) w komdrkach P19 podczas neurogenezy. Ekspresja
MRNA dla Gatal byta niewykrywalna (dane nieopublikowane). Poziomy ekspresji mRNA dla
Gata3 byt podwyzszany w 5 DAI, a ekspresja Gata4 i Gata6 byta znaczaco podniesiona w 9
DAI (Publikacja 2, Rycina 5a-c). Nastepnie, zastosowano plazmid kodujacy gen reporterowy
lucyferazy pod kontrolg promotora Prdm3 do oceny wptywu biatek GATA. Nadekspresja
bialek GATA znaczaco zwickszyta aktywno$¢ promotora Prdm3 (ponad 3-krotnie), a
najwigksze odzialywanie obserwowano przy nadekspresji Gata6 (okoto 4,5-krotnie)
(Publikacja 2, Rycina 6a). Aby okresli¢ mechanizm interakcji biatek GATA z promotorem
Prdm3, zastosowano plazmid kodujacy skrocong wersje GATA4 (dominujacy-negatywny
konkurent, DN) [130]. Konstrukcja DN nie zawiera domen transaktywacyjnych biatek GATA.
Pomimo zredukowanej struktury biatka, DN moze wigza¢ si¢ z promotorami zaleznymi od
GATA przez domeny palca cynkowego, ale bez funkcji aktywacji transkrypcji [130]. Chociaz
rdzen konstrukcji DN jest oparty na sekwencji kodujacej biatko GATA4, rodzina GATA jest
wysoce konserwatywna w domenach palcow cynkowych. W zwigzku z tym, DN moze by¢
uzywany jako 0goOIny konkurent wigzania GATA [143]. Konstrukt DN zastosowano do
przetestowania bezposredniego wptywu GATAG6 na promotor Prdm3. DN znacznie obnizyt
aktywno$¢ promotora Prdm3, jednak wyciszenie ekspresji lucyferazy nie byto absolutne
(Publikacja 2, Rycina S3). Nastepnie uwaga zostata skupiona na potencjalnym zwigzku
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miedzy $ciezkg molekularng zalezng od RA a biatkami GATA w kontekscie promotora Prdm3.
Zastosowanie RA zwigkszato okoto 40-krotnie aktywnos$¢ promotora Prdm3 (Publikacja 2,
Rycina 6b). Ponadto zbadano synergistyczny wptyw wybranych czynnikow GATA wraz z RA
na aktywno$¢ promotora Prdm3. Niezroznicowane komorki P19 transfekowano plazmidem
kodujacym Gata3, Gatad lub Gata6. Po 24 godzinach komérki stymulowano RA przez
nastepne 24 godziny. Jednoczesne zastosowanie RA i nadekspresji Gata spowodowato silng
synergistyczng aktywacje promotora Prdm3. Najbardziej znaczacy efekt wystapit w przypadku
nadekspresji GATA6 wraz z stymulacjg zalezng od RA (okoto 140-krotny) (Publikacja 2,
Rycina 6b).

Gtownymi mediatorami sygnalizacji RA w jadrze komérkowym sg receptory RA (RAR), ktore
oddziatujg bezposrednio z elementami odpowiedzi RA (RARE) w regulatorowych regionach
DNA [144]. Wczes$niej wykazano, ze RA aktywuje ekspresje gendéw RARa i RARP w
komorkach P19 [145, 146]. Plazmidy kodujace konstytutywnie aktywng postac receptorow RA
(pCMX-VP16-RARa i pCMX-VP16-RARp) zastosowano do oceny ich roli w kontekscie
promotora Prdm3. Domena aktywacyjna VP16 jest potaczona z biatkiem RAR i umozliwia
stalg aktywacj¢ RAR przy jednoczesnym braku RA w pozywce [147]. Zastosowanie VP16-
RARa i1 VP16-RARP spowodowato znaczacy wzrost aktywno$ci promotora Prdm3
(Publikacja 2, Rycina 6c¢). Nastgpnie podj¢to probg wyjasnienia obserwowanego wczesniej
efektu synergistycznego. Niemniej jednak kotransfekcja RARa/ RARP z plazmidami
kodujacymi GATA6 wykazywala znaczaco wysoki, ale niesynergistyczny wplyw na
aktywnos¢ promotora Prdm3 (Publikacja 2, Rycina 6c).

Analiza regionu promotora Prdm3 wykazata odwrocong sekwencje konsensusowg dla RARE
(CGACCTttttgTGACCT). RARE sktada si¢ z dwoch domen oddzielonych pigcioma
nukleotydami (zaznaczone kursywg) [148]. Aby oceni¢ wplyw RARE na aktywnos¢
promotora, zmutowano miejsca sekwencji docelowej dla RARa i RARB. Obie mutacje w
sekwencji RARE nie wyeliminowaty catkowicie aktywnosci promotora Prdm3 po transfekcji
VP16-RARa czy VP16-RARP (Publikacja 2, Rycina S4). Wynik ten sugeruje tylko czesciowy
zwigzek migdzy promotorem Prdma3 a receptorami RA.

6 Dyskusja

W celu zbadania roli PRDM3 podczas neurogenezy zastosowano uproszczony protokot
wykorzystujacy lini¢ komérkowa P19 (pochodzaca z zarodkowego potworniaka u myszy).
Komorki P19 przejawiajg pluripotencjalne cechy i zdolno$¢ do réznicowania si¢ we wszystkie
trzy listki zarodkowe w obecno$ci czynnikéw Stymulujacych dojrzewanie komorkowe.
Ekspozycja komoérek P19 na RA indukuje réznicowanie si¢ do komoérek neuronalnych [57].
Model neurogenezy komorek P19 znacznie nasladuje wczesny rozwdj neuronalny in vivo [68,
149], dlatego komorki te sg szeroko stosowane w badaniach podstawowych molekularnych
mechanizmow réznicowania neurondw [150, 151] oraz chor6éb neurodegeneracyjnych, takich
jak choroba Alzheimera [152, 153]. Metody indukcji neurogenezy opartej na komoérkach P19
zostaly opisane w wielu badaniach, ale ztozono$¢ metodologii utrudnia jej uzytecznosé. W
Publikacji 1 opracowano uproszczony protokot neurogenezy z wykorzystaniem komorek P19.
Metoda ta jest przyjazna dla uzytkownika i wydajna w generowaniu komorek neuronéw [137].
Jak wykazano w Publikacji 1 (Rycina 2), niezroznicowane komorki P19 hodowane w DMEM
z 10% FBS miaty wysoka ekspresjg¢ pluripotentnych gendw (Oct4 i Nanog) bez obserwowanego
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samoroznicowania si¢ komoérek (brak ekspresji Map2 i NeuN, Publikacja 1, Rycina 2).
Ponadto wykazano, ze zastosowanie pozywki sktadajacej si¢ wytacznie z DMEM i 5% FBS z
dodatkiem RA skutecznie indukuje proces neurogenezy w komdrkach P19. Markery
réznicowania neuronalnego: Map2 i NeuN miaty znaczaco wysoka ekspresj¢ w kolejnych
dniach réznicowania komorek (Publikacja 1, Rycina 2, 4). Ta uproszczona metoda w petni
spelnia wymagania modeli neurogenezy in vitro i dlatego zostata wykorzystana do badania roli
PRDMS.

Wydaje si¢, ze PRDM3 moze peti¢ funkcje represyjng podczas rdéznicowania neurondw, co
wykazano u Drosophila melanogaster [154]. U kregowcoéw, funkcja PRDMS3 jest stabo
poznana. Wylaczenie ekspresji Prdma3 jest letalne dla zarodkow, ktore ponadto wykazuja wady
rozwojowe moézgu i kregostupa [125]. Ekspresj¢ Prdm3 obserwuje si¢ roOwniez u innych
kregowcow. I tak na przyktad, Prdm3 zidentyfikowano podczas rozwoju struktur mézgowych
u danio pregowanego [155]. Zwigkszony poziom ekspresji Prdm3 zostat zaobserwowany
podczas neurogenezy ludzkich komodrek embrionalnych oraz w mysich neuronach
postmitotycznych [25,128]. W Publikacji 2 wykazano zwigkszong ekspresje genu Prdm3
podczas neurogenezy komorek P19 traktowanych RA (Rycina 1b). Aby okresli¢ jaka rolg moze
odgrywa¢ PRDM3 w roznicowaniu neurondéw, zastosowano metode CRISPR/Cas9 w celu
wygenerowania komorek P19 z wytaczong ekspresjg Prdm3. Komdrki z niedoborem PRDM3
wykazywaty podwyzszong ekspresje genéw zwigzanych z pluripotencja podczas neurogenezy
(Publikacja 2, Rycina 3a, b). Oznacza to, ze brak PRDM3 spowodowal niepelne wyjscie ze
stadium niezréoznicowanych komoérek, a tym samym spowodowalo to rozregulowanie
réznicowania neuronalnego. PAX6 jest jednym z najwazniejszych czynnikow kontrolujacych
wczesng faze neurogenezy [139]. Poziom ekspresji PAX6 dostraja program molekularny w celu
utrzymania réwnowagi miedzy samoodnowa neuronalnych komoérek macierzystych a
réznicowaniem neurondéw [139]. W Publikacji 2 obserwowano podwyzszenie poziomu Pax6
podczas neurogenezy. Jednak komorki P19 z niedoborem PRDM3 wykazywaty zmniejszong
ekspresj¢ Pax6 w porownaniu z komorkami typu dzikiego (Publikacja 2, Rycina 3c). W
kolejnych dniach neurogenezy komorki z niedoborem PRDM3 wykazywaty znaczacy spadek
ekspresji tubuliny B-111 (Publikacja 2, Rycina 3d). Czg¢sciowo mozna to wytlumaczy¢
znacznym wzrostem ekspresji Oct4 i Nanog (Publikacja 2, Rycina 3a, b, d). Wynik ten
sugerowat wysokg proliferacj¢ komorek nieneuronalnych w komorkach z wytaczong ekspresja
Prdm3, podczas gdy komorki typu dzikiego wykazywaty stopniowy wzrost ekspresji markerow
dojrzatych neuronow (Publikacja 2, Rycina 3d i Rycina 4a, b). Na podstawie powyzszych
obserwacji wydaje si¢, ze PRDM3 moze odgrywac istotng role¢ w regulacji neurogenezy,
zwlaszcza w fazie indukcji. Nalezy zauwazy¢, ze komorki Prdm3 KO weszly w faze
dojrzewania neuronalnego wczesniej niz komorki typu dzikiego, ale nie byty w stanie utrzymac
tego procesul.

Czynniki GATA s3g dobrze rozpoznane w rozwoju narzagdow pochodzenia endodermalnego
[86]. Jednak wiedza na temat ich udzialu w rozwoju uktadu nerwowego jest skromna.
Wiadomo, ze GATA2 i GATA3 s3 odpowiedzialne za ustalanie tozsamo$ci neuronow
glutaminergicznych i serotoninergicznych podczas wczesnego roznicowania [88]. W
Publikacji 2 wykazano, ze ekspresja genow Gata byta podwyzszona w przebiegu neurogenezy
(Rycina 5a-c). Ponadto, wczesniej opisywano, ze GATA1 moze oddziatywaé z promotorem
Prdm3 [156]. W Publikacji 2 wykazano, ze aktywno$¢ promotora Prdm3 zalezy od czynnikow
GATA, przy czym najwigkszy efekt obserwuje si¢ przy nadekspresji Gata6 (Rycina 6a).
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Ekspresja Prdm3 jest stymulowana przez RA w ludzkich komdrkach NTERA-2 i ostrej
biataczki szpikowej [157, 158]. Podobne zjawisko zostato przedstawione w Publikacji 2, gdzie
odnotowano 40-krotny wzrost aktywnosci promotora Prdm3 w obecnosci RA (Rycina 6b). Co
ciekawe, zaobserwowano rowniez odziatywanie miedzy Sciezka sygnalizacyjng zalezng od RA
I GATAG6 (Publikacja 2, Rycina 6b). Wczesniej podobng interakcje miedzy sygnalizacja
zalezng od RA a GATAZ2 opisano w roéznicowaniu uktadu krwiotworczego [89]. Dane te sg
zgodne z wynikami przedstawionymi w Publikacji 2 i sugeruja wspélny udziat szlaku
sygnatowego zaleznego od RA z bialkami GATA podczas réznicowania komorek. Analiza
sekwencji promotora Prdm3 ujawnita liczne motywy konsensusowe wigzace GATA, co
utrudnia zbadanie poszczegoélnych miejsc wigzania. Do rozszyfrowania wptywu czynnikow
GATA na regulacje ekspresji Prdm3 wykorzystano plazmid kodujacy konstrukt biatka GATA4
(DN) [130]. GATA DN nie obnizyt catkowicie aktywno$ci promotora Prdm3. Tym samym,
wynik ten sugeruje, ze wpltyw czynnikow GATA na promotor Prdm3 moze zaleze¢ réwniez od
innych sygnatow transkrypcyjnych.

Aby wyjasni¢ mechanizm dziatania RA na promotor Prdm3, skupiono si¢ na efekcie
synergistycznym mi¢dzy stymulacjg zalezng od RA a nadekspresja GATA. W sygnalizacji RA
posredniczg gldwnie receptory kwasu retinowego (RAR). RAR dziataja jako czynniki
transkrypcyjne podczas roznicowania komorkowego 1 sg aktywowane przez wigzanie agonisty-
kwas retinowy [159-161]. W sekwencji promotora Prdm3 zidentyfikowano element
odpowiedzi kwasu retinowego (RARE) (Publikacja 2, Rycina S2). Badanie to ujawnito, ze
aktywnos$¢ promotora Prdm3 jest czg$ciowo zalezna od interakcji miedzy RARa i RARP z
elementem RARE (Publikacja 2, Rycina S4). We wczeséniejszych badaniach Tsuzuki i wsp.
(2004) przedstawili synergistyczny efekt wywotywany przez GATA2 i RARa w ludzkich
komérkach szpikowych KG1 [89]. W Publikacji 2 (Rycina 6¢) addytywny efekt stymulujacy
obserwowano po wywotaniu nadekspresji RARa, RARS i Gata6 w komorkach P19. Dlatego
synergizm mig¢dzy czynnikami RA 1 GATA mozna czgsciowo wyjasni¢ zaangazowaniem RAR.
RA jest jednym z najwazniejszych czynnikéw ksztaltujacych uktad nerwowy zarodkow [162].
Niemniej jednak wiele jego celow i $ciezek sygnalizacyjnych pozostaje niezbadanych. Dlatego
doktadny mechanizm synergii mi¢dzy czynnikami RA i GATA nie zostal w pelni wyjasniony
w tym badaniu. Rola czynnikéw GATA w rozwoju uktadu nerwowego pozostaje zagadkowa 1
wcigz stabo poznana [163]. Ostatecznie nie mozna wykluczy¢ wplywu innych czynnikow na
aktywno$¢ promotora Prdm3, zwlaszcza tych, ktore moga by¢ istotnie zalezne od szlaku
sygnatowego GATA i RA.

7 Whnioski:

1. Metodologie réznicowania neuronéw w komoérkach P19 mozna uprosci¢ bez negatywnego
wplywu na proces neurogenezy.

2. Ekspresja Prdm3 wzrasta podczas neurogenezy w komérkach P19.

3. Niedobér PRDM3 w komorkach P19 wywotuje przedwczesne réznicowanie neurondw i
nasila proliferacj¢ komorek nieneuronalnych.

4. GATA3, GATA4, GATAG zwigkszaja aktywno$¢ promotora Prdma3.
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5. Kwas retinowy 1 czynniki GATA wykazuja synergistyczny wplyw na aktywno$¢ promotora
Prdm3.

6. RARa i RARP zwigkszajg aktywno$¢ promotora Prdm3.

7. RARa i RARP czesciowo stymulujg aktywno$¢ promotora Prdm3 poprzez ich wigzanie z
domeng RARE.

8. Literatura

1. 1.Alvarez-Buylla, A., J. M. Garcia-Verdugo, and A. D. Tramontin. "A Unified
Hypothesis on the Lineage of Neural Stem Cells." Nat Rev Neurosci 2, no. 4 (2001):
287-93.

2. Kempermann, G., H. Song, and F. H. Gage. "Neurogenesis in the Adult
Hippocampus.” Cold Spring Harb Perspect Biol 7, no. 9 (2015): a018812.

3. Mira, H., and J. Morante. "Corrigendum: Neurogenesis from Embryo to Adult -
Lessons from Flies and Mice." Front Cell Dev Biol 8 (2020): 686.

4. Lupo, G., M. Bertacchi, N. Carucci, G. Augusti-Tocco, S. Biagioni, and F. Cremisi.
"From Pluripotency to Forebrain Patterning: An in Vitro Journey Astride Embryonic
Stem Cells." Cell Mol Life Sci 71, no. 15 (2014): 2917-30.

5. Olariu, V., C. Lévkvist, and K. Sneppen. "Nanog, Oct4 and Tetl Interplay in
Establishing Pluripotency.” Sci Rep 6 (2016): 25438.

6. Yamanaka, Y., A. Ralston, R. O. Stephenson, and J. Rossant. "Cell and Molecular
Regulation of the Mouse Blastocyst."” Dev Dyn 235, no. 9 (2006): 2301-14.

7. Blake, J. A., and M. R. Ziman. "Pax Genes: Regulators of Lineage Specification and
Progenitor Cell Maintenance." Development 141, no. 4 (2014): 737-51.

8. He, P., and B. A. Williams. "The Changing Mouse Embryo Transcriptome at Whole
Tissue and Single-Cell Resolution.” 583, no. 7818 (2020): 760-67.

9. Ghysen, A., and C. Dambly-Chaudiere. "Genesis of the Drosophila Peripheral
Nervous System.” Trends Genet 5, no. 8 (1989): 251-5.

10. Kiefer, J. C., A. Jarman, and J. Johnson. "Pro-Neural Factors and Neurogenesis." Dev
Dyn 234, no. 3 (2005): 808-13.

11.  Wilkinson, G., D. Dennis, and C. Schuurmans. "Proneural Genes in Neocortical
Development.” Neuroscience 253 (2013): 256-73.

12.  Yu, P, E. C. McKinney, M. M. Kandasamy, A. L. Albert, and R. B. Meagher.
"Characterization of Brain Cell Nuclei with Decondensed Chromatin.” Dev Neurobiol
75, no. 7 (2015): 738-56.

13.  Huber, G., and A. Matus. "Differences in the Cellular Distributions of Two
Microtubule-Associated Proteins, Mapl and Map2, in Rat Brain." J Neurosci 4, no. 1
(1984): 151-60.

14, Caceres, A., G. Banker, O. Steward, L. Binder, and M. Payne. "Map2 Is Localized to
the Dendrites of Hippocampal Neurons Which Develop in Culture.” Brain Res 315,
no. 2 (1984): 314-8.

15. Lyu, J., F. Costantini, E. H. Jho, and C. K. Joo. "Ectopic Expression of Axin Blocks
Neuronal Differentiation of Embryonic Carcinoma P19 Cells." J Biol Chem 278, no.
15 (2003): 13487-95.

16. Behm, M., H. Wahlstedt, A. Widmark, M. Eriksson, and M. Ohman. "Accumulation
of Nuclear Adar2 Regulates Adenosine-to-Inosine Rna Editing During Neuronal
Development." 130, no. 4 (2017): 745-53.

17



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Zhang, S. C., M. Wernig, . D. Duncan, O. Brustle, and J. A. Thomson. "In Vitro
Differentiation of Transplantable Neural Precursors from Human Embryonic Stem
Cells.” Nat Biotechnol 19, no. 12 (2001): 1129-33.

Schulz, T. C., S. A. Noggle, G. M. Palmarini, D. A. Weiler, I. G. Lyons, K. A. Pensa,
A. C. Meedeniya, B. P. Davidson, N. A. Lambert, and B. G. Condie. "Differentiation
of Human Embryonic Stem Cells to Dopaminergic Neurons in Serum-Free Suspension
Culture.” Stem Cells 22, no. 7 (2004): 1218-38.

Zeng, X., J. Cai, J. Chen, Y. Luo, Z. B. You, E. Fotter, Y. Wang, B. Harvey, T. Miura,
C. Backman, G. J. Chen, M. S. Rao, and W. J. Freed. "Dopaminergic Differentiation
of Human Embryonic Stem Cells." Stem Cells 22, no. 6 (2004): 925-40.

Fathi, A., H. Rasouli, M. Yeganeh, G. H. Salekdeh, and H. Baharvand. "Efficient
Differentiation of Human Embryonic Stem Cells toward Dopaminergic Neurons Using
Recombinant LmxZ1a Factor.” Mol Biotechnol 57, no. 2 (2015): 184-94.

Lu, H. E., Y. C. Yang, S. M. Chen, H. L. Su, P. C. Huang, M. S. Tsai, T. H. Wang, C.
P. Tseng, and S. M. Hwang. "Modeling Neurogenesis Impairment in Down Syndrome
with Induced Pluripotent Stem Cells from Trisomy 21 Amniotic Fluid Cells." Exp Cell
Res 319, no. 4 (2013): 498-505.

Compagnucci, C., M. Nizzardo, S. Corti, G. Zanni, and E. Bertini. "In Vitro
Neurogenesis: Development and Functional Implications of Ipsc Technology."” Cell
Mol Life Sci 71, no. 9 (2014): 1623-39.

Velasco, I., P. Salazar, A. Giorgetti, V. Ramos-Mejia, J. Castafio, D. Romero-Moya,
and P. Menendez. "Concise Review: Generation of Neurons from Somatic Cells of
Healthy Individuals and Neurological Patients through Induced Pluripotency or Direct
Conversion." Stem Cells 32, no. 11 (2014): 2811-7.

Schulz, T. C., G. M. Palmarini, S. A. Noggle, D. A. Weiler, M. M. Mitalipova, and B.
G. Condie. "Directed Neuronal Differentiation of Human Embryonic Stem Cells."
BMC Neurosci 4 (2003): 27.

Elkabetz, Y., G. Panagiotakos, G. Al Shamy, N. D. Socci, V. Tabar, and L. Studer.
"Human Es Cell-Derived Neural Rosettes Reveal a Functionally Distinct Early Neural
Stem Cell Stage.” Genes Dev 22, no. 2 (2008): 152-65.

Kawasaki, H., K. Mizuseki, S. Nishikawa, S. Kaneko, Y. Kuwana, S. Nakanishi, S. .
Nishikawa, and Y. Sasai. "Induction of Midbrain Dopaminergic Neurons from Es
Cells by Stromal Cell-Derived Inducing Activity." Neuron 28, no. 1 (2000): 31-40.
Vazin, T., J. Chen, C. T. Lee, R. Amable, and W. J. Freed. "Assessment of Stromal-
Derived Inducing Activity in the Generation of Dopaminergic Neurons from Human
Embryonic Stem Cells." Stem Cells 26, no. 6 (2008): 1517-25.

Ying, Q. L., M. Stavridis, D. Griffiths, M. Li, and A. Smith. "Conversion of
Embryonic Stem Cells into Neuroectodermal Precursors in Adherent Monoculture.™
Nat Biotechnol 21, no. 2 (2003): 183-6.

Gerrard, L., L. Rodgers, and W. Cui. "Differentiation of Human Embryonic Stem
Cells to Neural Lineages in Adherent Culture by Blocking Bone Morphogenetic
Protein Signaling.” Stem Cells 23, no. 9 (2005): 1234-41.

Wongpaiboonwattana, W., and M. P. Stavridis. "Neural Differentiation of Mouse
Embryonic Stem Cells in Serum-Free Monolayer Culture.” J Vis Exp, no. 99 (2015):
e52823.

Zhang, M., J. Ngo, F. Pirozzi, Y. P. Sun, and A. Wynshaw-Boris. "Highly Efficient
Methods to Obtain Homogeneous Dorsal Neural Progenitor Cells from Human and
Mouse Embryonic Stem Cells and Induced Pluripotent Stem Cells.” Stem Cell Res
Ther 9, no. 1 (2018): 67.

18



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Tukker, A. M., F. M. J. Wijnolts, A. de Groot, and R. H. S. Westerink. "Human Ipsc-
Derived Neuronal Models for in Vitro Neurotoxicity Assessment." Neurotoxicology
67 (2018): 215-25.

Xu, C., M. S. Inokuma, J. Denham, K. Golds, P. Kundu, J. D. Gold, and M. K.
Carpenter. "Feeder-Free Growth of Undifferentiated Human Embryonic Stem Cells."
Nat Biotechnol 19, no. 10 (2001): 971-4.

Martello, G., and A. Smith. "The Nature of Embryonic Stem Cells."” Annu Rev Cell
Dev Biol 30 (2014): 647-75.

Greene, L. A., and A. S. Tischler. "Establishment of a Noradrenergic Clonal Line of
Rat Adrenal Pheochromocytoma Cells Which Respond to Nerve Growth Factor.” Proc
Natl Acad Sci U S A 73, no. 7 (1976): 2424-8.

Westerink, R. H., and A. G. Ewing. "The Pc12 Cell as Model for Neurosecretion."
Acta Physiol (Oxf) 192, no. 2 (2008): 273-85.

Das, K. P., T. M. Freudenrich, and W. R. Mundy. "Assessment of Pc12 Cell
Differentiation and Neurite Growth: A Comparison of Morphological and
Neurochemical Measures." Neurotoxicol Teratol 26, no. 3 (2004): 397-406.

Yang, X., X. Liu, X. Zhang, H. Lu, J. Zhang, and Y. Zhang. "Investigation of
Morphological and Functional Changes During Neuronal Differentiation of Pc12 Cells
by Combined Hopping Probe lon Conductance Microscopy and Patch-Clamp
Technique." Ultramicroscopy 111, no. 8 (2011): 1417-22.

Shipley, M. M., C. A. Mangold, and M. L. Szpara. "Differentiation of the Sh-Sy5y
Human Neuroblastoma Cell Line." J Vis Exp, no. 108 (2016): 53193.

Forster, J. 1., S. Kdglsberger, C. Trefois, O. Boyd, A. S. Baumuratov, L. Buck, R.
Balling, and P. M. Antony. "Characterization of Differentiated Sh-Sy5y as Neuronal
Screening Model Reveals Increased Oxidative Vulnerability." J Biomol Screen 21, no.
5 (2016): 496-5009.

Andrews, P. W., M. M. Matin, A. R. Bahrami, I. Damjanov, P. Gokhale, and J. S.
Draper. "Embryonic Stem (Es) Cells and Embryonal Carcinoma (Ec) Cells: Opposite
Sides of the Same Coin." Biochem Soc Trans 33, no. Pt 6 (2005): 1526-30.
Przyborski, S. A., V. B. Christie, M. W. Hayman, R. Stewart, and G. M. Horrocks.
"Human Embryonal Carcinoma Stem Cells: Models of Embryonic Development in
Humans." Stem Cells Dev 13, no. 4 (2004): 400-8.

Martin, G. R. "Isolation of a Pluripotent Cell Line from Early Mouse Embryos
Cultured in Medium Conditioned by Teratocarcinoma Stem Cells.” Proc Natl Acad
SciUS A 78, no. 12 (1981): 7634-8.

McBurney, M. W., E. M. Jones-Villeneuve, M. K. Edwards, and P. J. Anderson.
"Control of Muscle and Neuronal Differentiation in a Cultured Embryonal Carcinoma
Cell Line." Nature 299, no. 5879 (1982): 165-7.

Soprano, D. R., B. W. Teets, and K. J. Soprano. "Role of Retinoic Acid in the
Differentiation of Embryonal Carcinoma and Embryonic Stem Cells.” Vitam Horm 75
(2007): 69-95.

van der Heyden, M. A., and L. H. Defize. "Twenty One Years of P19 Cells: What an
Embryonal Carcinoma Cell Line Taught Us About Cardiomyocyte Differentiation."
Cardiovasc Res 58, no. 2 (2003): 292-302.

Lee, V. M., and P. W. Andrews. "Differentiation of Ntera-2 Clonal Human Embryonal
Carcinoma Cells into Neurons Involves the Induction of All Three Neurofilament
Proteins.” J Neurosci 6, no. 2 (1986): 514-21.

Andrews, P. W. "Retinoic Acid Induces Neuronal Differentiation of a Cloned Human
Embryonal Carcinoma Cell Line in Vitro." Dev Biol 103, no. 2 (1984): 285-93.

19



49,

50.

51,

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

Coyle, D. E., J. Li, and M. Baccei. "Regional Differentiation of Retinoic Acid-Induced
Human Pluripotent Embryonic Carcinoma Stem Cell Neurons." PLoS One 6, no. 1
(2011): e16174.

Tamai, Y., Y. Takemoto, M. Matsumoto, T. Morita, A. Matsushiro, and M. Nozaki.
"Sequence of Endoa Gene Encoding Mouse Cytokeratin and Its Methylation State in
the Cpg-Rich Region." Gene 104, no. 2 (1991): 169-76.

Marikawa, Y., T. C. Fujita, and V. B. Alarcén. "Heterogeneous DNA Methylation
Status of the Regulatory Element of the Mouse Oct4 Gene in Adult Somatic Cell
Population.” Cloning Stem Cells 7, no. 1 (2005): 8-16.

Darbinian, N. "Cultured Cell Line Models of Neuronal Differentiation: Nt2, Pc12."
Methods Mol Biol 1078 (2013): 23-33.

Solnica-Krezel, L., and D. S. Sepich. "Gastrulation: Making and Shaping Germ
Layers."” Annu Rev Cell Dev Biol 28 (2012): 687-717.

Ramkumar, N., and K. V. Anderson. "Snapshot: Mouse Primitive Streak." Cell 146,
no. 3 (2011): 488-88.e2.

Sajini, A. A, L. V. Greder, J. R. Dutton, and J. M. Slack. "Loss of Oct4 Expression
During the Development of Murine Embryoid Bodies." Dev Biol 371, no. 2 (2012):
170-9.

ten Berge, D., W. Koole, C. Fuerer, M. Fish, E. Eroglu, and R. Nusse. "Wnt Signaling
Mediates Self-Organization and Axis Formation in Embryoid Bodies." Cell Stem Cell
3, no. 5 (2008): 508-18.

McBurney, M. W., and B. J. Rogers. "Isolation of Male Embryonal Carcinoma Cells
and Their Chromosome Replication Patterns.” Dev Biol 89, no. 2 (1982): 503-8.
McLoughlin, G. A., J. E. Hede, J. G. Temple, J. Bradley, D. M. Chapman, and J.
McFarland. "The Role of Iga in the Prevention of Bacterial Colonization of the
Jejunum in the Vagotomized Subject.” Br J Surg 65, no. 6 (1978): 435-7.

Monzen, K., I. Shiojima, Y. Hiroi, S. Kudoh, T. Oka, E. Takimoto, D. Hayashi, T.
Hosoda, A. Habara-Ohkubo, T. Nakaoka, T. Fujita, Y. Yazaki, and I. Komuro. "Bone
Morphogenetic Proteins Induce Cardiomyocyte Differentiation through the Mitogen-
Activated Protein Kinase Kinase Kinase Tak1 and Cardiac Transcription Factors
Csx/Nkx-2.5 and Gata-4." Mol Cell Biol 19, no. 10 (1999): 7096-105.

Yang, J., S. J. Ko, B. S. Kim, H. S. Kim, S. Park, D. Hong, S. W. Hong, J. H. Choi, C.
Y. Park, S. C. Choi, S. J. Hong, and D. S. Lim. "Enhanced Cardiomyogenic
Differentiation of P19 Embryonal Carcinoma Stem Cells." Korean Circ J 39, no. 5
(2009): 198-204.

Jasmin, D. C. Spray, A. C. Campos de Carvalho, and R. Mendez-Otero. "Chemical
Induction of Cardiac Differentiation in P19 Embryonal Carcinoma Stem Cells." Stem
Cells Dev 19, no. 3 (2010): 403-12.

McBurney, M. W., K. R. Reuhl, A. I. Ally, S. Nasipuri, J. C. Bell, and J. Craig.
"Differentiation and Maturation of Embryonal Carcinoma-Derived Neurons in Cell
Culture." J Neurosci 8, no. 3 (1988): 1063-73.

Morassultti, D. J., W. A. Staines, D. S. Magnuson, K. C. Marshall, and M. W.
McBurney. "Murine Embryonal Carcinoma-Derived Neurons Survive and Mature
Following Transplantation into Adult Rat Striatum.” Neuroscience 58, no. 4 (1994):
753-63.

MacPherson, P. A., S. Jones, P. A. Pawson, K. C. Marshall, and M. W. McBurney.
"P19 Cells Differentiate into Glutamatergic and Glutamate-Responsive Neurons in
Vitro." Neuroscience 80, no. 2 (1997): 487-99.

20



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Magnuson, D. S., D. J. Morassutti, M. W. McBurney, and K. C. Marshall. "Neurons
Derived from P19 Embryonal Carcinoma Cells Develop Responses to Excitatory and
Inhibitory Neurotransmitters.” Brain Res Dev Brain Res 90, no. 1-2 (1995): 141-50.
Magnuson, D. S., D. J. Morassutti, W. A. Staines, M. W. McBurney, and K. C.
Marshall. "In Vivo Electrophysiological Maturation of Neurons Derived from a
Multipotent Precursor (Embryonal Carcinoma) Cell Line." Brain Res Dev Brain Res
84, no. 1 (1995): 130-41.

McBurney, M. W. "P19 Embryonal Carcinoma Cells." Int J Dev Biol 37, no. 1 (1993):
135-40.

Bain, G., W. J. Ray, M. Yao, and D. I. Gottlieb. "From Embryonal Carcinoma Cells to
Neurons: The P19 Pathway." Bioessays 16, no. 5 (1994): 343-8.

Wei, Y., T. Harris, and G. Childs. "Global Gene Expression Patterns During Neural
Differentiation of P19 Embryonic Carcinoma Cells.” Differentiation 70, no. 4-5
(2002): 204-19.

Haushalter, C., L. Asselin, V. Fraulob, P. Dollé, and M. Rhinn. "Retinoic Acid
Controls Early Neurogenesis in the Developing Mouse Cerebral Cortex." Dev Biol
430, no. 1 (2017): 129-41.

Hatakeyama, J., Y. Bessho, K. Katoh, S. Ookawara, M. Fujioka, F. Guillemot, and R.
Kageyama. "Hes Genes Regulate Size, Shape and Histogenesis of the Nervous System
by Control of the Timing of Neural Stem Cell Differentiation.” Development 131, no.
22 (2004): 5539-50.

Sahara, S., and D. D. O'Leary. "Fgf10 Regulates Transition Period of Cortical Stem
Cell Differentiation to Radial Glia Controlling Generation of Neurons and Basal
Progenitors.” Neuron 63, no. 1 (2009): 48-62.

Kageyama, R., T. Ohtsuka, H. Shimojo, and I. Imayoshi. "Dynamic Notch Signaling
in Neural Progenitor Cells and a Revised View of Lateral Inhibition." Nat Neurosci
11, no. 11 (2008): 1247-51.

Antonelli, F., A. Casciati, and S. Pazzaglia. "Sonic Hedgehog Signaling Controls
Dentate Gyrus Patterning and Adult Neurogenesis in the Hippocampus." Neural
Regen Res 14, no. 1 (2019): 59-61.

Grandbarbe, L., J. Bouissac, M. Rand, M. Hrabé de Angelis, S. Artavanis-Tsakonas,
and E. Mobhier. "Delta-Notch Signaling Controls the Generation of Neurons/Glia from
Neural Stem Cells in a Stepwise Process.”" Development 130, no. 7 (2003): 1391-402.
Bolos, V., J. Grego-Bessa, and J. L. de la Pompa. "Notch Signaling in Development
and Cancer." Endocr Rev 28, no. 3 (2007): 339-63.

Blumberg, B. "An Essential Role for Retinoid Signaling in Anteroposterior Neural
Specification and Neuronal Differentiation.” Semin Cell Dev Biol 8, no. 4 (1997):
417-28.

Ross, S. A., P. J. McCaffery, U. C. Drager, and L. M. De Luca. "Retinoids in
Embryonal Development.” Physiol Rev 80, no. 3 (2000): 1021-54.

Bain, G., W. J. Ray, M. Yao, and D. I. Gottlieb. "Retinoic Acid Promotes Neural and
Represses Mesodermal Gene Expression in Mouse Embryonic Stem Cells in Culture.”
Biochem Biophys Res Commun 223, no. 3 (1996): 691-4.

Okada, Y., T. Shimazaki, G. Sobue, and H. Okano. "Retinoic-Acid-Concentration-
Dependent Acquisition of Neural Cell Identity During in Vitro Differentiation of
Mouse Embryonic Stem Cells.” Dev Biol 275, no. 1 (2004): 124-42.

Niederreither, K., and P. Dollé. "Retinoic Acid in Development: Towards an
Integrated View." Nat Rev Genet 9, no. 7 (2008): 541-53.

Duester, G. "Retinoic Acid Synthesis and Signaling During Early Organogenesis."
Cell 134, no. 6 (2008): 921-31.

21



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Maden, M. "Retinoic Acid in the Development, Regeneration and Maintenance of the
Nervous System." Nat Rev Neurosci 8, no. 10 (2007): 755-65.

Simandi, Z., A. Horvath, I. Cuaranta-Monroy, S. Sauer, J. F. Deleuze, and L. Nagy.
"Rxr Heterodimers Orchestrate Transcriptional Control of Neurogenesis and Cell Fate
Specification.” Mol Cell Endocrinol 471 (2018): 51-62.

Engels, M., P. N. Span, R. T. Mitchell, Jjtm Heuvel, M. A. Marijnissen-van Zanten, A.
E. van Herwaarden, C. A. Hulsbergen-van de Kaa, E. Oosterwijk, N. M.
Stikkelbroeck, L. B. Smith, Fcgj Sweep, and H. L. Claahsen-van der Grinten. "Gata
Transcription Factors in Testicular Adrenal Rest Tumours." Endocr Connect 6, no. 8
(2017): 866-75.

Lentjes, M. H., H. E. Niessen, Y. Akiyama, A. P. de Bruine, V. Melotte, and M. van
Engeland. "The Emerging Role of Gata Transcription Factors in Development and
Disease.” Expert Rev Mol Med 18 (2016): e3.

Tremblay, M., O. Sanchez-Ferras, and M. Bouchard. "Gata Transcription Factors in
Development and Disease.”" 145, no. 20 (2018).

Haugas, M., L. Tikker, K. Achim, M. Salminen, and J. Partanen. "Gata2 and Gata3
Regulate the Differentiation of Serotonergic and Glutamatergic Neuron Subtypes of
the Dorsal Raphe." 143, no. 23 (2016): 4495-508.

Tsuzuki, S., K. Kitajima, T. Nakano, A. Glasow, A. Zelent, and T. Enver. "Cross Talk
between Retinoic Acid Signaling and Transcription Factor Gata-2." Mol Cell Biol 24,
no. 15 (2004): 6824-36.

Buyse, I. M., G. Shao, and S. Huang. "The Retinoblastoma Protein Binds to Riz, a
Zinc-Finger Protein That Shares an Epitope with the Adenovirus Ela Protein." Proc
Natl Acad Sci U S A 92, no. 10 (1995): 4467-71.

Huang, S. "Blimp-1 Is the Murine Homolog of the Human Transcriptional Repressor
Prdi-Bf1." Cell 78, no. 1 (1994): 9.

Keller, A. D., and T. Maniatis. "ldentification and Characterization of a Novel
Repressor of Beta-Interferon Gene Expression.” Genes Dev 5, no. 5 (1991): 868-79.
Turner, C. A., Jr., D. H. Mack, and M. M. Davis. "Blimp-1, a Novel Zinc Finger-
Containing Protein That Can Drive the Maturation of B Lymphocytes into
Immunoglobulin-Secreting Cells." Cell 77, no. 2 (1994): 297-306.

Xiao, B., J. R. Wilson, and S. J. Gamblin. "Set Domains and Histone Methylation."
Curr Opin Struct Biol 13, no. 6 (2003): 699-705.

Duan, Z., R. E. Person, H. H. Lee, S. Huang, J. Donadieu, R. Badolato, H. L. Grimes,
T. Papayannopoulou, and M. S. Horwitz. "Epigenetic Regulation of Protein-Coding
and Microrna Genes by the Gfil-Interacting Tumor Suppressor Prdm5." Mol Cell Biol
27, no. 19 (2007): 6889-902.

Davis, C. A., M. Haberland, M. A. Arnold, L. B. Sutherland, O. G. McDonald, J. A.
Richardson, G. Childs, S. Harris, G. K. Owens, and E. N. Olson. "Prism/Prdm6, a
Transcriptional Repressor That Promotes the Proliferative Gene Program in Smooth
Muscle Cells." Mol Cell Biol 26, no. 7 (2006): 2626-36.

Gyory, 1., J. Wu, G. Fejér, E. Seto, and K. L. Wright. "Prdi-Bf1 Recruits the Histone
H3 Methyltransferase G9a in Transcriptional Silencing.”" Nat Immunol 5, no. 3 (2004):
299-308.

Pinheiro, 1., R. Margueron, N. Shukeir, M. Eisold, C. Fritzsch, F. M. Richter, G.
Mittler, C. Genoud, S. Goyama, M. Kurokawa, J. Son, D. Reinberg, M. Lachner, and
T. Jenuwein. "Prdm3 and Prdm16 Are H3k9mel Methyltransferases Required for
Mammalian Heterochromatin Integrity.” Cell 150, no. 5 (2012): 948-60.

Kim, K. C., L. Geng, and S. Huang. "Inactivation of a Histone Methyltransferase by
Mutations in Human Cancers." Cancer Res 63, no. 22 (2003): 7619-23.

22



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Hayashi, K., K. Yoshida, and Y. Matsui. "A Histone H3 Methyltransferase Controls
Epigenetic Events Required for Meiotic Prophase.” Nature 438, no. 7066 (2005): 374-
8.

Fog, C. K., G. G. Galli, and A. H. Lund. "Prdm Proteins: Important Players in
Differentiation and Disease.” Bioessays 34, no. 1 (2012): 50-60.

Eom, G. H., K. Kim, S. M. Kim, H. J. Kee, J. Y. Kim, H. M. Jin, J. R. Kim, J. H. Kim,
N. Choe, K. B. Kim, J. Lee, H. Kook, N. Kim, and S. B. Seo. "Histone
Methyltransferase Prdm8 Regulates Mouse Testis Steroidogenesis." Biochem Biophys
Res Commun 388, no. 1 (2009): 131-6.

Derunes, C., K. Briknarova, L. Geng, S. Li, C. R. Gessner, K. Hewitt, S. Wu, S.
Huang, V. I. Woods, Jr., and K. R. Ely. "Characterization of the Pr Domain of Riz1
Histone Methyltransferase.” Biochem Biophys Res Commun 333, no. 3 (2005): 925-
34.

Yoshimi, A., S. Goyama, N. Watanabe-Okochi, Y. Yoshiki, Y. Nannya, E. Nitta, S.
Arai, T. Sato, M. Shimabe, M. Nakagawa, Y. Imai, T. Kitamura, and M. Kurokawa.
"Evil Represses Pten Expression and Activates Pi3k/Akt/Mtor Via Interactions with
Polycomb Proteins.” Blood 117, no. 13 (2011): 3617-28.

Su,S. T.,,H. Y.Ying, Y. K. Chiu, F. R. Lin, M. Y. Chen, and K. I. Lin. "Involvement
of Histone Demethylase Lsd1 in Blimp-1-Mediated Gene Repression During Plasma
Cell Differentiation.” Mol Cell Biol 29, no. 6 (2009): 1421-31.

Ancelin, K., U. C. Lange, P. Hajkova, R. Schneider, A. J. Bannister, T. Kouzarides,
and M. A. Surani. "Blimp1 Associates with Prmt5 and Directs Histone Arginine
Methylation in Mouse Germ Cells." Nat Cell Biol 8, no. 6 (2006): 623-30.

Alliston, T., T. C. Ko, Y. Cao, Y. Y. Liang, X. H. Feng, C. Chang, and R. Derynck.
"Repression of Bone Morphogenetic Protein and Activin-Inducible Transcription by
Evi-1." J Biol Chem 280, no. 25 (2005): 24227-37.

Chittka, A., J. C. Arevalo, M. Rodriguez-Guzman, P. Pérez, M. V. Chao, and M.
Sendtner. "The P75ntr-Interacting Protein Scl Inhibits Cell Cycle Progression by
Transcriptional Repression of Cyclin E." J Cell Biol 164, no. 7 (2004): 985-96.

Yu, J., C. Angelin-Duclos, J. Greenwood, J. Liao, and K. Calame. "Transcriptional
Repression by Blimp-1 (Prdi-Bf1) Involves Recruitment of Histone Deacetylase.” Mol
Cell Biol 20, no. 7 (2000): 2592-603.

Cattaneo, F., and G. Nucifora. "Evil Recruits the Histone Methyltransferase Suv39hl
for Transcription Repression.” J Cell Biochem 105, no. 2 (2008): 344-52.

Yang, C. M., and Y. Shinkai. "Prdm12 Is Induced by Retinoic Acid and Exhibits Anti-
Proliferative Properties through the Cell Cycle Modulation of P19 Embryonic
Carcinoma Cells." Cell Struct Funct 38, no. 2 (2013): 197-206.

Hohenauer, T., and A. W. Moore. "The Prdm Family: Expanding Roles in Stem Cells
and Development.” Development 139, no. 13 (2012): 2267-82.

Mzoughi, S., Y. X. Tan, D. Low, and E. Guccione. "The Role of Prdms in Cancer:
One Family, Two Sides." Curr Opin Genet Dev 36 (2016): 83-91.

Sorrentino, A., M. Rienzo, A. Ciccodicola, A. Casamassimi, and C. Abbondanza.
"Human Prdm2: Structure, Function and Pathophysiology." Biochim Biophys Acta
Gene Regul Mech (2018).

Ren, B., K. J. Chee, T. H. Kim, and T. Maniatis. "Prdi-Bf1/Blimp-1 Repression Is
Mediated by Corepressors of the Groucho Family of Proteins.” Genes Dev 13, no. 1
(1999): 125-37.

Di Zazzo, E., C. De Rosa, C. Abbondanza, and B. Moncharmont. "Prdm Proteins:
Molecular Mechanisms in Signal Transduction and Transcriptional Regulation."
Biology (Basel) 2, no. 1 (2013): 107-41.

23



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

Huang, S., G. Shao, and L. Liu. "The Pr Domain of the Rb-Binding Zinc Finger
Protein Riz1 Is a Protein Binding Interface and Is Related to the Set Domain
Functioning in Chromatin-Mediated Gene Expression.” J Biol Chem 273, no. 26
(1998): 15933-9.

Bartholomew, C., A. Kilbey, A. M. Clark, and M. Walker. "The Evi-1 Proto-
Oncogene Encodes a Transcriptional Repressor Activity Associated with
Transformation.” Oncogene 14, no. 5 (1997): 569-77.

Baizabal, J. M., M. Mistry, M. T. Garcia, N. Gdbmez, O. Olukoya, D. Tran, M. B.
Johnson, C. A. Walsh, and C. C. Harwell. "The Epigenetic State of Prdm16-Regulated
Enhancers in Radial Glia Controls Cortical Neuron Position." Neuron 98, no. 5
(2018): 945-62.€8.

Hanotel, J., N. Bessodes, A. Thélie, M. Hedderich, K. Parain, B. Van Driessche, O.
Branddo Kde, S. Kricha, M. C. Jorgensen, A. Grapin-Botton, P. Serup, C. Van Lint,
M. Perron, T. Pieler, K. A. Henningfeld, and E. J. Bellefroid. "The Prdm13 Histone
Methyltransferase Encoding Gene Is a Ptfla-Rbpj Downstream Target That
Suppresses Glutamatergic and Promotes Gabaergic Neuronal Fate in the Dorsal
Neural Tube." Dev Biol 386, no. 2 (2014): 340-57.

Zhou, B., J. Wang, S. Y. Lee, J. Xiong, N. Bhanu, Q. Guo, P. Ma, Y. Sun, R. C. Rao,
B. A. Garcia, J. L. Hess, and Y. Dou. "Prdm16 Suppresses MII1r Leukemia Via
Intrinsic Histone Methyltransferase Activity." Mol Cell 62, no. 2 (2016): 222-36.
Hwang, B. J., A. D. Meruelo, and P. W. Sternberg. "C. Elegans Evil Proto-Oncogene,
Eqgl-43, Is Necessary for Notch-Mediated Cell Fate Specification and Regulates Cell
Invasion." Development 134, no. 4 (2007): 669-79.

Garriga, G., C. Guenther, and H. R. Horvitz. "Migrations of the Caenorhabditis
Elegans Hsns Are Regulated by Egl-43, a Gene Encoding Two Zinc Finger Proteins."”
Genes Dev 7, no. 11 (1993): 2097-1009.

Endo, K., M. R. Karim, H. Taniguchi, A. Krejci, E. Kinameri, M. Siebert, K. Ito, S. J.
Bray, and A. W. Moore. "Chromatin Modification of Notch Targets in Olfactory
Receptor Neuron Diversification." Nat Neurosci 15, no. 2 (2011): 224-33.

Hoyt, P. R., C. Bartholomew, A. J. Davis, K. Yutzey, L. W. Gamer, S. S. Potter, J. N.
Ihle, and M. L. Mucenski. "The Evil Proto-Oncogene Is Required at Midgestation for
Neural, Heart, and Paraxial Mesenchyme Development.” Mech Dev 65, no. 1-2
(1997): 55-70.

Kazama, H., T. Kodera, S. Shimizu, H. Mizoguchi, and K. Morishita. "Ecotropic Viral
Integration Site-1 Is Activated During, and Is Sufficient for, Neuroectodermal P19
Cell Differentiation." Cell Growth Differ 10, no. 8 (1999): 565-73.

Hirabayashi, Y., and Y. Gotoh. "Epigenetic Control of Neural Precursor Cell Fate
During Development.” Nat Rev Neurosci 11, no. 6 (2010): 377-88.

Hou, Q., H. Ruan, J. Gilbert, G. Wang, Q. Ma, W. D. Yao, and H. Y. Man. "Microrna
Mirl124 Is Required for the Expression of Homeostatic Synaptic Plasticity.” Nat
Commun 6 (2015): 10045.

CHOPCHOPvV2. "Chopchopv2." accessed on 2018 October 22.

Tremblay, J. J., N. M. Robert, and R. S. Viger. "Modulation of Endogenous Gata-4
Activity Reveals Its Dual Contribution to Mullerian Inhibiting Substance Gene
Transcription in Sertoli Cells." Mol Endocrinol 15, no. 9 (2001): 1636-50.

Tremblay, J. J., and R. S. Viger. "Gata Factors Differentially Activate Multiple
Gonadal Promoters through Conserved Gata Regulatory Elements.” Endocrinology
142, no. 3 (2001): 977-86.

24



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144,

145.

146.

147.

Solari, M., J. Paquin, P. Ducharme, and M. Boily. "P19 Neuronal Differentiation and
Retinoic Acid Metabolism as Criteria to Investigate Atrazine, Nitrite, and Nitrate
Developmental Toxicity.” Toxicol Sci 113, no. 1 (2010): 116-26.

Babuska, V., V. Kulda, Z. Houdek, M. Pesta, J. Cendelin, N. Zech, J. Pachernik, F.
Vozeh, P. Uher, and M. Kralickova. "Characterization of P19 Cells During Retinoic
Acid Induced Differentiation.” Prague Med Rep 111, no. 4 (2010): 289-99.

Monzo, H. J., T. I. H. Park, J. M. Montgomery, R. L. M. Faull, M. Dragunow, and M.
A. Curtis. "A Method for Generating High-Yield Enriched Neuronal Cultures from
P19 Embryonal Carcinoma Cells.” J Neurosci Methods 204, no. 1 (2012): 87-103.
Popova, D., J. Karlsson, and S. O. P. Jacobsson. "Comparison of Neurons Derived
from Mouse P19, Rat Pc12 and Human Sh-Sy5y Cells in the Assessment of Chemical-
and Toxin-Induced Neurotoxicity." 18, no. 1 (2017): 42.

Hamada-Kanazawa, M., K. Ishikawa, K. Nomoto, T. Uozumi, Y. Kawai, M. Narahara,
and M. Miyake. "Sox6 Overexpression Causes Cellular Aggregation and the Neuronal
Differentiation of P19 Embryonic Carcinoma Cells in the Absence of Retinoic Acid."
FEBS Lett 560, no. 1-3 (2004): 192-8.

Leszczynski, P., M. Smiech, A. S. Teeli, A. Zotocinska, A. Stysz, Z. Pojda, M.
Pierzchata, and H. Taniguchi. "Neurogenesis Using P19 Embryonal Carcinoma Cells."
J Vis Exp, no. 146 (2019).

Zhang, X. H., L. Y. Tee, X. G. Wang, Q. S. Huang, and S. H. Yang. "Off-Target
Effects in Crispr/Cas9-Mediated Genome Engineering.” Mol Ther Nucleic Acids 4,
no. 11 (2015): e264.

Sansom, S. N., D. S. Griffiths, A. Faedo, D. J. Kleinjan, Y. Ruan, J. Smith, V. van
Heyningen, J. L. Rubenstein, and F. J. Livesey. "The Level of the Transcription Factor
Pax6 Is Essential for Controlling the Balance between Neural Stem Cell Self-Renewal
and Neurogenesis." PLoS Genet 5, no. 6 (2009): e1000511.

Osumi, N., H. Shinohara, K. Numayama-Tsuruta, and M. Maekawa. "Concise
Review: Pax6 Transcription Factor Contributes to Both Embryonic and Adult
Neurogenesis as a Multifunctional Regulator.” Stem Cells 26, no. 7 (2008): 1663-72.
Matus, A., R. Bernhardt, and T. Hugh-Jones. "High Molecular Weight Microtubule-
Associated Proteins Are Preferentially Associated with Dendritic Microtubules in
Brain." Proc Natl Acad Sci U S A 78, no. 5 (1981): 3010-4.

EPD. "Eukaryotic Promoter Database Accessed on 10 October 2018."

Viger, R. S., S. M. Guittot, M. Anttonen, D. B. Wilson, and M. Heikinheimo. "Role of
the Gata Family of Transcription Factors in Endocrine Development, Function, and
Disease.” Mol Endocrinol 22, no. 4 (2008): 781-98.

Pozzi, S., S. Rossetti, G. Bistulfi, and N. Sacchi. "Rar-Mediated Epigenetic Control of
the Cytochrome P450 Cyp26al in Embryocarcinoma Cells.” Oncogene 25, no. 9
(2006): 1400-7.

Jonk, L. J., M. E. de Jonge, F. A. Kruyt, C. L. Mummery, P. T. van der Saag, and W.
Kruijer. "Aggregation and Cell Cycle Dependent Retinoic Acid Receptor Mrna
Expression in P19 Embryonal Carcinoma Cells." Mech Dev 36, no. 3 (1992): 165-72.
Pratt, M. A., C. A. Crippen, and M. Ménard. "Spontaneous Retinoic Acid Receptor
Beta 2 Expression During Mesoderm Differentiation of P19 Murine Embryonal
Carcinoma Cells." Differentiation 65, no. 5 (2000): 271-9.

Lipkin, S. M., T. L. Grider, R. A. Heyman, C. K. Glass, and F. H. Gage. "Constitutive
Retinoid Receptors Expressed from Adenovirus Vectors That Specifically Activate
Chromosomal Target Genes Required for Differentiation of Promyelocytic Leukemia
and Teratocarcinoma Cells." J Virol 70, no. 10 (1996): 7182-9.

25



148.

149.

150.

151.

152.

153.

154,

155.

156.

157.

158.

159.

160.

161.

162.

Bastien, J., and C. Rochette-Egly. "Nuclear Retinoid Receptors and the Transcription
of Retinoid-Target Genes." Gene 328 (2004): 1-16.

Ulrich, H., and P. Majumder. "Neurotransmitter Receptor Expression and Activity
During Neuronal Differentiation of Embryonal Carcinoma and Stem Cells: From
Basic Research Towards Clinical Applications.” Cell Prolif 39, no. 4 (2006): 281-300.
Hong, S., J. Heo, S. Lee, S. Heo, S. S. Kim, Y. D. Lee, M. Kwon, and S. Hong.
"Methyltransferase-Inhibition Interferes with Neuronal Differentiation of P19
Embryonal Carcinoma Cells." Biochem Biophys Res Commun 377, no. 3 (2008): 935-
40.

Harada, Y., F. Takayama, K. Tanabe, J. Ni, Y. Hayashi, K. Yamamoto, Z. Wu, and H.
Nakanishi. "Overexpression of Cathepsin E Interferes with Neuronal Differentiation of
P19 Embryonal Teratocarcinoma Cells by Degradation of N-Cadherin." Cell Mol
Neurobiol 37, no. 3 (2017): 437-43.

Woodgate, A., G. MacGibbon, M. Walton, and M. Dragunow. "The Toxicity of 6-
Hydroxydopamine on Pc12 and P19 Cells.” Brain Res Mol Brain Res 69, no. 1 (1999):
84-92.

Tsukane, M., and T. Yamauchi. "Ca2+/Calmodulin-Dependent Protein Kinase li
Mediates Apoptosis of P19 Cells Expressing Human Tau During Neural
Differentiation with Retinoic Acid Treatment." J Enzyme Inhib Med Chem 24, no. 2
(2009): 365-71.

Kinameri, E., T. Inoue, J. Aruga, I. Imayoshi, R. Kageyama, T. Shimogori, and A. W.
Moore. "Prdm Proto-Oncogene Transcription Factor Family Expression and
Interaction with the Notch-Hes Pathway in Mouse Neurogenesis.” PLoS One 3, no. 12
(2008): e3859.

Sun, X. J., P. F. Xu, T. Zhou, M. Hu, C. T. Fu, Y. Zhang, Y. Jin, Y. Chen, S. J. Chen,
Q. H. Huang, T. X. Liu, and Z. Chen. "Genome-Wide Survey and Developmental
Expression Mapping of Zebrafish Set Domain-Containing Genes." PLoS One 3, no. 1
(2008): 1499.

Maicas, M., I. Vazquez, C. Vicente, M. A. Garcia-Sanchez, N. Marcotegui, L.
Urquiza, M. J. Calasanz, and M. D. Odero. "Functional Characterization of the
Promoter Region of the Human Evil Gene in Acute Myeloid Leukemia: Runx1 and
Elk1 Directly Regulate Its Transcription.” Oncogene 32, no. 16 (2013): 2069-78.
Verhagen, H. J., M. A. Smit, A. Rutten, F. Denkers, P. J. Poddighe, P. A. Merle, G. J.
Ossenkoppele, and L. Smit. "Primary Acute Myeloid Leukemia Cells with
Overexpression of Evi-1 Are Sensitive to All-Trans Retinoic Acid." Blood 127, no. 4
(2016): 458-63.

Bingemann, S. C., T. A. Konrad, and R. Wieser. "Zinc Finger Transcription Factor
Ecotropic Viral Integration Site 1 Is Induced by All-Trans Retinoic Acid (Atra) and
Acts as a Dual Modulator of the Atra Response.” Febs j 276, no. 22 (2009): 6810-22.
Lee, K., and I. Skromne. "Retinoic Acid Regulates Size, Pattern and Alignment of
Tissues at the Head-Trunk Transition." Development 141, no. 22 (2014): 4375-84.
Purton, L. E., I. D. Bernstein, and S. J. Collins. "All-Trans Retinoic Acid Enhances the
Long-Term Repopulating Activity of Cultured Hematopoietic Stem Cells." Blood 95,
no. 2 (2000): 470-7.

Purton, L. E., S. Dworkin, G. H. Olsen, C. R. Walkley, S. A. Fabb, S. J. Collins, and
P. Chambon. "Rargamma Is Critical for Maintaining a Balance between
Hematopoietic Stem Cell Self-Renewal and Differentiation.” J Exp Med 203, no. 5
(2006): 1283-93.

Janesick, A., S. C. Wu, and B. Blumberg. "Retinoic Acid Signaling and Neuronal
Differentiation.” Cell Mol Life Sci 72, no. 8 (2015): 1559-76.

26



163. Kamnasaran, D., and A. Guha. "Expression of Gata6 in the Human and Mouse Central
Nervous System." Brain Res Dev Brain Res 160, no. 1 (2005): 90-5.

9 Publikacje stanowiace rozprawe doktorska

27



L]
lee Journal of Visualized Experiments www.jove.com

Video Article
Neurogenesis Using P19 Embryonal Carcinoma Cells

Pawet Leszczyhski1, Magdalena Smiech1, Aamir S. Teeli', Aleksandra Zolociﬁskaz, Anna Slysz2, Zygmunt Pojdaz, Mariusz Pierzchalas,
Hiroaki Taniguchi1

1Department of Experimental Embryology, Institute of Genetics and Animal Breeding, Polish Academy of Sciences
2Department of Regenerative Medicine, Maria Sktodowska-Curie Institute - Oncology Center
3Department of Genomics and Biodiversities, Institute of Genetics and Animal Breeding, Polish Academy of Sciences

Correspondence to: Hiroaki Taniguchi at h.taniguchi@ighz.pl

URL: https://www.jove.com/video/58225
DOI: doi:10.3791/58225

Keywords: Developmental Biology, Issue 146, neurogenesis, P19 cell line, aggregates, retinoic acid, neurons, differentiation.
Date Published: 4/27/2019

Citation: Leszczynski, P., Smiech, M., Teeli, A.S., Zotocinska, A., Stysz, A., Pojda, Z., Pierzchata, M., Taniguchi, H. Neurogenesis Using P19
Embryonal Carcinoma Cells. J. Vis. Exp. (146), €58225, doi:10.3791/58225 (2019).

Abstract

The P19 cell line derived from a mouse embryo-derived teratocarcinoma has the ability to differentiate into the three germ layers. In the presence
of retinoic acid (RA), the suspension cultured P19 cell line is induced to differentiate into neurons. This phenomenon is extensively investigated
as a neurogenesis model in vitro. Therefore, the P19 cell line is very useful for molecular and cellular studies associated with neurogenesis.
However, protocols for neuronal differentiation of P19 cell line described in the literature are very complex. The method developed in this study
are simple and will play a part in elucidating the molecular mechanisms in neurodevelopmental abnormalities and neurodegenerative diseases.

Video Link

The video component of this article can be found at https://www.jove.com/video/58225/

Introduction

During embryonal development, a single cell layer is transformed into three separate germ Iayers1’2’3. To increase the research possibilities of
phenomena occurring in vivo, generation of three-dimensional aggregates (embryonic bodies) have been developed as a convenient model.
Cellular aggregates formed in this way can be exposed to various conditions causing cell differentiation, which reflect development of the
embryo®®. The P19 murine embryonic carcinoma cell line (P19 cell line) is commonly used as a cellular model for neurogenesis studies in
vitro®8, The P19 cell line exhibits typical pluripotent stem cell features and can differentiate into neurons in the presence of retinoic acid (RA)
during cell aggregation followed by neurite outgrowth under adherent conditions. Moreover, the undifferentiated P19 cell line is also capable of
forming muscle- and cardiomyocyte-like cells under the influence of dimethyl sulfoxide (DMSO)™ ™"~

Many methods>'*"5'® have been reported for neuronal differentiation, but the methodology is sometimes complicated and not easy to grasp by

only reading the descriptions. For example, protocols sometimes require a combination of Dulbecco's Modified Eagle Medium (DMEM) medium
supplemented with a mixture of calf serum (CS) and fetal bovine serum (FBS)13. Moreover, media used for neuronal development are often
composed of Neurobasal and B27 supplements13’14'15’16. As such, existing methods contain complexity in their preparation and our goal here

is to simplify the protocols. In this study, we demonstrated that DMEM with FBS can be utilized for maintaining the P19 cell line (DMEM + 10%
FBS) as well as for neuronal development (DMEM + 5% FBS + RA). This simplified method for neurogenesis using the P19 cell line allows us to
study the molecular mechanism of how neurons are developed. Moreover, research on neurodegenerative diseases such as Alzheimer's disease
is also conducted using P19 cell line'"'®, and we believe that the method developed in this study will play a part in elucidating the molecular
mechanisms in neurodevelopmental abnormalities and neurodegenerative diseases.

Protocol

1. Culture Maintenance

1. Culture the P19 cell line in Maintenance Medium (Dulbecco's modified Eagle's medium with 4,500 mg/L of glucose supplemented with 10%
FBS, 100 units/mL penicillin and 100 units/mL streptomycin). Incubate at 37 °C and 5% COs,.

2. Sub-culturing Cells

1. When cells reach approximately 80% confluence, remove the spent medium from the cell culture flasks (surface area 25 cmz).
2. Wash the cells with 2 mL of phosphate buffered saline (PBS) free of calcium and magnesium.
3. Add 1 mL of 0.25% trypsin-EDTA (ethylenediaminetetraacetic acid) onto the cell monolayer.
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Put the flask in the CO; incubator (37 °C and 5% CO5) for 2-3 min.

Assess the cell attachment to the flask surface. Ensure that all of the cells are detached and floating in the medium.
Add 9 mL of Maintenance Medium to stop the enzymatic activity of trypsin.

Resuspend the cells in Maintenance Medium.

Transfer cells to a 15 mL tube and centrifuge for 5 min at 200 x g and room temperature (RT).

Discard the supernatant and add 10 mL of fresh Maintenance Medium into the 15 mL tube.

. Use the cell suspensmn to determine the cell number using a cell counter according to manufacturer's instructions.
. Seed cells at 2 x 10* cells/cm2 in a new 25 cm? flask.

. Add the Maintenance Medium up to 10 mL.

. Put the flask with cells in the CO, incubator (37 °C and 5% CO,) for 2-3 days.

3. Trypsin Digestion

abrwN =

No

Aspirate Maintenance Medium from the cell flask. Wash the cells once with 2 mL of calcium and magnesium-free PBS.

Add 1 mL of 0.25% trypsin-EDTA.

Put the flask with cells into the CO, incubator at 37 °C for 2-3 min.

Use 1 mL pipette to dissociate the cells by pipetting cells ten times.

Neutralize trypsin by adding 9 mL of Differentiation Medium (Dulbecco's modified Eagle's medium with 4500 mg/L of glucose supplemented
with 5% FBS, 100 units/mL penicillin and 100 units/mL streptomycin) without RA to the cells.

Transfer cells to a 15 mL tube and centrifuge for 5 min at 200 x g and RT.

Discard the supernatant and add 1 mL of Differentiation Medium without retinoic acid (RA). Resuspend the cell pellet.

Use the cell suspension to determine the cell number using a cell counter according to manufacturer's instruction.

4. Aggregate Generation

a koD

No

9.
10.

Add 5 pL of RA (1 mM stock dissolved in 99.8% ethanol, stored at -20 °C) to the 10 mL of Differentiation Medium and mix well (final
concentration of 0.5 yM RA).

NOTE: RA is light sensitive. Low concentration of EtOH does not affect cell differentiation
Add 10 mL of leferentlatlon Medium (with RA) to the 100 mm non-treated culture dish (dedlcated to suspension culture).

Seed the 1 x 10° cells in the 100 mm dish (Dish surface area 56.5 cm )

Put the flask with cells into the incubator at 37 °C and 5% CO, for 2 days in order to promote aggregates formation.

After 2 days, exchange the Differentiation Medium. Aspirate medium containing aggregates using a 10 mL pipette and transfer to a 15 mL
tube at RT.

Allow the aggregates to settle by gravity for 1.5 min at RT.

Discard the supernatant.

Add a fresh 10 mL of Differentiation Medium with 0.5 uM RA using a 10 mL serological pipette.

CAUTION: Do not pipette the cell aggregates up and down.

Seed the aggregates into new 100 mm non-treated culture dish (dedicated to suspension culture).

Place the plate in the incubator (at 37 °C and 5% CO,) for 2 days.

19,20,21

5. Aggregates Dissociation

©COND>ORWN =

10.
1.
12.

Aspirate the cell aggregates using a 10 mL pipette.

Transfer the aggregates to a 15 mL tube. Allow the cell aggregates to settle by gravity for 1.5 min.
Remove the supernatant.

Wash the aggregates with DMEM alone (serum- and antibiotic- free).

Allow the cell aggregates to settle by gravity sedimentation for 1.5 min at RT.

Aspirate the supernatant and add 2 mL of trypsin-EDTA (0.25%).

Place the cell aggregates into a water bath (37 °C) for 10 min. Agitate the aggregates gently every 2 min by tapping with a hand.
Stop the trypsinization process by adding 4 mL of Maintenance Medium.

Pipette aggregates up and down 20 times using 1 mL pipette.

Centrifuge cells for 5 min at 200 x g and RT.

Remove the supernatant and resuspend the cell pellet in 5 mL of Maintenance Medium.
Determine the cell number with a cell counter.

6. Plating Cells

PN

Add 3 mL per well of Maintenance Medium to a 6-well plate

Seed cells in the 6-well culture plate at a density of 0.5 x 10 Erwell.

Incubate at 37 °C with 5% CO, concentration.

Seed the cells on cover glass in 6 well culture plate and perform immunostaining with anti-MAP2 antibody (20% confluence). Use 6-well plate
to isolate RNA and perform RT-PCR for Map2, NeuN, Oct4, Nanog, and Gapdh (20% confluence).
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Representative Results

The simplified scheme of protocol for neurogenesis induction in P19 cell line is presented in Figure 1. In order to define the character of the P19
cell line in an undifferentiated state and during neurogenesis, the RT-PCR (reverse transcription-polymerase chain reaction) method was used.
The undifferentiated P19 cell line expressed the pluripotency genes such as organic cation/carnitine transporter4 (Oct4) and Nanog homeobox
(Nanog). Neurogenesis induced by cells aggregation in suspension culture in the presence of RA led to a rapid decrease of Oct4 and Nanog
expression. In contrary, expression of neuron markers: microtubule-associated Protein 2 (Map2), NeuN (also known as RNA binding protein,
fox-1 homolog 3 (Rbfox3)) increased after triggered neurogenesis (Figure 2)6’1 1522 The primers used for each gene are indicated along with
nucleotide sequencesand the size of the product in Table 1. A microscopic image of the undifferentiated P19 cell line presented a round-shaped
morphology (Figure 3A). After induction of neurogenesis, the neuronal structure of the cells was clearly visible 4 days after plating (Figure 3B).
Additionally, Figure 4 represents the fluorescence image of MAP2 expression in the differentiated P19 cell line (4 days after plating ceIIs)”.

= —— '
Seed the 1 x 10° cells in 100 mm of non- Add 5 ul RA [1 mM stock solution) to the After 2 days, replace the culture media
treated culture dish Differentiation Medium. Final RA concentration: with the new Differentiation Medium

0.5 ph. Final volume of medium: 10 mL with RA. Final volume of medium: 10
mL

~
y———— — ' — @00 @

Transfer cell aggregates to the new 100 mm After 2 days, resuspend cell aggregates in 2 Seed cells in &-well culture plate at the
of non-treated culture dish ml ef trypsin for 10 min, density of 0.5 x 10°/well and culture 1-3

days

Figure 1: Protocol schematic for induction of neurogenesis in P19 embryonal carcinoma cells. Neurogenesis is induced by culturing the
P19 cell line in a 100 mm non-treated culture dish with 5% of FBS and 0.5 pM RA. After 4 days, the cell aggregates are dissociated with trypsin
and seeded on adherent cell culture plate for following next 4 days. Please click here to view a larger version of this figure.

e@‘&f
& A
\v‘w\s’synau Dayl Day2? Day2 Day3 Day3 Dayd Dayd

Gapdh

H

Figure 2: Changes of gene expression in P19 cell line. The band graph represents gene expression for undifferentiated P19 cell line (Oct4,
Nanog) and during neurogenesis (Map2, NeuN). Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as the reference gene.
Samples are loaded in the agarose gel (1.5%) in double replications. Abbreviations: Undifferentiated represents the undifferentiated P19 cell line
without RA treatment; Day 1-4 represents subsequent days after cell plating- following 4 days after RA treatment and cell aggregation stage.
Please click here to view a larger version of this figure.
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Figure 3: Representative images of analysis of P19 cell line. (A) Light microscopic images of undifferentiated P19 cell line. (B) Light
microscopic images of P19 cell line after 4 days of neurogenesis- following 4 days after RA treatment and cell aggregation stage. Scale bar =
100 pm. Please click here to view a larger version of this figure.

Figure 4: Representative immunofluorescence image of differentiated P19 cell line. Merged immunofluorescence image of P19 cell line
stained with anti-MAP2 and DAPI at 4 days after plating. Scale bar = 100 um. Please click here to view a larger version of this figure.

Primer Primer sequence Product
size (bp)
Gapdh F: TGACCTCAACTACATGGTCTACA 85
R: CTTCCCATTCTCGGCCTTG
Map2 F: GCTGAGATCATCACACAGTC 211
R: TCCTGCCAAGAGCTCATGCC
Oct4 F: GGCGTTCTCTTTGGAAAGGTGTTC 313
R: CTCGAACCACATCCTTCTCT
NeuN F: GGCAAATGTTCGGGCAATTCG 160
R: TCAATTTTCCGTCCCTCTACGAT
Nanog F: AAAGGATGAAGTGCAAGCGGTGG 520

R: CTGGCTTTGCCCTGACTTTAAGC

Table 1: Primers used for RT-PCR.

Copyright © 2019 Journal of Visualized Experiments

April 2019 | 146 | €58225 | Page 4 of 6


https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/58225/58225fig3large.jpg
https://www.jove.com/files/ftp_upload/58225/58225fig4large.jpg

L]
lee Journal of Visualized Experiments www.jove.com

Here, we describe a simple protocol for neurogenesis using the P19 cell line. Although many reports have been published in this regard, a
detailed methodology for neurogenesis induction using P19 cell line remains unclear. Moreover, we utilized a simple high glucose (4,500 mg/L)
DMEM medium with 10% FBS for the entire experiment. This allowed us to perform the neurogenic experiment in a user-friendly manner and
expand the usage of this method for the future.

The most critical points within this protocol are the RA concentration as well as the generation of cell aggregates in the suspension culture.

The stimulation of neurogenesis in the P19 cell line can be carried out without the formation of aggregates, but the number of neuronal cells
produced WI|| be reduced by two-thirds in the cell culture®®. Monzo et al. have shown neurogenesis induction in P19 cell line by culturing them in
monolayer . Although their method is quite convenient as we can eliminate suspension culture process, further studies are required to compare
their method with other well-described methods.The RA concentration of 0.5 uM in the medium produced a high number of cell aggregates as
well as neurons after plating as compared to 1 uM of RA. It is also important to note that we could not observe an efficient neurogenesis when
most of the aggregates are attached to the bottom of the suspension culture dish during RA treatment. The optimal number of the P19 cell line
to be used at the beginning of the procedure is 1 x 10° for every 10 mL of Differentiation Medium. During the induction of neurogenesis, the
P19 cell line forms varying sized aggregates and even single cells are found in the culture. To overcome this problem, we collected the cell
aggregates after 1.5 min of free fall in a 15 mL tube. We found that this approach allows the exclusion of contamination of single cells. It is also
recommended to perform neuronal enrlchment with the cell culture using anti-mitotic drugs (e.g., cytosine arabinoside) for long term culture to
inhibit extensive proliferation of glial cells®

Neurons derived from the P19 cell line express ionotropic glutamate receptors of both N-methyl-D-aspartate (NMDA) and alpha- amlno -3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA)/kainite (KA) types , as well as functional y-aminobutyric acid (GABA) receptors
Therefore, the P19 cell line is widely used in the studies on molecular mechamsms governing neuronal differentiation®®?"?%. More importantly,
the tumor development was not observed after cell transplantation”™

To this end, research on neurodegenerative diseases such as Alzheimer's disease'"""® is also conducted using P19 cell line, and we believe

that the method developed in this study will thus play a part in elucidating the molecular mechanisms in neurodevelopmental abnormalities and
neurodegenerative diseases.
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Abstract: PRDM (PRDI-BF1 (positive regulatory domain I-binding factor 1) and RIZ1 (retinoblastoma
protein-interacting zinc finger gene 1) homologous domain-containing) transcription factors are a
group of proteins that have a significant impact on organ development. In our study, we assessed the
role of Prdm3 in neurogenesis and the mechanisms regulating its expression. We found that Prdm3
mRNA expression was induced during neurogenesis and that Prdm3 gene knockout caused premature
neuronal differentiation of the P19 cells and enhanced the growth of non-neuronal cells. Interestingly,
we found that Gata6 expression was also significantly upregulated during neurogenesis. We further
studied the regulatory mechanism of Prdm3 expression. To determine the role of GATAG6 in the
regulation of Prdm3 mRNA expression, we used a luciferase-based reporter assay and found that Gata6
overexpression significantly increased the activity of the Prdm3 promoter. Finally, the combination of
retinoic acid receptors a and f, along with Gata6 overexpression, further increased the activity of the
luciferase reporter. Taken together, our results suggest that in the P19 cells, PRDM3 contributed to
neurogenesis and its expression was stimulated by the synergism between GATA6 and the retinoic
acid signaling pathway.

Keywords: P19 cells; Prdm3; Gata6; retinoic acid; neurogenesis; CRISPR; gene knockout

1. Introduction

PRDMS3 is a transcription factor belonging to the PRDM (PRDI-BF1 (positive regulatory domain
I-binding factor 1) and RIZ1 (retinoblastoma protein-interacting zinc finger gene 1) homologous
domain-containing) protein family. A characteristic feature of this group of proteins is the PR-SET
domain at the N-terminus, the zinc finger C;H, motif group, and the acidic domain at the
C-terminus [1-3]. Mice embryos lacking the Prdm3 gene exhibit disturbed cardiovascular and
nervous system development and die at 10.5 days post coitum [4]. In adult tissues, Prdm3 is expressed
in the lungs, ovaries, kidneys, and brain structures [5,6]. The Hamlet protein (Drosophila melanogaster
homolog of both PRDM3 and PRDM16) belongs to the molecular machinery involved in the cell fate
determination of external sensory organs [7,8] and olfactory receptor neuron diversification [9]. EGL-43
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(the PRDM3 homolog in Caenorhabditis elegans) is required for the migration of hermaphrodite-specific
motor neurons in nematodes [10]. Interestingly, ectopic overexpression of Prdm3 results in neuronal
differentiation [11]. In primary neurons, Prdm3 mediates transcriptional suppression via histone
deacetylase 1 (HDAC1 deacetylase) and controls the synaptic plasticity by inhibiting miR-124
expression [12]. However, despite the importance of PRDM3 in determining the cellular identity [7,13],
a clear understanding of the mechanism controlling its expression during neuronal differentiation has
yet to be documented.

A possible candidate mechanism that may control Prdm3 expression is the retinoic acid (RA)
signaling pathway. RA is known to be important in the induction of progenitor cell maturation toward
neuronal identity [14,15]. RA governs molecular signaling during early neurogenesis in developing
brain structures [16-18]. In this regard, several studies have demonstrated that Prdm3 expression is
induced during neurogenesis [11,19,20]. Interestingly, it has been reported that crosstalk between
GATA proteins and RA signaling exhibits a significant impact on body development [21], suggesting
that there are synergistic roles for the GATA factors and RA signaling in cellular differentiation.
The GATA family of zinc finger proteins are transcription factors that bind to the WGATAR consensus
nucleotide motifs in the regulatory regions of several target genes, and therefore modulate the target
gene expression [22]. The role of GATA factors in the development of organs of endodermal origin
has been well studied [23]. However, research on their neuronal-specific function remains incomplete.
Nevertheless, GATA2 and GATA3 were reported to be involved in the glutamatergic and serotonergic
development of the neuronal subtype [24].

In the present study, we investigated the role of PRDM3 in neurogenesis based on the differentiation
of P19 cells [25]. Undifferentiated P19 cells can differentiate into neurons through RA stimulation
during cell aggregation [25,26]. Hence, P19 cells are commonly used as a model for studying the genetic
mechanisms of neuronal development [27-29]. We observed a significant increase in Prdm3 expression
during RA-induced cell differentiation. To assess the effect of PRDM3 on neurogenesis, we generated a
Prdm3 knockout (KO) in P19 cells. P19 cells lacking PRDM3 displayed earlier neuronal maturation with
a rapid proliferation of non-neuronal cells. Additionally, we identified that RA-dependent signaling
and Gata6 overexpression synergistically increased the activity of the Prdm3 promoter. Importantly,
this study has initiated new directions for the further exploration of PRMD3-dependent mechanisms
in neurogenesis.

2. Results

2.1. The Neural Differentiation of P19 Cells Was Accompanied by an Increased Expression of Prdm3

To investigate the role of PRDM3 during the neuronal differentiation, we utilized RA-induced
P19 embryonic carcinoma stem cells. Neuronally differentiated P19 cells are morphologically and
functionally similar to primary neurons. Hence, the cells are considered to be a convenient and simple
model for studying the molecular mechanisms orchestrating neurogenesis [25]. Fully developed
neuron-like cells were present 9 days after induction (DAI) with RA following cell plating (Figure 1a).
Prdm3 expression was upregulated during the RA-induced neurogenesis using the Northern blot
method [11]. Therefore, we decided to determine the exact expression profile with a greater threshold
sensitivity using RT-qPCR. During neuronal differentiation, Prdm3 was continuously expressed,
suggesting a significant role in the transition from a pluripotent state to mature postmitotic neurons
(Figure 1b).
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Figure 1. Prdm3 gene expression was increased during the neurogenesis. (a) The undifferentiated P19
cell morphology (left panel), generation of the cell aggregates in a nonadherent dish in the presence of
retinoic acid for 4 days (middle panel), and the neuronally differentiated P19 cells 9 days after induction
(DAI) with retinoic acid (RA) following cell plating (right panel). The scale bar represents 50 pm.
(b) The RT-qPCR analysis of the Prdm3 mRNA expression during neurogenesis. The control group
consisted of undifferentiated P19 cells (Undiff.), which were compared with the treated cells 5-9 DAL
Gapdh was used as the reference gene. The error bars are shown as the mean + standard error of the
mean (S.E.M.), n = 3 per group. * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. Generation of the Prdm3 Knockout P19 Cells

To assess the role of Prdm3 in neuronal differentiation, we used the clustered, regularly interspaced
short palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) method to generate P19 cells
that had a disrupted Prdm3 gene. Our workflow for the CRISPR/Cas9-mediated generation of a cell
clone with the desired Prdm3 mutation is illustrated in Figure 2a. We designed our experiment to
target exon 4 of the Prdm3 gene. Disruption of the gene sequence in this location is sufficient to
generate mice with a PRDMS3 deficiency [30]. Using the lipotransfection method, the Cas9 protein,
along with the crRNA:tracrRNA-ATTO-550 (ribonucleoprotein complex, RNP), were delivered to the
undifferentiated P19 cells. Next, we enriched the cell population with an ATTO-550-positive signal via
fluorescence-activated cell sorting (FACS). Fluorescent-positive P19 cells were expanded as single-cell
clones. After 14 days, only the individual colonies were selected for DNA extraction, followed by
high-resolution melting (HRM) curve analysis. The HRM curve analysis enabled us to discriminate
between the wild-type (control) and Prdm3 KO cell clones. A rapid assessment allowed us to choose
samples with a highly diverse profile compared to the wild-type DNA (Figure 2b). To confirm the
deletion, we sequenced selected samples. A cell clone named P19_C5 (a Prdm3 KO) showed a 59
bp deletion with a 2 bp insertion in the Prdm3 gene sequence (Figure 2c). The targeted Prdm3 gene
region was also amplified using PCR and validated using agarose gel electrophoresis. The gel image
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indicated the faster migration of the shorter amplicon (Prdm3 KO) relative to the wild-type cells on a 3%
agarose gel (Figure 2d). Additionally, we evaluated the PRDM3 protein levels using Western blotting.
The result indicated that PRDM3 was not present in the Prdm3 KO cells, whereas the wild-type cells
exhibited an abundance of PRDM3 proteins (Figure 2e).
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Figure 2. Workflow for the identification of the clustered, regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9)-mediated Prdm3 gene deletion in the P19 cells.
(a) Graphic illustration of the CRISPR/Cas9 genome editing approach for the enrichment and
propagation of the cell clones. (b) High-resolution melting (HRM) curve analysis of the wild-type
(control) and CRISPR/Cas9-edited P19 cells. The curve shift indicates that there were deletions in the
CRISPR/Cas9-edited genome sequence. (c) A comparison of the sequencing results confirmed that the
genome editing was efficient. The edited cells displayed a 59 bp deletion and a 2 bp insertion in the
exon 4 sequence compared to the wild-type cells. (d) The gel image indicated the faster migration of
the shorter amplicon size (Prdm3 KO) relative to the wild-type cells on a 3% agarose gel. M: DNA-sized
ladder. (e) The absence of the PRDM3 (PRDI-BF1 (positive regulatory domain I-binding factor 1)
and RIZ1 (retinoblastoma protein-interacting zinc finger gene 1) homologous domain-containing
transcription factor 3) protein in the Prdm3 KO cells was confirmed using Western blotting. LAMIN B1
was used as a loading control.

Finally, we assessed whether the P19 cells carrying the Prdm3 knockout had any undesirable
mutations in the genome (off-targets). Using Sanger sequencing, we evaluated the potential genome
sites predicted by CHOPCHOP v2, where the binding RNP complex was designed to generate Prdm3
KO cells with a high probability. We did not observe any off-target mutations in the Prdm3 KO P19
cells (Figure S1).
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2.3. The Prdm3 Gene Disruption Interfered with Neurogenesis in the RA-Induced P19 Cells

Next, we sought to evaluate the role of PRDMS3 in neuronal differentiation. First, we investigated
the expression of the pluripotency markers Oct3/4 and Nanog using RT-qPCR. Total RNA was isolated
from the CRISPR-edited P19 cells and wild-type cells. Undifferentiated P19 cells (Undiff.) expressed
stem cell markers (Oct4 and Nanog) at a similar level in the control and Prdm3 KO cells. Although
Oct4 and Nanog expressions were absent in the control cells during neuronal differentiation, the Prdm3
KO cells exhibited a significant upregulation of Oct4 and Nanog at 5, 7, and 9 DAL This observation
suggested the high proliferation of non-neuronal cells in the Prdm3 KO cells (Figure 3a,b). We analyzed
the impact of the PRDM3 deficiency on the expression of known neuronal marker genes [31]. The Pax6
gene is involved in the proliferation of radial glial progenitor cells and the migration of immature
neurons [32]. We found that Prdm3 KO cells displayed a downregulation of the Pax6 mRNA level
at 7 and 9 DAI compared to the wild-type cells, but this was not statistically significant (Figure 3c).
High Oct4 and Nanog expressions after the RA stimulation suggested that there was a disturbance in
the neurogenesis in the Prdm3 KO cells. To evaluate this observation, we assessed the expression profile
of B-III tubulin (a neuronal-specific marker) [33]. The analysis revealed that the PRDM3-deficient P19
cells expressed a higher g-1II tubulin level at 5 DAI compared to the wild-type cells. Surprisingly, in the
succeeding days of the neuronal differentiation, the Prdm3 KO cells displayed a large decrease in their
B-11I tubulin expression, while a gradual upregulation was observed in the wild-type cells (Figure 3d),
suggesting that the P19 cells lacking PRDM3 entered into a phase of neuronal maturation earlier than
the wild-type cells, though further development was arrested.

a c
Pax6
Octd 3 wild-type i = wild-type
T o9
£ 1.5 . = Prom3 KO § 20 m From3 KO
5 —_— :
3 2 15
5 1.0+ g
8 2
g g 104
% 3
% 0.5+ % 5+
E @
4 E
= E
R S S N S S S
E FFFFFF &
R PP PP Y ¥ 0¥ 6" AVAY oV o
b d
Nanog -l tubulin
= wild-type =9 wild-type
12 a - Prim3 KO 14 . Prdm3 KO
w0 e

Relative MRNA expression (fold change)
i h e o h
(=]
Relative mRNA expression {feld change)

& & PF
006\006 ‘90 930

P& S & & PP
NP QQ QO 008‘006 630 60

PP PP
,\0,\0 QOD_'O

Figure 3. Prdm3 knockout impeded the RA-induced neurogenesis in the P19 cells, as seen via the
qRT-PCR analysis of the (a) Oct4, (b) Nanog, (c) Pax6, and (d) p-III tubulin mRNA levels during the
neurogenesis in the PRDM3-deficient versus wild-type P19 cells. The undifferentiated P19 cells represent
the control group and the 5-9 DAl labels signify the days following the cell plating and the RA induction.
Gapdh was used as the reference gene. The error bars are shown as the mean + S.E.M., n = 3 per group.
*p <0.05,* p <0.01, and *** p < 0.001 versus the undifferentiated cells, and ### p < 0.001 compared to
the wild-type cells within the individual DAL
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Additionally, we validated a cytoskeleton protein specific for mature neurons, microtubule-associated
protein 2 (MAP2) [34], and B-III TUBULIN [33] using immunofluorescence staining (Figure 4).
The PRDM3-deficient cells were highly MAP2- and (-III TUBULIN-positive at 5 DAI compared to
the control cells, but they were barely detectable at 9 DAI Conversely, the wild-type cells displayed
enhanced MAP2 and (-1l TUBULIN protein expression with a well-defined neuronal morphology at 9
DAI (Figure 4a,b).
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Figure 4. Immunofluorescence microscopy images demonstrating the difference in the microtubule-
associated protein 2 (MAP2) and (3-IIl TUBULIN detection in PRDM3-deficient and wild-type P19
cells during neuronal maturation. (a,b) The MAP2 and B-III TUBULIN staining (green) showed that
the Prdm3 KO P19 cells were relatively well differentiated at 5 DAI, while the MAP2 and B-III
TUBULIN in the wild-type cells were barely detectable. On the final day of the RA induction
(9 DAI), an overrepresentation of MAP2- and p-III-TUBULIN-negative cells was observed in the
PRDM3-deficient group compared to that in the highly MAP2- and 3-IIl TUBULIN-stained wild-type
cells. The cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; blue). The scale bar

represents 100 pm.

2.4. GATA Transcription Factors and Retinoic Acid Exerted a Synergistic Effect on the Activity of the
Prdm3 Promoter

To explore the possible regulatory mechanism involved in Prdm3 gene expression during
neurogenesis, we used the Eukaryotic Promoter Database (EPD) [35] to identify a Prdm3-promoting
region. The software identified a sequence (1700 bp) that potentially controlled Prdm3 expression,
which was located in the 5" upstream region from noncoding exon 1. We focused on the potential role
played by the GATA proteins due to the presence of multiple GATA-binding consensus sequences within
the Prdm3 promoter. To identify which GATA factors were involved in the regulation of the Prdm3
expression, we first evaluated the expression profiles of Gatal, Gata3, Gata4, and Gata6 in the P19 cells
during neurogenesis. The mRNA for Gata3 showed a transitory increase at 5 DAI (Figure 5a), while Gata4
(Figure 5b) and Gata6 (Figure 5c) were significantly upregulated at 9 DAI during neurogenesis. We were
unable to detect Gatal mRNA at any stage of the cell differentiation (data not shown).



Int. J. Mol. Sci. 2020, 21, 7192 7 of 17

a b c
Gata3 Gata4 Gatab
T = =
3 5 5
g 25 & 25 g 20
€ 2 2
= o Cl
g 20 2 2 : s
5 H '
3 15 £ s £
£ 8 g 1.0
i 10 2 5
5 10 H
<
E s z i oos
e E 05 E
Z o @
3 oo £ 00 £ oo
g O B &
k] g O g O
£ C Cal = Y N © N N
& S < & N # & # ‘s
& © L) g“b bO QO S“b 6)0 q()

Figure 5. The Gata3, Gata4, and Gata6 mRNA expressions were upregulated during the neurogenesis in
the P19 cells, as seen in the RT-qPCR analysis of the (a) Gata3, (b) Gata4, and (c) Gata6 mRNA expressions.
Gapdh was used as the reference gene. The control group is abbreviated as Undiff., which represents
the gene expression in undifferentiated P19 cells; 5-9 DAI represents the days after the RA induction.
The error bars are shown as the mean + S.E.M., n = 3 per group, * p < 0.05.

We identified several consensus binding sites for the GATA proteins (Figure S2). To determine
whether the GATA factors modulated the activity of the Prdm3 promoter, we generated a plasmid
carrying a luciferase reporter gene under the control of the Prdm3 promoter. As shown in Figure 6a,
the overexpression of the GATA factors increased the activity of the Prdm3 promoter more than 3-fold.
However, the strongest effect was observed for the Gata6 overexpression (approximately 4.5-fold)
(Figure 6a). To determine the mechanism by which GATA proteins influenced the activity of the
Prdm3 promoter, we used a truncated GATA4 protein construct (a dominant-negative competitor,
DN), consisting solely of its zinc finger DNA-binding domain [36]. Since the DN protein is devoid of
its transactivation domains, it can bind to, but not activate, GATA-dependent target promoters [36].
The structure of the DN construct is based on the GATA4 sequence, but due to the high conservation of
the zinc finger domains within the GATA protein family, it can be used as a general competitor for
GATA binding [37]. In our study, the DN construct was used to examine the contribution of GATA6
proteins to the activity of the Prdm3 promoter in P19 cells. We cotransfected the Gata6 plasmid along
with increasing doses of the DN construct (50, 150, and 300 ng). The DN competitor significantly
decreased the promoter activity in a dose-independent manner but did not stop the promoter activity
(Figure S3). This indicated that the Prdm3 promoter may have been partially dependent on the direct
binding of GATA proteins to the GATA consensus elements found in the Prdm3 promoter. To assess
the potential functional relationship between GATA factors and RA in the neurogenesis, we first
tested the effect of RA stimulation on the activity of the Prdm3 promoter. Compared to the control
cells, a concentration of 0.5 uM RA (control + RA) increased the luciferase activity by approximately
40-fold (Figure 6b). Next, we investigated whether the selected GATA factors and the RA treatment
could synergistically activate the Prdm3 promoter. For this purpose, the P19 cells were co-transfected
with a control plasmid, along with plasmids encoding Gatal, Gata3, Gata4, or Gata6. After one day
post-transfection, the same set of cells was treated with RA (0.5 uM) for 24 h and then harvested for
a luciferase assay. The combination of the RA stimulation and overexpression of the GATA factors
led to a strong synergistic upregulation in the activity of the Prdm3 promoter. The most pronounced
synergism was observed with the combination of Gata6 and RA treatment, where the increase in
the luciferase activity was approximately 140-fold (Figure 6b). To better understand the molecular
basis of the RA-dependent stimulation, we focused on the RA receptors (RARs). RARs mediate the
molecular effects of RA by interacting with the retinoic acid response elements (RAREs) in the gene
regulatory regions [38]. It was also reported that RA stimulates RARa and RARS mRNA expression
in P19 cells [39,40]. Therefore, we tested the effect of pCMX-VP16-RARa and pCMX-VP16-RARS on
the activity of the Prdm3 promoter. VP16-RAR is a constitutively active form of the RA receptor that
is fused to a VP16 activation domain. In the luciferase assay, the overexpression of VP16-RAR«a and
VP16-RARp triggered a significant increase in the activity of the Prdm3 promoter (Figure 6¢). The most
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potent activation was observed in the case of the VP16-RARp overexpression. Next, in an attempt
to explain the synergistic effect between the GATA factors and the RA stimulation, we validated the
additive effects of RARx/RAR with GATA6 on the activity of the Prdm3 promoter. Cotransfection
of both plasmids showed a large increase in luciferase activity, but the result was not synergistic
(Figure 6c). Instead, the observed effect showed an additive tendency regarding the combination of
RARx or RARP with GATA6. These data suggest that the Prdm3 expression could be partially under
the control of RARs, but the molecular mechanism underlying the synergistic effect of the GATA factors
and the RA stimulation remains to be defined.

Luciferase activity (fold)
Luciferase activity {fold)
Luciferase activity (fold)

Figure 6. The GATA factors and RA synergistically regulated the Prdm3 promoter. (a) The GATA
factors stimulated the activity of the Prdm3 promoter. The cells were transfected with a plasmid
encoding a luciferase reporter gene that was driven by the Prdm3 promoter with expression plasmids
for either Gatal, Gata3, Gata4, Gata6, or an empty plasmid (pcDNAS3) as a control. (b) The RA and
GATA factors synergistically activated the Prdm3 promoter. The P19 cells were cotransfected with
pcDNAS3 or Gata expression vectors, along with the Prdm3 promoter fused to the luciferase reporter.
The cells were cultured with RA (0.5 uM) for 24 h. (c) The effect of the retinoic acid receptors (RARs)
on the Prdm3 promoter activity. The P19 cells were transfected with the Prdm3 promoter, along with
pcDNAS3, or with RARa, RARB, and Gata6 expression vectors that were used alone or in combination.
The luciferase activity is shown as a fold change. Error bars are shown as the mean + S.EM., n = 3 per
group. ** p < 0.01, *** p < 0.001, and ns (not statistically significant).

Finally, we identified an inverted RARE consensus sequence (CGACCTttttgTGACCT) within the
Prdm3 promoter, where the RAREs consisted of two sequence domains separated by five nucleotides
(marked in italics) [41]. We mutated each domain separately to assess the importance of this element in
the RARx- and RAR-dependent activation of the Prdm3 promoter. We observed that each mutation of
the RARE domain did not eliminate the Prdm3 promoter activity after the RARs’ stimulation (Figure 54).
This suggested that the RARs regulated, at least in part, the Prdm3 promoter activity through their
binding to the RARE domain in the Prdm3 promoter.

3. Discussion

We determined the role of PRDM3 in neuronal differentiation using P19 cells, which is a
well-established model that is used to study the early stages of mammalian nervous system
development [26-29]. Disruption of PRDM3 expression has been shown to lead to slow brain
and spinal development [4]. A repressive function of PRDM3 in Drosophila melanogaster was also
suggested, where Hamlet (the Drosophila homolog of PRDM3 and PRDM16 in mammals) was shown
to have a crucial involvement in sensory neuron differentiation [2]. Although PRDM3 and PRDM16
share a similar structure and probably have analogous functions [42], the number of reports on the
role of PRDM16 in the nervous system is constantly increasing [43—46]. However, the function of
PRDM3 remains enigmatic and poorly characterized. Our current findings suggest that PRDM3 was
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required to maintain normal neurogenesis in mammals. Additionally, we found that GATA factors
and activation of the RA-dependent molecular pathway might have been involved in the Prdm3 gene
expression during neuronal differentiation.

During the early development of zebrafish, Prdm3 proteins are expressed in brain structures [47].
Furthermore, Prdm3 expression was also reported in adult mouse brains [48], where its expression
was found specifically in the postmitotic neurons [12]. Nevertheless, the precise expression pattern
during neuronal development is not well known. In our study, we showed that Prdm3 expression
was upregulated during neurogenesis using the P19 cells (Figure 1b). Increased Prdm3 expression
was observed in the global gene expression analysis during the neuronal differentiation of human
embryonic cells and mouse P19 cells [19]. These findings collectively point to a possible role for PRDM3
in mammalian neurogenesis. However, this possibility has so far been based only on circumstantial
gene expression profiling evidence and not on the direct effect of PRDM3 in neuronal differentiation.
For this reason, we generated PRDM3-deficient P19 cells using a CRISPR/Cas9 strategy. Surprisingly,
the PRDM3-deficient P19 cells displayed an increased expression of Oct4 and Nanog at 7 and 9 days after
the RA induction (Figure 3a,b), suggesting a significant retainment of cell stemness and an impairment
of the neurogenic potential of the deficient cells. PAX6 (paired box 6) plays a fundamental role during
the early stage of neurogenesis, where it maintains the balance between the self-renewal of neural stem
cells and neuronal maturation [31]. Consistent with this function, Pax6 mRNA levels were upregulated
during neurogenesis in wild-type P19 cells, but this upregulation was hindered in the PRDM3-deficient
P19 cells during neuronal differentiation (Figure 3c). Interestingly, we found that the expression of
mature neuron-specific markers, namely, 3-III TUBULIN and MAP2, in the PRDM3-deficient cells was
substantially different than that in the control cells (Figure 4a,b). At 5 DAI, B-III tubulin was highly
upregulated in the modified cells but this effect was lost by 9 DAI (Figure 3d). A similar observation
was found for the anti-MAP2 and p3-III TUBULIN staining (Figure 4a,b). The gradual loss of the -III
tubulin expression in the days following the cell seeding might be explained by the non-neuronal cell
overgrowth, where this observation was also consistent with the increased Oct4 and Nanog expression
(Figure 3a,b). On the other hand, the expression level of S-III tubulin at 5 DAI was significantly higher
in the PRDM3-deficient P19 cells than that in the wild-type cells. Thus, the P19 cells lacking PRDM3
appeared to enter neural maturation earlier than the wild-type cells but could not continue this process
in the absence of PRDM3. PRDM3 may have a stepwise involvement in the regulation of neurogenesis.
Therefore, our data show that during RA stimulation, PRDM3 was part of the molecular machinery
controlling the stage-dependent neuronal maturation, at least in the P19 cells.

It has been suggested that GATA2 and GATAS3 affect the specialization of neuronal differentiation
into glutamatergic and serotonergic subtypes [24]. This suggestion prompted us to evaluate the effect
of GATA factors on the regulation of Prdm3 expression. Gata3, Gata4, and Gata6 upregulation were
observed in the days following the RA-induced differentiation (Figure 5a—c). Moreover, each of the
tested GATA factors stimulated the activity of the Prdm3 promoter, where the strongest effect was
observed with Gata6 (Figure 6a). It was reported that Prdm3 expression is stimulated by RA in NTERA-2
human teratocarcinoma cells and acute myeloid leukemia cells [49,50]. In our study, RA increased the
activity of the Prdm3 promoter by approximately 40-fold in luciferase assays, but along with Gata6
overexpression, we observed a particularly high synergy of both factors (Figure 6b). Moreover, it was
reported that there is a functional interaction between an RA-dependent pathway and GATA2 in an
embryonic stem cell model of hematopoietic differentiation [21]. These results are consistent with our
findings and suggest that there is a close relationship between the Prdm3 expression, GATA factors,
and the RA-dependent molecular pathway. Additionally, we assessed whether the involvement of
GATA proteins with the Prdm3 promoter was the result of direct GATA binding. The Prdm3 promoter
nucleotide sequence contains multiple potential GATA-binding consensus motifs, which makes
assessing the individual motifs challenging. To overcome this problem, we used a truncated GATA4
protein, which acted as a DN for all GATA proteins [36]. The GATA DN significantly decreased, but did
not stop, the GATA6-induced Prdm3 promoter activity. This suggested the influence of GATA proteins
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on Prdm3 expression during neurogenesis. However, the effect of the GATA proteins could have
been mediated by the regulation of other transcriptional factors or by affecting the differentiation state
of the neurons. Accordingly, further studies are needed to elucidate how GATA proteins regulate
Prdm3 expression during neurogenesis. Taken together, our results provide an additional functional
example of the close relationship between Prdm3 expression, GATA factors, and RA-induced molecular
signaling. RA stimulates a vast number of molecular pathways [51,52], which can coincide with GATA
factors during neuronal differentiation, and thus, might orchestrate Prdm3 expression.

We also tested whether Prdm3 expression could be regulated through the interaction of RARs and
GATA proteins. RARs are activated by RA binding and act as transcription factors that contribute to
the diversification of the neuronal cell types [53-55]. We found a RARE within the Prdm3 promoter.
We confirmed that the RARs stimulated the Prdm3 promoter activity through the binding of the
RARs to the RARE (Figure S4). Moreover, the functional synergism between GATA2 and RAR«x
through protein—protein interaction was demonstrated in human KG1 myeloid cells [21]. In our study,
the overexpression of Gata6 and the RARs was only additive and did not exceed the effect observed
with the RA-dependent stimulation (Figure 6¢). Thus, it appears that the synergism between GATA-
and RA-dependent pathways could only be partially explained by the participation of the RARs. RA is
well recognized for its ability to promote neuronal development in embryos [56], but many of the
molecular targets remain largely unidentified. Even less is known about the GATAs” downstream
targets in mouse and human nervous systems [57]. In our study, we could not determine the exact
molecular mechanism underlying the synergism effect between the RA signaling and the GATA factors
observed in the P19 cells. As such, we could not exclude the influence of other factors on the activity
of the Prdm3 promoter, especially those whose expression is stimulated by RA and/or GATA factors.
Further studies are needed to clarify this point.

4. Materials and Methods

4.1. Cell Culture

The P19 cells (donated by Katsuhiko Mikoshiba, RIKEN Center for Brain Science, Wako, Japan)
were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 4.5 g/L of glucose
(Lonza, Basel, Switzerland), 10% of fetal bovine serum (FBS) (EURx, Gdansk, Poland), 100 units/mL of
penicillin, and 100 units/mL of streptomycin (Lonza, Basel, Switzerland). The cells were maintained
in an incubator at 37 °C and 5% CO;. Briefly, the P19 cells (1 X 106 cells) were cultured on a 10 cm
bacterial-grade Petri dish (Corning, Corning, NY, USA) in media containing DMEM/5% FBS and
0.5 uM all-trans retinoic acid (Sigma, St. Louis, MO, USA) for 4 days. During this period, the cells
aggregated and resembled the structure of an embryonic body (EB). To induce neuronal differentiation,
the P19 cells were trypsinized and plated into adherent culture dishes in DMEM/10% FBS for the next
5 days [25].

4.2. Quantitative RT-PCR (RT-qPCR)

Total RNA was isolated from cultured cells using a fenozol reagent (A&A Biotechnology,
Gdynia, Poland). For the reverse transcription, 0.5 pg of total RNA was used and the reactions
were performed according to the manufacturer’s instructions (EURx, Gdansk, Poland). Next, the
RT-qPCR was performed with using a Fast SG qPCR Master Mix (EURx, Gdansk, Poland), and the
gene expression was examined using a LightCycler 96 Instrument (Roche, Mannheim, Germany)
under the following conditions: incubation at 95 °C for 5 min, followed by 40 cycles of 95 °C for
10s, 60 °C for 10 s, and 72 °C for 10 s. The expression of the target gene was normalized against
glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The sequences of primers used for the RT-qPCR
are presented in Table 1.
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Table 1. Primers used for the RT-qPCR.

Gene Name Primer Sequence Product Size (bp)

Candh F: TGACCTCAACTACATGGTCTACA %5
P R: CTTCCCATTCTCGGCCTTG

_ITT tubulin F: CCCAGCGGCAACTATGTAGG 144
P R: CCAGACCGAACACTGTCCA

Octd F: GGCGTTCTCTTTGGAAAGGTGTTC 313
¢ R: CTCGAACCACATCCTTCTCT

Pax6 F: TAGCCCAGTATAAACGGGAGTG 131
R: CCAGGTTGCGAAGAACTCTG

Prdm3 F: TTGTTTCACCCGCAATTC 235
R: CGTGTTAGGTTCGCAGACC

Gata3 F: CCCCATTACCACCTATCCGC 106
R: CCTCGACTTACATCCGAACCC

Gatad F: CTCTGGAGGCGAGATGGGAC 254
R: CGCATTGCAAGAGGCCTGGG

Gatab F: TTGCTCCGGTAACAGCAGTG 105
R: GTGGTCGCTTGTGTAGAAGGA

4.3. Generation of the Prdm3 Gene-Inactivated P19 Cells

The PRDM3-deficient P19 cells were generated using the CRISPR/Cas9-mediated gene editing
method. The sequence of crRNA (5’-TCTCTAACCTTTGCAGATCG-3’) was designed to target the mouse
Prdm3 gene in the location of exon 4 using CHOPCHOP v2 [58]. Selected crRNA and ATTO-550-labeled
tracrRNA were purchased from Integrated DNA Technologies (Coralville, IA, USA). Briefly, the cells
were plated 24 h before transfection (3.5 x 10* cells/well in 24-well plates). A duplex of crRNA and
tracrRNA-ATTO-550 was prepared in equimolar concentrations (1 uM), heated at 95 °C for 5 min, and
cooled down to room temperature (RT). The formation of the ribonucleoprotein (RNP) complex was
generated via the assembly of 1 uM of Cas9 protein (Integrated DNA Technologies, Coralville, IA, USA)
with a crRNA:tracrRNA-ATTO-550 duplex in Opti-MEM (Thermo Fisher Scientific, Waltham, MA, USA)
and incubated for 10 min at RT. Next, 1.5 uL of Lipofectamine CRISPRMAX (Thermo Fisher Scientific,
Waltham, MA, USA) was added to the RNP complex, mixed, and incubated at RT for 10-15 min. Finally,
the mixture was added dropwise onto the cell medium. To address the potential off-target effects of the
CRISPR/Cas9 method, we used the CHOPCHOP v2 program to select sites in the genome that had a high
sequence similarity to the crRNA binding site in the Prdm3 gene [58]. We designed a primer set to amplify
the potential off-target regions (Table S1) and performed PCR amplification. Next, we verified the selected
fragments using Sanger sequencing (Genomed, Warsaw, Poland) (Figure S1).

4.4. Western Blotting

The nuclear protein concentrations from the wild-type and PRDM3-deficient P19 cells were
determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Protein extracts (20 ng) were separated on 4-15% precast gel (Bio-Rad, Hercules, CA, USA)
and transferred to a PVDF membrane (Merck Millipore, Burlington, MA, USA) using a wet transfer.
Blots were probed overnight with a primary antibody for PRDM3 (1:1000, Cell Signaling Technology,
Danvers, MA, USA) in 5% skim milk in TBS (tris-buffered saline, Sigma-Aldrich, Saint Louis, MO, USA)
supplemented with 0.1% tween-20 (Sigma-Aldrich, Saint Louis, MO, USA), followed by incubation
with HRP-conjugated anti-rabbit IgG produced in goats (1:5000, Sigma-Aldrich, Saint Louis, MO,
USA) in 5% skim milk in TBST for 1 h at RT. Proteins were visualized using the ECL Western Blotting
Analysis System (Amersham, Illinois, CA, USA) and ChemiDoc XRS+ System (Bio-Rad, Hercules, CA,
USA). The molecular weight of the proteins was estimated using the Precision Plus Protein WesternC
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Standards (Bio-Rad, Hercules, CA, USA). Lamin B1 (1:1000, Santa Cruz Biotechnology, Dallas, TX,
USA) was used as a loading control for the Western blotting.

4.5. FACS Analysis

After the transfection (24 h), the P19 cells labeled with tracrRNA-ATTO-550 (Integrated DNA
Technologies, Coralville, IA, USA) were isolated using fluorescence-activated cell sorting (FACS).
Cells treated with a fluorescence RNP complex, but without a transfection reagent, were used as
a control to set the gate during the cell sorting. The flow cytometric analysis was performed on a
FACSAria (BD Biosciences, San Jose, CA, USA) using Cell Quest software (BD Biosciences, San Jose,
CA, USA) in the Department of Immunology at the University of Warsaw, Poland.

4.6. Establishment of the Edited P19 Cells from Single-Cell Clones

FACS-sorted P19 cells were diluted to 1 cell/100 pL by adding 100 cells into 10 mL DMEM/10% FBS.
Then, 100 pL of the cell suspension was distributed into each well of the 96-well plate and incubated
for 1 week. The wells with a visible single-cell colony were washed with 100 uL of PBS (Phosphate
Buffered Saline) without calcium and magnesium (Lonza, Basel, Switzerland) and then detached by
adding 20 pL of trypsin-EDTA (0.25%) (Biosera, Nuaille, France). Next, the cells were split in the
same arrangement into two 96-well plates. After one week, the cells reached an approximately 80%
confluence and were used for further analysis.

4.7. Genomic DNA Isolation, HRM PCR, and Sanger Sequencing

The genomic DNA was isolated using the Genomic Mini kit (A&A Biotechnology, Gdynia, Poland)
following the manufacturer’s instructions. The HRM PCR reaction was prepared by mixing 5 puL of
RT HS-PCR Mix EvaGreen (A&A Biotechnology, Gdynia, Poland) 0.25 pL of each primer (10 uM),
and 1 pL of isolated DNA (10 ng), and then adjusted with water up to 10 pL. The primers used
for the HRM PCR and PCR are presented in Table 2. The HRM PCR reaction was carried out in a
LightCycler 96 (Roche, Mannheim, Germany) using the following HRM PCR conditions: 95 °C for
5 min, then 40 cycles of 95 °C for 15 s and 60 °C for 15 s, 72 °C for 20 s, followed by one cycle of 95 °C
for 30 s and 60 °C for 60 s. The melting analysis was performed by preheating the PCR product to 95 °C.
Then, the mixture was cooled down to 40 °C for 1 min, followed by heating to 65 °C. A continuous
fluorescent signal was acquired from 65 to 97 °C. The amplified curves were analyzed using LightCyler
96 software (Roche, Mannheim, Germany). The sequence of the PCR products was assayed using
Sanger sequencing (Genomed, Warsaw, Poland).

Table 2. Primers used for the high-resolution melting (HRM) PCR and PCR.

Primer Name Primer Sequence Product Size (bp)

F: TCTCCGAGAGATCCATGGCA
E4A_HRM_PCR  © 1 CTTCCCCCGAGCAAACTTG 149

F: GGACTTTTGGATCCCACCTT
E4A_PCR R: GGCCAGTTGTTTTGAAGCTC 375

4.8. Plasmid Construction

To amplify the Prdm3 promoter sequence located in the 5" region upstream from noncoding
exon 1, we isolated the genomic DNA from P19 cells using a Genomic Mini kit (A&A Biotechnology,
Gdynia, Poland). The primers for the selected region were designed based on the sequence located on
chromosome 3, namely, 30,014,710 to 30,013,010. Kpnl and HindIII restriction sites were incorporated
into the forward and reverse primers, respectively. The primers used for cloning the Prdm3 promoter
are depicted in Table 3. The Prdm3 promoter was amplified via PCR using PrimeSTAR Max DNA
Polymerase (TaKaRa, Shiga, Japan) according to the manufacturer’s instructions. A pGL3 basic-vector
-coding luciferase gene (Promega, Madison, WI, USA) was digested with Kpnl and HindIIl enzymes
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(Thermo Fisher Scientific, Waltham, MA, USA) and ligated with a PCR product using the Gibson
assembly method. In brief, the purified DNA fragments (1:9 molar ratio of pGL3 vector to the insert)
were resuspended in nuclease-free water. An OverLap™ Assembly (A&A Biotechnology, Gdynia,
Poland) kit was used for the cloning. The components used were 4 pL of OverLap Assembly Buffer, 2 uL
of nucleotides, 2 uL. of OverLap™ Assembly Enzyme Mix, and DNA fragments; the components were
mixed on ice and adjusted with water to a final volume of 20 puL. The assembly reaction was carried out
at 50 °C for 15 min. Positive bacterial clones were selected for the plasmid isolation and then sequenced.
VP16-RARa and VP16-RARB were cloned into the pCMX plasmid. pcDNA3-Gatal, pcDNA3-Gata3,
pcDNA3-Gata4, pcDNA3-Gata6, and GATA DN plasmids were reported [36,59]. The RARE site located
in the Prdm3 promoter was mutated using a Site-Directed Mutagenesis Kit (Agilent Technologies,
Santa Clara, CA, USA) according to the manufacturer’s instructions. Specific primers for the reaction
were designed using the QuikChange Primer Design tool (Agilent Technologies, Santa Clara, CA, USA).
Mutated sequences of the receptor binding sites were confirmed using Sanger sequencing. The primer
sequences used for the mutagenesis of the RARE site are depicted in Table S2.

Table 3. Primers used for cloning.

Primer Name Primer Sequence Product Size (bp)

Gibson pcg | F: TTTCTCTATCGATAGGTACCGCCACCAAAATGAATTAGTCACC 700
toson— R: CCGGAATGCCAAGCTTAGCTCCAGGGGCAAGACC

4.9. Cell Transfection and the Luciferase Assays

For the luciferase assays, 3 X 10* cells were seeded into 24-well plates. After 24 h, the cells
were transfected using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA). The cells
were harvested after 48 h and the luciferase activity was assayed using a Luciferase Assay Kit
(Promega, Madison, W1, USA) according to the enclosed protocol with a Synergy LX luminometer
(Biotek, Winooski, VT, USA).

4.10. Immunofluorescence

During the RA-induced neurogenesis, the P19 cells were fixed with 4% paraformaldehyde in PBS
(Sigma-Aldrich, Saint Louis, MO, USA) for 15 min at RT. The fixed cells were then permeabilized with
0.5% Triton x-100 (Sigma-Aldrich, Saint Louis, MO, USA) for 10 min and incubated for 20 min with
non-fat milk (1%) to block the non-specific binding of antibodies. After the blocking, the cells were
incubated separately with anti-MAP2 rabbit antibody (Thermo Fisher Scientific, Waltham, MA, USA,
diluted 1:200) and p-III TUBULIN (Cell Signaling Technology, Danvers, MA, USA, diluted 1:200)
rabbit antibody in 1% non-fat milk overnight at 4 °C. The next day, the cells were washed with
0.1% Triton x-100 in PBS. A goat anti-rabbit IgG secondary antibody, namely, Alexa Fluor Plus 488
(Thermo Fisher Scientific, Waltham, MA, USA, diluted 1:500), was used for the detection of MAP2
and B-III TUBULIN (1 h incubation at RT). The cell nuclei were counterstained with 1 pg/mL of
4’ 6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, Waltham, MA, USA) for 10 min.
The cells were finally washed with PBS and mounted on slides with ProLong™ Gold Antifade Mountant
(Thermo Fisher Scientific, Waltham, MA, USA). The samples were imaged with a 20X objective using a
Nikon A1R confocal microscope (Nikon, Tokyo, Japan). The microscopic pictures were analyzed using
Nikon Instruments and Image]J software (version 1.52q, NIH, Bethesda, MD, USA).

4.11. Statistical Analysis

Data are presented as the mean + standard error of the mean (S.E.M.) of each group in the
experiment. The statistical analysis was done using a one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc tests. Any p-value < 0.05 was considered statistically significant.
GraphPad PRISM software version 6 (GraphPad Software, La Jolla, CA, USA) was used for the
statistical analysis.
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Abbreviations

EB Embryonic body

Gapdh Glyceraldehyde-3-phosphate dehydrogenase

CRISPR Clustered, regularly interspaced short palindromic repeats

Cas9 CRISPR-associated proteins 9

tracrRNA Trans-activating CRISPR RNA

crRNA CRISPR RNA

FACS Fluorescence-activated cell sorting

RNP Ribonucleoprotein

HRM High-resolution melting curve

PCR Polymerase chain reaction

MAP2 Microtubule-associated protein 2

Oct4 Octamer-binding transcription factor 4

RARx Retinoic acid receptor alpha

RARP Retinoic acid receptor beta

Pax6 Paired box 6

B-III tubulin  Tubulin beta 3 class III

DAI Days after induction

GATA6 GATA-binding factor 6

Prdm3 (positive regulatory domain I-binding factor 1) and RIZ1 (retinoblastoma protein-interacting zinc
finger gene 1) homologous domain containing transcription factor 3

RA Retinoic acid

RARE Retinoic acid response element
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Supplementary Materials

Table S1. Putative off-target sites for CRISPR-mediated Prdm3 gene knock-out. Sequence of the primers used to
check putative top two off-target sites are indicated below. Mismatched nucleotides in sequence for crRNA binding
are marked in red.

Off-target Target sequence Number of Primer sequence Product size

site no. mismatches

F: GGGACACTTGTGTGCATGAT
1 TCTCTAACCTTTGCAcAggGtGG 4 R: GCCAAATGCCCTTCCAATCTA 543 bp

F: TACTTGGTCGCAAGCTGATG
2 TCTCTAACITTTGCACATCtTGG 3 R: GCCAACTGTCTGCAAGTIGAA 629 bp

Table S2. Sequence of the primers used for mutagenesis of RARE sites.

RARE site Primer sequence
F: GGCGGGAGAGGAAACAAAAAGGTCGCCAAGACCC
R: GGGTCTTGGCGACCTITTTTGTTTCCTCTCCCGCC

RARE_mut2 | F: GGAGAGGTCACAAAAAGGAAGCCAAGACCCAAGTCCTA
R: TAGGACTTGGGTCTTGGCTTCCTTTTTGTGACCTCTCC

RARE_mutl




Target sequence of potentially off-target site no. 1 Target sequence of potentially off-target site no. 2

TCTCTAACCTTTGCAcAggGIGG TCTCTAACITTTGCACATCITGG

wild-type wild-type

|
|
WA
il

W“\ "l\l\‘ /

i 44 01.» A

Prdm3 KO Prdm3 KO TRl .

Figure S1. Sanger sequencing shows no mutations in putative off-target sites. Mismatched nucleotides in the crRNA
binding sequence are highlighted in red.

GCCACCAAMATGAATTAGTCACCACCTCTAGTCATTTACTGTCACCTGCTTCCTTGTCTTCTGACACTATTTITGT GATCAGCATTTTGGGGAAAATAAAGA
GATA-box

TCTACTGGA CACATTAACTTGCCCTTGGAGAGAAAGAAATGTGGGTGGTACTGTGAGTCCTGATTCATIAGATAMAAGTTTAATGTCAGCACACATTCTAAG

CCTGTGAGCTGGCTCCACCCCTCCCAAGTACCTGTTCCTAGACCTAGGCATTTTACTAAA CCATTGTTGAGTTGAGAATAAATTGGATCTGAGGGCTGGCGA

TTTAGCTCAGAGGCAGTTCTCTTGCCTAGTGGGGEETTGGGGETGETTIGTCCTGGAGGTGTTTCTGTCTTCTCTTGGTGGGTAGGTGAGCTGTATCTTTCTATITG

GATA-box
C ATAAATGGAGTTTTCTCATCAAAAGCATTTATTCTCAATTAAGCGGTGGGTTTAACA CCAAN ACAAATAAACACATGGATTCTTATA
GATA-box GATA-box

GCCATCCTCTATCCAAATTCTTTCACCCAATGTCATCTCTGCATTGTATNTG AAGTGCCCAAACTTATTATARAG ATATATAAAATATGAATC

ACTAAAAGCAACCACTTGCATAACTTGACTCTGGGEGAAGTCATGGCC GAATAACTTAGAAAATATTCTCAATCTACTACAATCTATTTGTGAGAGAGATATG
AAAATAATGCTTTAGA AAGATTTGTTICTTGTGTGTETGTGTGTGTGTE TG TG TG TGTGTGTEGTGTEGTGTAGGGGTATTTTTAAAATGTACACATTTCTGGGEG
ACCTAACTATAAAAAGGAAAGGAATARATTTAAGTAGAAACTTAAATTATATTTTA AAAATATGCTTAACTGGAAACTGGAAATGTGTGTTAG CACTT
TTGAAGCTGCTGTCTTGAGACTTTTAATGCGAGCCAGTATCTCTTTATCCTAAGAGTTGCCCTGGCCCTCTTCAGAGCTTCCAAACTACCAGCCTGCCTGGGGAGG
GATA-box
CACCCTCACACCCCTGAAAG CAATI'CTCCACCCCATCCCCCACCCAACTCTMCACAGACTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT
CTCTCTCTCTCACACACACACACACACACACACACACACACACACACACACACACCCTTGTGCTCAGGACATCAAAACCAAAGAGATTTCCCTGGGGAAACAAAT
CCTGCCTGGAGAAATTTCCCCATTGGTTGT I TATCGGCAGAAAT CTACATGTTTCTGGGGATGGTGCATCTATAATCAGTCTGTCCCTATAGGACTTGGGTCTTGE

RARE CONSENsUs SEquUEnCe GATA-box

CGACCTTTTTGIGACCTCTCCCGCCAGAGGAGGCTGCTGTCACTTTAAAAATTTACTGAAAGAGGAGCCCGTCGTCTGGECTTCCGACCACTCTGHA

CTTTCTCCCTCGCCCCGGTTTCTTTCTGGATGGCCGAGCAGATCCCCTTTAAAGAGACAGTTCATGARAATAGAAACCCT

Figure S2. Sequence of Prdm3 promoter with indicated GATA binding sites and RARE consensus sequence
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Figure S3. A GATA dominant negative competitor decreases GATA6-dependent activation of Prdm3 promoter
activity. Prdm3 promoter along with pcDNA3 or GATAG6 expression vector in combination with increasing dose of
DN (50, 150, 300ng) were transfected in P19 cells. All transfections were performed using a constant amount of DNA
(500 ng per culture well). Luciferase activity is shown as a fold change over control. Error bars are shown as mean +
S.EM., n=4 per group. *p<0.05, **p<0.01, compared to Gata6 group. ##p<0.01 ### p<0.001 compared to Control.

wild-type RARE sequence

CGACCTtttgTGACCT

RARE mutl sequence
CGACCTttttgTTTCCT

Luciferase activity (fold)

RARE_mut2 sequence

CTTCCTttttgTGACCT

Figure S4. Effect of a RARE mutation in the Prdm3 promoter on RARs stimulation. P19 cells were transfected with
the Prdm3 promoter carrying RARE wild-type, RARE_mutl, and RARE_mut2 sequences in combination with
pcDNAS3 (Control), RARa, or RARP. Luciferase activity is shown as a fold change over control. Error bars are shown
as mean = S.E.M., n=4 per group. *p<0.01 compared to VP16-RARa and ### p<0.001 compared to VP16-RARp.
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Abstract: PRDI-BF1 (positive regulatory domain I-binding factor 1) and RIZ1 (retinoblastoma
protein-interacting zinc finger gene 1) (PR) homologous domain containing (PRDM) transcription
factors are expressed in neuronal and stem cell systems, and they exert multiple functions in a
spatiotemporal manner. Therefore, it is believed that PRDM factors cooperate with a number of
protein partners to regulate a critical set of genes required for maintenance of stem cell self-renewal
and differentiation through genetic and epigenetic mechanisms. In this review, we summarize recent
findings about the expression of PRDM factors and function in stem cell and neuronal systems with
a focus on cofactor-dependent regulation of PRDM3/16 and FOG1/2. We put special attention on
summarizing the effects of the PRDM proteins interaction with chromatin modulators (NuRD complex
and CtBPs) on the stem cell characteristic and neuronal differentiation. Although PRDM factors are
known to possess intrinsic enzyme activity, our literature analysis suggests that cofactor-dependent
regulation of PRDM3/16 and FOG1/2 is also one of the important mechanisms to orchestrate
bidirectional target gene regulation. Therefore, determining stem cell and neuronal-specific cofactors
will help better understanding of PRDM3/16 and FOG1/2-controlled stem cell maintenance and
neuronal differentiation. Finally, we discuss the clinical aspect of these PRDM factors in different
diseases including cancer. Overall, this review will help further sharpen our knowledge of the
function of the PRDM3/16 and FOG1/2 with hopes to open new research fields related to these factors
in stem cell biology and neuroscience.

Keywords: PRDM; FOG; stem cells; neurons; NuRD; CtBP

1. Introduction

PRDI-BF1 (positive regulatory domain I-binding factor 1) and RIZ1 (retinoblastoma protein-interacting
zinc finger gene 1) (PR) homologous-domain-containing (PRDM) transcription factors have received
considerable attention recently due to their importance in regulating the development and function of
various tissues and organ systems. The PRDM protein family is a group of 19 poorly studied factors that
are involved in a wide range of cellular processes [1-4]. The PR domain is associated with the catalytic SET
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(suppressor of variegation 3-9, enhancer of zeste and trithorax) domain, which possesses histone lysine
methyltransferase (HMT) activity [5]. Although some PRDM proteins have not been shown to have intrinsic
HMTase activity [6-8], several studies have confirmed that PRDM2, PRDM3, PRDMS, PRDM9, and PRDM16
possess this capability [9-14].

Depending on the cellular or tissue context, PRDM proteins mediate either transcriptional
repression or activation. As several PRDM proteins appear to be enzymatically inactive, they achieve
transcriptional regulation through interaction with transcription factors and histone-modifying enzymes.
Interacting proteins include the Polycomb repressive complex 2 (PRC2), HMTs, histone acetyltransferases
(HATSs), histone deacetylases (HDACs), protein arginine N-methyltransferase 5 (PRMT5), and lysine-specific
demethylase 1 (LSD1) [7,10,15-20]. For instance, the interplay between PRDM3 and the Suv39H1 HMT [21]
leads to gene repression through H3K9 methylation. PRDM1, PRDM5, PRDM6 and PRDM12 are also
known to interact with G9%a HMT and repress gene expression through methylation of H3 lysine 9 [6-8,12,22].
PRDM proteins are involved in several developmental processes such as stem cell maintenance (Figure 1,
Table 1), hematopoiesis, and adipogenesis [12,23]. Recent studies have highlighted the importance of these
factors during neuronal development [24-26], including brain or spinal cord formation [26,27].
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Figure 1. PRDI-BF1 (positive regulatory domain I-binding factor 1) and RIZ1 (retinoblastoma protein-interacting
zinc finger gene 1) (PR) homologous domain containing (PRDM) factors play important roles in stem cell
maintenance. PRDM3 and PRDM16 exhibit a crucial regulatory role in hematopoietic stem cell (HSC) and
progenitor cell maintenance during fetal development [28-33]. PRDMI determines the fate of embryonic
stem cells and their progenitors [34,35]. PRDM14 plays an important role in governing the gene machinery
responsible for maintaining the pluripotent state of embryonic stem cells. PRDM14 reprograms somatic cells to
induce pluripotent stem cells through epigenetic pathways [36,37]. PRDM15 is also a transcriptional regulator
of key genes involved in the maintenance of naive pluripotency of embryonic stem cells [38].
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Table 1. Roles of PRDM factors in stem cell system.

PRDM Protein Role in Stem Cells References
Expression level predicts embryonic stem cells and progenitors’ fate (mechanism [34,35]
partially dependent on PRL family members). T
PRDM1/BLIMP-1
Defines a mammary stem cell subpopulation with specific phenotype (mechanism [39]
unknown). ’
Maintains the key features of the quiescent state and affects the self-renewal of stem
PRDM2/RIZ1 cells (interacts with the PRC2 complex and regulates the level of H3K9me2 within [40,41]
the promoter of CCNA2A).
Inhibits a cell cycle and a differentiation of hematopoietic progenitor cells (indirectly
upregulates genes related to keeping long-term hematopoietic stem cells like Abcal, [42]
Cdkn1b, and Epcam).
Indispensable for intestinal stem cell formation during development (mechanism [28,29]
unknown). !
PRDM3/EVI1 Induction of Danio rerio hematopoietic stem cell emergence by regulation of Notch [43]
pathway. i
Keeps long-term hematopoietic stem cell function during adult hematopoiesis by [44-46]
regulation of Gata2, Sall2, and Pbx1 gene expression. ?
Implicated in genesis of leukemia stem cells (precise mechanism unknown, putative [47,48]
target genes: Gatal, Gata2, Mpl, Jag2, Setbp1, and Pbx1). ’
Regulates gene expression in embryonic stem cells mainly by binding proximally to [49]
PROM4/PEMI transcription start sites of Nodal and KIf5.
Controls the neural stem cells differentiation and proliferation by recruiting an [50]
arginine methyltransferase 5 (PRMT5). g
Interacts with insulator proteins and modulates transcription program in embryonic [51]
stem cells. g
PRDM5 - - - -
Transient expression with Run1t1, Lmo2, Zfp37, HIf and Pbx1 allows it to reprogram 52]
blood cells to hematopoietic cells.
PRDM11 Function unknown, expression in hematopoietic stem. [53]
Overexpression stops cell proliferation in P19 cell line (direct mechanism unknown,
PRDM12 upregulates p27 protein and increases the cell population in the G1 phase of the cell [22]
cycle).
Maintains pluripotency and self-renewal of embryonic stem (effect partially executed
by recruiting repressive PRC2 complex and active DNA demethylation mediated via [36,54-57]
PRDM14 ten-eleven translocation (TET) proteins).
Implicated in stem cell reprogramming (downregulates Rnfl2 gene expression via 58]
PRC2). i
PRDMI5 Maintains pluripotency of mouse embryonic stem cells by regulation of MAPK-ERK 3]
and WNT signaling.
Supports maintenance of hematopoietic and neural stem cells (upregulates
PRDM16/MEL1 expression of Hgf, and Foxj1 and regulates levels of reactive oxygen species). (30-33]
Increase erythropoietic differentiation rate in human hematopoietic stem cells (direct [59]
mechanism unknown, partially dependent on GATA-1, c-myc, and c-myb expression).
Expressed in early hematopoietic cells in zebrafish and influences megakaryocytic [60]
FOG1/ZFPM-1 and erythroid maturation.
Interaction with NuRD promotes hematopoiesis. [61]
Required for the generation of erythroid- megakaryocytic progenitors in mice
(putative mechanism addressed to Trib2-dependent C/EBPa and C/EBPf [62]
degradation).
FOG2/ZFPM-2 Human bone marrow mesenchymal stem cells with high FOG2 expression display [63]

cardiomyogenic potency (mechanism unknown).

The PR domain is followed by repeated zinc fingers (proline-rich domains) mediating sequence-
specific DNA binding and protein-protein interactions with other histone-modifying enzymes, and plays
a role in nuclear import [23,64-69]. PRDM3 and PRDM16 display 63% nucleotide and 56% amino
acid homology [70]. They exhibit intrinsic HMT activity towards histone 3 lysine 9 (H3K9), a mark
typically associated with repressed transcription [9]. Other in vitro studies show that PRDM3 and 16
are involved in gene expression activation via methylation of histone 3 lysine 4 (H3K4) [9,24,71,72].
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An additional pathway by which PRDM3 and PRDM16 govern gene expression through modification
of chromatin structure is via the formation of protein complexes, such as the CtBP and NuRD [73-75].
Interestingly, FOG proteins, recently defined as PRDM factors, have also been confirmed to exert their
function through the interaction with the NuRD complex and the CtBP protein [76-78], and it has been
proposed that these factors may control cell fate decisions in stem cells and neuronal cells through the
CtBP and NuRD complexes in a similar fashion to PRDM3 and PRDM16 [73,79]. In this review we
will discuss the possible mechanism for their function in stem cell and neuronal systems through the
interaction with their cofactors.

2. PRDM Factors Are Substantial Players in Stem Cells

In recent years, the number of studies on the role of PRDM proteins in stem cells and cell
differentiation has increased significantly. In this section we discuss studies on the role of PRDM
proteins in maintaining self-renewal and pluripotency of stem cells, and in the neuronal system
with potential molecular mechanisms that regulate the action of PRDM proteins. Highly pluripotent
stem cells derived from the inner cell mass (ICM) are generated from precursors with high PRDM1
expression. Moreover, PRDM1-positive cells display a gene expression profile associated with the early
specification of embryonic cells toward germ cell identity [35]. Additionally, the silencing of PRDM1 in
human embryonic stem cells (hESCs) changes germline potential and directs cell differentiation towards
neuronal specification by increasing SOX2 expression [80], suggesting that PRDM1 acts as a switch for
neural or germline cell fate by inhibiting SOX2 expression during human development. The pluripotent
state in stem cells can also be controlled by epigenetic regulation. PRDM14 is an important player
regulating the epigenetic state and the transcription network in stem cells [56,81]. A genome-wide RNAi
screen study revealed that PRDM14 colocalizes with stemness transcription factors such as OCT3/4,
SOX2 and NANOG to maintain stem cell identity [37]. Moreover, it has been shown that the recruitment
of OCT3/4 to the demethylated regulatory regions of pluripotency genes is driven by PRDM14 [36].
PRDM14-dependent pluripotency is mediated by reducing Dnmt3a/b and Dnmt3l expression and
globally correlates with the CpG methylation landscape [55,82,83]. PRDM14 also maintains an active
DNA demethylation status in the embryonic stem cells via TET (ten-eleven translocation) proteins [54].
These results suggest that the demethylation status observed during the induction of pluripotency is
controlled by PRDM14. Besides PRDM14, PRDM15 was shown to be highly expressed in the embryo
inner cell mass (ICM) [84] and plays a role as a safeguard of pluripotency in stem cells by regulating
MAPK-ERK and WNT signaling [38]. Stimulation of the MAPK-ERK pathway triggers ESC lineage
commitment [85], whereas the WNT pathway prevents differentiation of embryonic stem cells [86].
Stem cells with PRDM15 depletion showed a marked rise in nucleosome occupancy along with
increased methylation and decreased acetylation at lysine 27 on histone H3 (H3K27ac to H3K27me3)
at the promoter region of Rspol (R-spondin 1) and Spryl (protein sprouty homolog 1), which are
regulators of WNT signaling and MAPK-ERK pathways [38]. In order to maintain pluripotency
and self-renewal of ESC, PRDM15 increases Spryl and Rspol expression by decreasing nucleosome
occupancy at the promoter sequence and allows RNA polymerase II recruitment [38].

3. An Overview of the Roles of PRDM Factors in the Neuronal System

Newly generated cortical neurons are derived from the division of radial glia progenitors in the
ventricular zone (VZ). During neuronal maturation, progenitor cells move from VZ to the subventricular
zone (SVZ) and then to the intermediate zone (IZ), where they adopt multipolar morphology (MP).
In the subplate (SP) zone they acquire a bipolar shape and then settle in the cortical plate (CP) as
mature neurons with defined characteristics [87,88]. Role of the PRDM factors and their expression in
central nervous system (CNS) is depicted in Figure 2, Table 2. PRDMS8 was shown to play a role in the
development of brain structures. High expression of PRDMS is found in the upper part of the IZ where
it regulates the transition from multipolar to bipolar morphology of cortical neurons [89]. Moreover,
mice carrying a Prdm8 gene deletion displayed a significant reduction of brain growth along with a
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decreased number of neocortical neurons, indicating its essential role in neocortical development [26].
It has also been shown that basic helix-loop-helix family member E22 (BHLHB5), another cofactor
of PRDMS, can significantly influence the formation of neuronal plasticity. PRDMS8 and BHLHB5
form a repressor complex that orchestrates the neuronal circuit [90]. Mice with PRDMS8 or BHLHB5
deficiency display highly similar axonal mistargeting and behavioral abnormalities [90], indicating the
inherent spatiotemporal role of these factors in the formation of the nervous system. Much like
their functions in stem cell maintenance, PRDM proteins tune progenitors of neuronal proliferation
and differentiation through epigenetic modifications. For instance, PRDM4 is part of an epigenetic
complex regulating the proliferative capacity and modulating cell cycle progression in neural stem cells
(NSCs). PRDM4 interacts with PRMTS5 through the PR/SET domain and the latter modifies chromatin
structure by symmetric dimethylation on arginine 3 of histone H4 (H4R3me2s), specifically in the
undifferentiated NSCs. Furthermore, a decrease in PRDM4 expression in NSC demonstrated precocious
neurogenesis [50].

It is interesting to note that PRDM12 is involved in the development of nociceptors. Mutation in
human PRDM12 has been found in patients with congenital pain insensitivity (CIP) [91]. This mutation
was found to be located in His289 of PRDM12 and it disrupts the interaction between PRDM12
and HMT G9a (EHMT2). PRDM12 has been reported to interact with G9a (EHMT2) and leads to
dimethylation of histone H3 on lysine 9 (H3K9me2) in P19 cells [22]. On the other hand, it was shown
that PRDM12 ablation negatively affects the Ngn1/2-TrkA pathway which interferes with nociceptor
maturation [92]. These observations suggest that PRDM12 functions through epigenetic mechanisms
and could serve as a molecular target in the therapeutic treatment of pain.

PRDMS3, 8, FOG2 o §
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®8

Mature El
neurons N3
3
5
]
Migrating/
immature N g
neurons PRDM4, 8 § H
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progenitor cells §

Figure 2. PRDM factors play multiple roles during central nervous system (CNS) development. PRDM16
controls the migration and differentiation of neuronal progenitors during cortical development [24,25].
FOG?2 arranges a neuronal subtype identity [93] whereas PRDMS controls axonal targeting [90].
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Table 2. The roles of PRDM factors in the neuronal system.
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PRDM Protein

Nervous System Function

References

PRDM1/BLIMP-1

Leads to specialization and identity of photosensory neurons (directly reduces Chx10
expression).

[94-97]

PRDM2

Monomethylates H3K9 in neurons of the rat dorsomedial prefrontal cortex and is
involved in alcohol dependence.

[98]

PRDMS3/EVI1

Caenorhabditis elegans egl-43 protein (ortholog of PRDM3) is required for the proper
development of phasmid neurons (mechanism unknown).

[99]

Knock-out mice exhibit malformation of neuronal development during mouse
embryo growth (mechanism unknown).

[100]

The overexpression of Prdm3 triggers neurogenesis in P19 cell line (direct mechanism
unknown, high expression of Mash1, Ngn1, NeuroD1 observed).

[101]

Gene knock-out leads to precocious neuronal differentiation in the P19 cells (direct
mechanism unknown, increased expression of MAP2 and 3-II TUBULIN).

[102]

Hamlet (Drosophila melanogaster PRDM3 and PRDM16 homolog) removes
notch-dependent fate signature during neuronal-class diversification via direct
chromatin-modification.

[103]

Regulates homeostatic synaptic plasticity by downregulation of miR-124.

[104]

PRDM4

Controls neural stem cell proliferation and differentiation by protein arginine
methyltransferase 5 (PRMT5).

[50]

PRDM5

Enhances neuronal apoptosis triggered by lipopolysaccharide (direct mechanism
unknown) .

[105]

Low expression associated with neurotherapeutic effects of miR-182/7a in spinal cord
injury (SCI) model.

[106]

Overexpression increases abnormalities mediated by WNT signaling during the
development of anterior neural structures in Danio rerio.

[107]

PRDMS8

Along with BHLHBS creates a transcriptional repressor complex required for normal
development of specific neural circuits.

[90]

Regulates promoter activity of Prkca and thus retinal bipolar cell development and
survival.

[108]

Controls the morphological changes at the multipolar phase during neocortex
development by indirect repression of guidance molecules, like EPHA6, NRP2,
and EBF3.

[89]

Gene knock-out impairs development of neocortical neurons (direct mechanism
unknown, deregulation of Fgf5, Hmcn1, Antxr2, and Slc15a2 gene expression).

[26]

PRDM12

Orchestrates sensory neuron development and specification in part by dimethylation
of H3K9 (target genes unknown).

[91,109]

PRDM13

Generates neuronal specification by repression of bHLH transcriptional activators.

[110]

Inhibits glutamatergic and promotes GABAergic neuronal development in the neural
tube by repressing Ascl1 activation of TIx3 gene expression.

[71,111]

PRDM14

Regulates axon growth of primary motoneurons in Danio rerio by regulation of islet2
promoter activity.

[112]

PRDM15

Gene knock-out causes brain malformations via deregulation of NOTCH- and WNT-
dependent pathway.

PRDM16/MEL1

Coordinates neuronal-dependent brain vascularization via SMOC1 protein.

Involved in cortical neuron migration and positioning in part by repressing PDZRN3
expression.

FOG2/ZFPM-2

Controls axonal targeting and differentiation of corticothalamic projection neurons
(by interaction with COUPTF1, GATA2, and GATA4 to reduce Citp2 expression).

Together with GATA4 and GATAG increases Kv4.2 gene (a subunit of somatodendritic
A-type potassium channels) expression in PC12 neuron-like cell line.

4. The Function of PRDMS3 and 16 in Stem Cells

Among the PRDM factors, emerging roles of PRDM3 and PRDM16 in diverse systems,
including stem cells and the neuronal system, have been proposed [25,33,46,103]. Mouse embryos
with Prdm3 deletion exhibit various developmental defects and caused lethality at 10.5 days post
coitum [100]. This is mainly attributed to impaired hematopoietic stem cell (HSC) proliferation.
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PRDMS3 regulates hematopoietic stem cell proliferation by activating the Gata2 promoter [46], and Gata2
gene expression is greatly reduced in Prdm3 mutant mice [100]. Interestingly, mice lacking GATA2
expression showed a phenotype similar to PRDM3-deficient embryos. This suggests that these factors
cooperate in HSC gene regulation [46,116]. Moreover, PRDM3 plays important roles in long-term
HSC self-renewal [45]. These findings suggest that PRDM3 is one of the major regulators of GATA2
gene expression and that it is also important for HSC maintenance. In Xenopus tropicalis, Prdm3 is
required for adult intestinal formation and for the maintenance of epithelial stem cell proliferation [28].
PRDMS3 has been reported as a histone 3 lysine 9 mono-methyltransferase (H3K9mel) in mammals
and controls heterochromatin integrity [9]. In zebrafish, Prdm3 controls the chromatin landscape by
influencing H3K9me3 and H3K4me3 marks. Furthermore, Prdm3-deficient zebrafish embryos display
a 40% reduction in H3K4me3 marks [117]. These findings imply that PRDM3 plays a crucial role
in stem cell self-renewal and differentiation through histone methylation. Further investigation to
elucidate how PRDM3 impacts global methylation patterns to regulate the stem cell state is warranted.

Much like Prdm3, Prdm16 expression is required for HSC maintenance [32,33]. PRDM16 is also
responsible for many developmental processes in brown fat tissue [118,119], heart [120] and craniofacial
formation [121-123]. Prdm16 deletion in mice induces dysregulation of HSC renewal and increases
apoptosis [32]. Moreover, mutation of Prdm16 causes a disturbance in gene expression related to
hematopoietic stem cell function [32]. As mentioned previously, studies in mouse embryonic fibroblasts
have identified that PRDM3 is an H3K9mel methyltransferase. PRDM16 displays similar characteristics
to PRDM3. Both proteins methylate histone H3 in the cytoplasm. SUV39H1 and SUV39H2 enzymes
then convert H3K9mel to H3K9me3 in the nucleus. These modifications reinforce the heterochromatin
to be assembled in pericentric DNA and the nuclear lamina [9]. The integrity of heterochromatin is
important for spatial genome organization and gene expression programs [9]. Thus, PRDM16 could
be involved in the modification of epigenetic markers, thereby regulating the differentiation of stem
cells and progenitor cells. Indeed, this phenomenon is observed in a myoblast differentiation model,
suggesting a significant role for PRDM16 in cellular transformation. Ectopic overexpression of Prdm16
reprograms C2C12 myoblasts into brown fat cells [119]. Direct reprogramming induced by PRDM16
is accompanied by hypermethylation of myogenin and MyoD promoters [124]. Taken together,
PRDM3 and PRDM16 both play important roles in stem cell maintenance in several systems through
epigenetic mechanisms.

5. A Novel PRDM Factors, Friend of GATA (FOG) and its Function in Stem Cells

Recent studies have revealed that FOG1 is a PRDM family member [125]. FOG1/2 and PRDM3/16,
carry a CtBP-binding sequence in their protein structure and repress transcription. Both proteins also
contain a PR domain [64,125]. Historically, it was known that FOG1 regulates GATA1 transcription
factor function and FOG2 governs GATA2 function. The interaction between the FOG family and
GATA transcription factors is crucial in various tissues [126-129] where FOG proteins repress the
transcriptional activity of GATA factors. Serious problems, such as failure in heart development, occur as
a result of blocking the interaction between GATA4 and FOG2 [130]. Moreover, mutations in FOG2
hinder integration with GATA4 leading to congenital heart disease [131,132]. While FOG2 interacts with
GATA4-6, little is known about its role in stem cells and the nervous system. Interestingly, much like
AML1-PRDMS3 [133], the AML1-FOG2 fusion protein have implications in myelodysplasia [134].
In this regard, the FOG2 protein may also regulate hematopoietic stem cell function. Human bone
marrow mesenchymal stem cells (BM-MSC) are a heterogeneous population and only some have
cardiomyogenic potential. BM-MSC subpopulations with high cardiomyogenic potential display
high FOG2 gene expression [63]. This suggests that FOG2 is involved in cardiomyocyte progenitor
cell function. Moreover, since the FOG family’s major role is to inhibit GATA factors, FOGs may be
involved in regulatory processes in stem cells and progenitors in which GATA factors play major roles.

It is known that Fogl deficiency is lethal for mice. Mouse embryos with this deficiency die
between days 10.5 and 12.5 of gestation [135]. In these mice, erythropoiesis is highly disrupted and
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megakaryocytes are absent. Intriguingly, GATA1 acts as a hematopoietic transcription factor that
induces erythrocyte and megakaryocyte differentiation. These findings suggest similar phenotypes in
FOG1 and GATA1-deficiencies. Another study has clearly shown that GATA1 and FOGI interaction
is essential to promote megakaryocyte/erythrocyte lineage differentiation [135]. Moreover, FOG1 is
considered a reprogramming factor that stimulates the stemness state in differentiated cells. In avian
eosinophils, FOG1 overexpression leads to the dedifferentiation and generation of multipotent cells [136].
Furthermore, overexpression of Fogl in mouse hematopoietic lineages resulted in a decreased number
of eosinophils [137]. Thus, FOG1 is likely an important factor that controls the stem cell state and its
function is tightly associated with GATA1.

6. The Function of PRDM3 and PRDM16 in Neuronal Cells

In Caenorhabditis elegans, it has been suggested that Egl-43 (the PRDM3 and PRDM16 orthologue
in C. elegans) has a significant influence on nervous system development. During embryonic growth,
two serotonergic hermaphrodite specific neurons migrate from the caudal position to the central part of
the body. Disruption of Egl-43 gene expression stops neuronal migration and further development [99].
Follow-up reports in higher organisms highlighted the importance of PRDM3 in the formation of
neuronal identity. The cellular specification of olfactory receptor neurons in Drosophila melanogaster
is coordinated by a context-dependent response to Notch signaling. Hamlet (the PRDM3 and
PRDM16 orthologue in Drosophila) mediates this pathway and contributes to the development of a
specific type of neuron [103]. During the initiation of olfactory receptor neuron (ORN) development,
Hamlet proteins erase the Notch-active state in differentiating cells. This phenomenon provides new
insights into the Notch-dependent signaling pathway. The activity of Hamlet protein influences
gene expression by altering the methylation profiles at promoter regions, histone packing density
and chromatin organization. Hamlet alters chromatin accessibility by enabling Su(H) (suppressor of
hairless protein) binding to Notch-specific enhancers. Mouse embryos with Prdm3 deletion displayed
severe defects in nervous system development, but detailed studies on brain structures were not
conducted [100]. In mammals, Prdm3 transcription is strongly activated by retinoic acid (RA) in
murine embryonal carcinoma P19 cells [101]. Moreover, Prdm3 gene expression is upregulated in
NSCs compared to human embryonic stem cells [138]. Additionally, ectopic overexpression of Prdm3
induces neurogenesis in P19 cells without RA stimulation [101]. However, the neuronal-specific
role of PRDM3 remains to be addressed in mammals, and PRDM3 could be implicated in the
onset of neurogenesis. Recently, our study showed that P19 cells with Prdm3 gene knock-out
displayed earlier maturation of neurons along with the rapid proliferation of non-neuronal cells [102].
These findings strongly showed the significant role of PRDMS3 in the formation of the mammalian
nervous system in vivo. Chromatin structure and epigenetic modifications have been reported
to be crucial for regulating gene expression during brain development [139]. In this regard,
PRDM3 plays a role in the formation of synaptic plasticity via epigenetic regulation of gene transcription.
Investigation of synaptic plasticity using an in vitro model demonstrated that PRDM3 is expressed
in the nucleus of hippocampal neurons and may be implicated in neuronal activity associated
with a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) regulation [104].
miR-124 expression has been strongly associated with a homeostatic response during neuronal
activity [104]. Interestingly, miR-124 transcription is directly dependent on the active complex of
PRDM3 and HDACI1. Regulation of miR-124 expression in hippocampal and cortical neurons is
partially explained by PRDM3-dependent reduction of mir-124 promoter activity [104]. It is known
that gene expression in neurons highly depends on chromatin remodeling factors [140]. Therefore,
the PRDM3-HDACT complex could be part of a bigger, specific chromatin remodeling complex involved
in the fine-tuning of synaptic plasticity. PRDM3 activates genes associated with the self-renewal
mechanism in hematopoietic stem cells in mouse myelodysplastic syndrome through an increase
in methylation level at the miR-124 promoter [141]. As such, the relationship between PRDM3
and miR-124 is clearly supported in two different cellular models. Therefore, further studies are
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needed to determine whether PRDM3 directly affects the promoter status of other target genes in the
neuronal system.

In the developing nervous system, PRDM16 is expressed in the SVZ of the neocortex and is
crucial for neural stem cell maintenance. PRDM16 is a key player in maintaining neural stem cell and
progenitor cells in the brain by controlling their temporal and spatial gene regulation networks [31].
In the mouse embryo, PRDM16 is mainly expressed in the VZ and SVZ but its expression decreases
during brain maturation [114]. A conditional Prdm16 deletion exhibits significant depletion of mouse
neural stem cells in the SVZ as well as a limited ability to form self-renewing neurospheres in vitro [31].
Moreover, reduced Prdm16 expression and complementary upregulation of the proneural gene NeuroD1
in embryonic neural stem cells is crucial for the regulation of peroxisome proliferative activated receptor
1 (PGC1)-mediated changes in reactive oxygen species (ROS) levels, and this mechanism has been
suggested to be important for neural migration in the developing cortex [25]. On the other hand,
PRDM16 is preferentially expressed in adult neural stem cells and is required for their maintenance,
partly by suppressing oxidative stress through the promotion of hepatocyte growth factor (HGF)
expression [33]. Another study revealed that PRDM16 is involved in the migration and differentiation
of neurons during embryonic cerebral cortex development [24]. Here, it was shown that epigenetic
status during the early stages of neuronal differentiation is closely related to PRDM16-dependent
mechanisms. Interestingly, the association of gene expression level with H3K27ac modification in
radial cells (PRDM16 positive) is also found in mature cortical neurons where PRDM16 is not expressed.
This phenomenon suggests that the previously acquired epigenetic memory remains during cortical
neuronal development [24]. It has been suggested that the determination of neuronal position in the
upper layer of the cerebral cortex is controlled by PRDM16-mediated repression of the gene encoding
E3 ubiquitin ligase PDZ domain-containing RING finger protein 3 (PDZRN3). PRDM16 significantly
reduces PDZRN3 expression in brain progenitor cells. This can be partially explained by the reduction
in H3K27ac levels at the enhancer and promoter regions of Pdzrn3. Conversely, a significant increase in
H3K27ac levels is observed in cortical cells in the absence of PRDM16. Impaired PRDM16 expression
causes a significant increase in PDZRN3 expression in newly formed neurons, but the consequence of
this genetic deregulation is the decreased ability of these cells to migrate to the upper brain layers.
Moreover, a lack of PRDM16 in neuronal progenitors leads to abnormal dendritic morphology of
mature neurons [24]. Prdm16 deletion in neuronal stem cells causes dysregulation of angiogenesis.
It was found that neurovascular communication depends in part on SMOC1, which is secreted by
certain types of neurons. Neuronal SMOCT interacts with TGFBR1 and activates the TGF-3-SMAD
signaling pathway in endothelial cells. The loss of PRDM16 in neural progenitor disrupts this process
and significantly impairs vascular growth in the developing brain [114]. The PRDM16 influence on
neuronal cell migration and angiogenesis during central nervous system development is illustrated
in Figure 3. Interestingly, RNA sequencing data show that disabling PRDM16 in progenitor cells
(radial glia) resulted in a seven-fold increase in Prdm3 expression [24]. Therefore, crosstalk between
PRDM16 and PRDM3 during neuronal differentiation merits further investigation. Taken together,
although functional studies in the neuronal system have just started, PRDM3 and PRDM16 most likely
play paramount roles in neuronal cell fate decision and function.
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Figure 3. PRDM16 orchestrates neuronal migration and angiogenesis in the developing brain.
PRDM16 organizes the migration of cortical neurons through enhancer-dependent silencing of Pdzrn3
gene expression. In addition, PRDM16 controls the expression of genes associated with the amplification
of neuronal progenitors (e.g., Mycn) [24]. PRDM16 positively regulates neuronal angiogenesis by
enhancing the TGF-f signaling pathway via neuronally secreted SMOC1 [114]. VZ (ventricular zone),
SVZ (subventricular zone), CP (cortical plate).

7. The Function of FOG1 and FOG2 in Neuronal Cells

FOGI1 expression was found in the mouse mid-brain [129] as well as in the Danio rerio developing
brain [142]. FOG1 affects the heart ventricular wall structure by regulating cardiomyocyte proliferation
via the neuregulin (NRG)-ErbB-dependent signaling pathway [143]. NRG is a growth factor involved
in the stimulation of ErbB tyrosine kinase receptors and thus affects cell survival, proliferation and
differentiation in neuronal and non-neuronal systems. The NRG-ErbB axis is associated with susceptibility
to mental illnesses such as bipolar disorder and schizophrenia [144,145]. A tight relationship between
disease state and the NRG-ErbB pathway is indicated by the significant dysregulation of synaptic
plasticity and neurotransmission (reviewed in [146]). Thus, the FOG1-controlled NRG-ErbB pathway
may theoretically be involved in the development of synaptic plasticity and neuronal identity. However,
due to the limited number of reports, the role of FOG1 in the nervous system development remains to
be clarified.

In the developing brain, FOG-2 expression is detectable from around day 10 of embryonic
development (E10.5) [147]. Recent studies have reported that FOG2 may be involved in shaping
neuronal identity [93]. FOG2 was found exclusively in postmitotic neurons in the cortex as well as in
the thalamic reticular nucleus, the hippocampus, the amygdala and the hypothalamus. These findings
strongly suggest that FOG2 plays a role as a transcriptional regulator during the final stage of neuronal
maturation [93]. In addition, high expression of GATA transcription factors (e.g., GATA4 and GATAG6)
was found within the central nervous system in mice and humans, and this expression was mainly
observed in post-mitotic neurons of the cerebral cortex and the hippocampus [148,149]. Nevertheless,
the function of GATA proteins in shaping the identity of neurons has not been sufficiently investigated.
GATA-dependent mechanisms that form neuronal identity could be partly explained through interaction
with FOG1 and FOG2 proteins. FOG2, in cooperation with GATA®, significantly increases promoter
activity of the Kv4.2 (KCND2) gene (voltage-dependent potassium channels) in PC12 neuron-like
cells. This study highlighted the importance of FOG2 in neuronal function and plasticity [115].
Tying FOG2-GATAG6 to the regulation of voltage-gated ion channels could reveal new avenues in
investigating the regulation of brain neuroplasticity and thus the formation of memory. Accurate tuning
of gene expression during cortical development requires precise regulation of molecular machinery.
In this context, FOG2 appears to be a mediator in the process of generating final cellular identities
in the brain. FOG2 is involved in the control of corticothalamic projection neuron (CThPN) identity
and positioning [93]. CThPNs are a diverse set of neurons that are important for the function of
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cortical circuitry. They are responsible for the access of sensory information to the cerebral cortex by
modulating thalamic activity [150,151]. Interestingly, regulation of CThPN projection is controlled
by the FOG2 and GATA4 complex via Ctip2 (Coup-Tf interacting protein 1) promoter activity [93].
CTIP2 belongs to a group of factors crucial in postnatal brain development [152]. CTIP2 is also involved
in the differentiation of postmitotic neurons and thus in memory and learning [152]. In humans,
FOG2 mutations have been recognized primarily in congenital heart disease, but neurological and
behavioral abnormalities have also been observed. Patients with a FOG2 deletion exhibit delayed or
impaired speech ability, intellectual disability and seizures [153,154]. Based on the above information,
it is postulated that FOG2 could be a crucial factor during the assembly of neural circuits and the
acquisition of identities in postmitotic neurons. Further research is needed to determine the FOG2 role
in brain development and neuronal plasticity.

8. NuRD Interacts with PRDM3, PRDM16, FOG1, and FOG2

Chromatin remodeling complex NuRD (nucleosome remodeling and deacetylase) primarily
exhibits histone deacetylase activity and, therefore, exerts a repressor function [155,156]. The base
composition of NuRD includes the metastasis-associated proteins MTA1/2/3, the histone deacetylases
HDAC1 and HDAC2, the methyl-CpG-binding domain proteins (MBD2 or MBD3), CHD4, and the
histone binding proteins RBBP4/7 [157-159]. NuRD regulates gene transcription associated with
pluripotency and mediates the cellular response to differentiation signals in mouse embryonic stem
cells (ESCs) [160,161]. NuRD activity has been reported to mediate the reduction of H3K27 acetylation
facilitating recruitment of PRC2 and subsequent trimethylation of H3K27 in NuRD-dependent
promoters [160,161]. The NuRD/MBD3 complex significantly shapes the final developmental stages of
the brain. Despite high Mbd3 expression in neuroepithelial cells (NECs) of the embryonic cortex [162],
NuRD/MBD3 has been shown to be particularly important in regulating cell differentiation during
neuronal specification [163]. Moreover, the NuRD complex affects synaptic plasticity in the mammalian
brain and controls cortical neuron identity [140,164]. A good example of how NuRD influences the
shape of terminal neuronal differentiation is by the regulation of the Satb2-Ctip2 axis. CTIP2 and
SATB?2 are key transcription factors that define the development of two classes of projection neurons.
Ctip2 expression is terminated by the cooperation of SATB2 and NuRD. This, in turn, induces NuRD
recruitment of HDAC1 and finally deacetylation of the Ctip2 locus. Decreased levels of CTIP2 lead to
the formation of a different subclass of projection neuron [165]. Recent studies have demonstrated that
both PRDM3 and PRDM16 proteins interact with the chromatin remodeling NuRD complex through
the RBBP4 (RB binding protein 4, chromatin remodeling factor; also known as NURF55) protein [73].
RBBP4 is recognized as a mediator that facilitates the association of chromatin with the NuRD complex
by binding to histone H3 tails [166]. Amino acids from the N-terminus of PRDM3 and PRDM16 are
responsible for binding to RBBP4 [73]. Interestingly, it has been reported that FOG1 and FOG2 also
interact with the NuRD complex through their N-terminal amino acid sequence (Figure 4A,B) [76,78].
The N-terminal amino acid residues that interact with NuRD are conserved between PRDM3 and
PRDM16 (Figure 4A). The first 12 residues of both proteins show high sequence similarity with histone
3 N-terminal residues [73]. It is known that RBBP4 interacts with LHX2 and regulates the expression of
the Sox11 and Fezf2 genes; the most important factors determining the identity of neuronal subtype
in the mouse cortex [164]. Since PRDM3 and PRDM16 interact with RBBP4 and the NuRD complex,
these proteins may play a regulatory role in shaping the identity of neurons and their position in
various brain structures. Moreover, since CtBP is also a major PRDM3 and PRDM16 modulator,
and controls cell fate decisions (Figure 4B) [74], investigation is needed into how PRDM3 and PRDM16
select their binding to CtBP and NuRD complex.
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Figure 4. Protein structure of NuRD complex-dependent PRDM factors. (A) PR domain, CtBP binding
sites, zinc fingers as well as NuRD complex binding elements are indicated. (B) PRDM3/16 and
FOGI1/2 by interaction with CtBP or NuRD complex negatively regulate gene expression during cellular
differentiation [15,61,74,167,168]. (C) CBP- and PCAF-mediated acetylation of PRDM3 [169,170]
increases its transcriptional activity [168].

FOG1/GATAl-dependent transcriptional repression is mediated by the NuRD complex.
FOG-1 binds to NuRD via a 12-amino acid N-terminal motif [171]. FOG1 forms an active complex
with NuRD to promote hematopoiesis. Depending on the composition of the protein complex, it also
regulates cell lineage specification [61,171]. The FOG1/NuRD complex acts as a repressor of GATA1
and GATAZ2. This repression induces hematopoiesis by inhibiting GATA factors and subsequently
halts mast cell differentiation [61]. Similarly, FOG2 modulates cardiomyocyte proliferation and heart
morphogenesis by interacting with GATA4 to reduce GATA4-dependent gene expression [167,172].
However, the specific role of FOG2/NuRD interaction remains unknown.

PRDM genes can generate alternative forms of transcripts, which mainly include an isoform
without a PR domain and a long product with a PR domain at the N-terminus. These two forms
of transcripts can be generated using different promoter sites or by alternative splicing [64,65,67].
It is striking that the PRDM short product almost always acts as an oncogene and the long-form
acts as a tumor suppressor [64,65]. PRDM3 is generated by combining two distinct genes- MDS1
and EVII1. The construct without the PR domain is transcribed from one locus and is called EVI1 or
sPRDM3 (short PRDM3) [173]. Mutations in the PRDM3 gene are common in acute myeloid leukemia
and are related to reduced overall survival [174-176]. High expression of short PRDM3 is relatively
often observed in myeloid or solid tumors. Intriguingly, the PR domain in PRDM3 appears to play a
tumor suppressor function [177-179]. In addition, sSPRDM3 appears to be frequently mutated in skin



Cells 2020, 9, 2603 13 of 30

melanomas, colon, lung, bladder and endometrial cancers with simultaneous decreased expression
of the long PRDM3 form [180]. Moreover, deficiency of the long version of PRDMS3 also leads to
a decrease in the number of hemopoietic stem cells and a loss of long-term repopulation capacity
through deregulation of the p57-kip2 pathway [45]. Apparently, the PR domain of the PRDM16 protein
plays a significant role in regulating gene expression through modification of epigenetic signatures.
Loss of the PR domain of PRDM16 leads to a reduction in histone H3 acetylation (H3ac), H3K4me3 and
H3K27me3 modifications at the Ppary promoter. These changes attenuate the potential of adipogenic
transdifferentiation in C2C12 myoblasts [124]. Furthermore, the isoforms of PRDM16 show distinct
impact on leukemia hematopoiesis. While full-length PRDM16 suppresses the inflammatory pathway,
its short-isoform exhibits the opposite effect in HSC [30]. On the other hand, PRDM16 lacking a PR
domain triggers leukemic transformation in mice progenitor cells that carry a p53 deletion. Hence, it is
presumed that the long isoform of PRDM16 conceivably acts as a tumor suppressor [181]. The function
of the PR domain in PRDM proteins during neuronal differentiation is unclear due to the small
number of related studies, but the PR domain of PRDM16 is known to control epigenetic silencing
determining the migration and position of neurons in the brain cortex [24]. In the same study, it was
demonstrated that only a long version of PRDM16 is able to reverse the neuronal migration defects
in PRDM16-deficient mouse brains [24]. Interestingly, the removal of a PR domain in the PRDM3/16
and FOG1/2 should also eliminate the NuRD domain, which is located at the N-terminus of the
protein (Figure 4A). NuRD has shown paramount importance in the maintenance of hematopoietic
stem cells [182] and neuronal development [183]. Therefore, it would be interesting to determine
whether the effect of loss of PR domain results from the lack of interaction with cofactors such as the
NuRD complex.

9. CtBP Controls PRDM3, PRDM16, and FOG Function

CtBP controls the function of PRDMS3, 16, and the FOG family through its specific binding
sites [74,75,77,126]. CtBP1 and 2 are known as major transcriptional corepressors [184]. Ablation of
CtBP proteins in early development is known to cause embryonic lethality [184], and information on
the function of CtBP in the neural system is, therefore, limited. However, expression of CtBP1 has
been reported in cultured hippocampal neurons, suggesting a potential function of CtBP1 in learning
and memory [185]. Moreover, functional roles for CtBP in the neural system have been described in
a number of studies in D. melanogaster. Drosophila CtBP (dCtBP) can control cell fate decisions in
the sensory organ system as its loss of function leads to the formation of extra bristles, whereas flies
with mutated dCtBP show a loss of bristles. Hamlet, fly PRDM3/16, loses its repressive activity
when both CtBP domain and Zn fingers are deleted [103]. These results suggest that the function of
PRDM3/16 and Hamlet is largely dependent on the CtBP protein, and their physical interaction is one
of the key mechanisms by which PRDM3/16 orchestrates target gene expressions in stem cells and
neuronal systems.

Crosstalk between CtBP and sumoylation has been reported to be important for repressing
transcriptional activity of PRDM16 protein [186]. Sumoylation is characterized by the reversible
attachment of small ubiquitin-related modifier (SUMO) family members to lysine residue(s) located
on target proteins via SUMO-activating enzyme subunit 1/2 (SAE1/2) and the SUMO-1-conjugating
enzyme UBC9. The role of sumoylation has been studied in neurodegenerative diseases including
Alzheimer’s disease [187,188]. Sumol, 2, and 3 are expressed in the developing mouse brain [189]
and sumoylation acts as a modulator of several neural activities and of neuronal stem cell
maintenance [190-192]. Among PRDM factors, PRDM3 and PRDM16 are known to be modulated
by sumoylation. Sumoylation inhibits the DNA binding activity of PRDM3 to the Bcl-xL promoter,
which eventually might be involved in mediating apoptosis [193]. Sumoylation of PRDM16 regulates
its interaction with CtBP and activates PRDM16’s repressor activity. Moreover, the role of sumoylation
in the regulation of PRDM16 has been well characterized in adipose tissue thermogenesis [194] and
acute myeloid leukemia progression [195]. Thus, it has been proposed that sumoylation plays an
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important role in modulating PRDM3 and PRDM16 activity. Still, the role of sumoylation-dependent
regulation of PRDM3 and PRDM16 in the nervous system remains to be elucidated. The new PRDM
family member FOGI1 is also regulated by sumoylation and specifically its interaction with CtBP.
Interestingly, the sumoylation of FOG1 is modulated by the presence of phosphorylated residues in
its sequence. Yang et al. [196] have proposed that several transcription factors possess a PpKxExxS/T
(K =sumoylation target, S/T = phosphorylation target) motif which could be responsible for the interplay
between sumoylation and phosphorylation marks on FOG1 activity. Thus, the interplay between
post-translational modifications may orchestrate transcriptional repression via CtBP-dependent PRDM
factors including PRDM3, 16, FOG1, and FOG2.

10. PRDM3/16 Function as Activators in Gene Regulation

Interestingly, PRDM3 and 16 interact not only with transcriptional repressors but also activators.
Therefore, they are considered to be able to bidirectionally control gene expression (gene upregulation
and downregulation) to exert their function. Acetylation of proteins acts as a positive regulator of
transcription factors. PCAF and CBP acetylate PRDM3 [169,170], which enhances its transcriptional
activity at the GATA2 promoter (Figure 4C) [168]. Accordingly, the active PRDM3-GATA?2 axis maintains
a pool of hematopoietic stem cells. An interesting example of activation of gene expression by PRDM3
can be depicted by the interaction of PRDM3 with BRG1 in the embryonic fibroblast cell line (NIH 3T3).
BRGT1 significantly reduces the E2F1 promoter activity, thus reducing the level of cell proliferation.
By binding to BRG1, PRDM3 blocks this repression thereby accelerating the cell cycle [197]. BRGl is a
component of the SWI/SNF complex. SWI/SNF predominantly enhances gene expression by remodeling
chromatin structure and making it more accessible to transcription factors but, depending on its protein
partners, it may exhibit a repressive effect [198,199]. Interestingly, it has been shown that BRG1 can be
also associate with the NuRD complex [200]. Therefore, the functional relationships between PRDM3,
BRG1 and NuRD complex [73,197] remain to be clarified. Overexpression of C/EBPf3 and PRDM16
reprograms murine and human fibroblasts into fat cells. It is suggested that C/EBP-f3 acts as a PRDM16
coactivator to enable the interaction of PGC-1x and PPARYy and activates cell differentiation [201].
It is known that C/EBP-3 mediates the tuning of the transcription program to induce neurogenesis
and to inhibit glial growth [202]. In mice, C/EBP-f3 has been shown to be involved in the survival
and proliferation of neural stem cells in the hippocampus [203]. A similar effect was described by
Shimada et al. where PRDM16 was indispensable for the maintenance of neural stem cells in the
postnatal brain [31]. These similarities imply that C/EBP- may also interact with PRDM16 during
brain development and thus tune the genetic program in order to generate neuronal precursors.

Table 3 displays the most recognized cofactors interacting with PRDM3/16 and FOG1/2,
and their roles.

Table 3. Summary of PRDM3/16 and FOG1/2 interaction with their known cofactors. The PRDM3/16
and FOG1/2 proteins affect the genetic program and cell functions by interaction with their cofactors.
This influence may have a positive or negative effect.

Gene Symbol Interacting Protein Gene Repression Refs
Increases proliferation of Mv1Lu cell line and (murine n
CtBP1/2 hematopoietic precursor cell line) 32Dc13. [79,168,204-207)
RUNX1 Blocks the differentiation of 32Dcl3 cells and induce cell death. [208]
GATAL Represses of erythroid-lineage differentiation in murine bone [209]
marrow cells.
PRDM3 PU.1 Impairs myelopoiesis in bone marrow progenitors. [210]
SMAD3 Increase the growth of myeloid cells. [211]
JNK Stops stress-induced cell death in NIH 3T3 cells. [212]
SNAIL, HDAC1 Fosters epithelial-to-mesenchymal transition in [213]

nasopharyngeal carcinoma cell line (6-10B cells).
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Table 3. Cont.
Gene Symbol Interacting Protein Gene Repression Refs
DNMT3A/B Represses regulatory regions of miR-124-3, function unknown. [214]
SUV39H1, G9a Bone marrow immortalization and transcription suppression. [215,216]
HDAC1 Stops the homeostatic response in cortical neurons. [56,104,204]
NuRD complex (RBBP4)  Function unknown. [73,204]
PRC2 complex (EZH2, . . -
SUZ12, EED) Myeloid transformation of bone marrow. [15]
Abolishes the PRDM3-mediated inhibition of apoptosis in
HIC1 HCT116 cells. 171
65 Represses inflammation via inhibition of NF-«B in middle ear [218]
P epithelial and airway epithelial cells.
Cell function unknown, changes nuclear localization pattern
P/CAF and CBP of PRDM3. [170]
BRG1 Increases prohf.eratlon of 32Dcl3 cells (murine hematopoietic [197]
precursor cell line).
P/CAF Increases proliferation and maintenance of HSC. [168]
Hinders the histone deacetylation activity of NuRD (in vivo
NuRD complex (MBD3) function unknown). [219]
CtBP1/2 Reduces gene expression involved in white fat development. [74]
Mediates CtBP1/2-dependent blocking of myeloid
UBC9 differentiation of L-G3 cells. [186]
EHMT1 Blocks myogenic differentiation. [220]
SMAD3 Inhibits the cytostasis in MKN28 gastric cancer cells. [221]
LSD1 Diminishes the expression of white fat genes. [222]
NuRD complex (RBBP4)  Function unknown. [73]
PRDM16 i i i
C/EBPB Sets up a transformation of myoblastic precursors into brown [201]
fat cells.
PPARY Stimulates a brown adipogenesis. [119]
MEDIATOR complex Adjusts a chromatin architecture in key brown fat genes. [223]
(MED1)
ZFP516 Promotes brown fat development in white fat cells. [224]
PGC-1a Highly stimulates a transcriptional program of brown fat [74]
development.
GATA1 Represses erythroid cell maturation. [135,225,226]
NuRD complex (MTA1/2, Inhibits GATA-1-dependent gene transcription involved in the [128]
FOG1 p66, RBBP4) terminal erythroid maturation.
CtBP1/2 Hampers erythropoiesis in Xenopus. [77,227]
LSD1 Function unknown. [228]
COUP-TF2, COUP-TF3 Specific functllon unknown, probably involved in cardiac [229]
morphogenesis.
Boosts the transcriptional repression of GATA4 and thus gene
Art27 L ) - [230]
expression involved in cardiac development.
CtBP1/2 Suppresses the adipogenesis of 3T3-L1 cells. [126]
FOG2 NuRD complex Increases cardiomyocyte proliferation mediated via repression [76,167]
(MTA1/RBBP4/7) of Cdknla transcription. ’
GATA4 Decreases a-MHC promoter in primary cardiomyocytes. [147]
Boosts the transcriptional repression of GATA4 and thus gene
RXRox L ) - [231]
expression involved in cardiac development.
GATA6 Function unknown. [172]
GATA4 Increases the x-MHC promoter activity in Cos cells. [147]
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11. Role of PRDM Proteins in Cancer Development and their Gene Mutations Found in Neuronal Diseases

Although PRDM proteins are recognized as regulators involved in cell differentiation [23],
their commitment (suppressive or oncogenic) in the pathogenesis of human diseases such as
carcinogenesis is also under investigation. PRDM1 is recognized as a tumor suppressor that inhibits the
development of cancer cells, including lymphomas [232-235]. A chromosomal deletion or epigenetic
silencing of PRDM1 expression is common in diffuse large B cell lymphoma subtypes [234,236,237].
Abnormal PRDM1 expression is also associated with other nonhematopoietic cancer cells, such as
glioblastoma malignancies [238]. It has been identified that the downregulation of PRDM1 correlates with
increased malignancy of lung tumors, where PRDM1 disruption promoted neoplastic invasiveness [235].
The PRDM3 is a fused complex of two different transcripts, MDS1 and EVII. It is a frequent site of viral
insertion and is associated with the development of myeloid leukemia [239,240]. PRDM14 overexpression,
or retroviral integration in the gene locus, is often found in various types of cancer, and the molecular
mechanism is set up to promote pluripotent traits [241]. PRDM14 overexpression is detected in
approximately 25% of human lymphoid tumors. Mice bone marrow cells transduced with the PRDM14
expression vector often develop leukemia. The analysis of the gene expression profile indicated that
PRDM14 overexpressing cells showed significant enrichment of pluripotent genes and enhancement
of the tumor-initiating pathway (WNT and RAS signaling) [242]. Although PRDM14 seems to be
associated with the acquisition of an immortal phenotype, the neoplastic process driven by PRDM14
might depend on the tissue. Assessment of gene methylation levels from cervical scratches positive for
human papillomavirus (HPV) at high risk of malignant disease showed an increased methylation level of
the PRDM14 gene [243]. It can, therefore, be assumed that PRDM14 acts as a tumor suppressor in cervical
cancer. Hence, the role of PRDM14 in tumor development is enigmatic and requires further research.
In lung cancer, the high methylation signature of the PRDM16 gene caused a significant reduction of its
expression [244,245]. Another study indicated that relatively high expression of PRDM16 in patients
with nonsmall cell lung cancer was associated with a preferable survival score [246-248]. At least in part,
the PRDM16-mediated tumor inhibition could be explained by hammering the epithelial-to-mesenchymal
transition in lung adenocarcinomas [246]. The role of FOGI in the development of neoplasms is still
ambiguous, albeit mutations within FOGI locus are extremely common (approximately 50% of cases) in
patients with adrenocortical carcinoma [180]. Moreovet, preliminary analysis indicates that FOGI is also
frequently mutated in colorectal cancer [180]. Despite the small number of studies conducted on the
relationship between FOG1 and initiation or tumor progression, the abovementioned findings indicate an
unexplored phenomenon of the high frequency of FOGI mutations in tumors. FOG2, along with GATA4
and GATAG, is relatively highly expressed in sex cord-derived ovarian tumors [249]. Deregulation of the
expression of FOG2 and its cofactors has also been observed in ovarian granular cell tumors and ovarian
stromal tumors in children [250,251]. Moreover, recent studies have shown that FOG2 is one of the most
common mutated genes in the PRDM protein family. A high frequency of FOG2 mutations is found
in skin melanomas, uterine cancer, rectal cancer, esophageal cancer, gastric adenocarcinoma and lung
tumors [180].

Human PRDM gene mutations in the nervous system are poorly recognized. Nevertheless,
genetic abnormalities found within PRDM genes are significantly associated with neurological
disabilities (Table 4). Clinical effects of PRDM12 mutations in patients within the congenital insensitivity
to pain are caused by defects in the development of nociceptors [91]. FOG2 mutations were found to
have a deleterious effect on brain structure development and patients exhibited a motor, linguistic and
cognitive delay with seizure events [154,252].
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Table 4. Clinical effect of mutation in PRDM genes within the neurological system.

Gene Mutation Type Phenotype References

PRDMS Homozygous missense mutation Progressive myoclonus epilepsy. [253]

Several mutations within gene,

PRDM12 autosomal recessive Neuropathy, congenital insensitivity to pain. [91]
PRDM13 Heterozygous mutation, tandem Macular dvstrophy, North Carolina t [254]
duplication acular dystrophy, Nor arolina type.
PRDM16 Chromosome 1p36 deletion Mental retardation. [255]
46XY sex reversal 9 Subtgntorlal Ventr.lcula? Qﬂatl'on, major [252]
learning and reading difficulties.
FOG2

46,XY,del (1) (q41q42.12) Atrophy of the right hippocampus, loss of [154]

volume in the right side of the brain, seizures.

12. Conclusions

Emerging evidence has suggested that PRDM factors cooperate with a number of protein partners
toregulate a critical set of genes required for the maintenance of stem cell self-renewal and differentiation
through multiple mechanisms. In this review, we proposed a NuRD and CtBP-dependent function of
PRDM3/16 and FOG1/2 with respect to stem cell maintenance and neuronal differentiation. Moreover,
we listed possible mechanisms of how these factors can regulate their target gene expression in
a spatiotemporal and bidirectional manner. Although the PR domain that is contained in PRDM
factors exerts methylation enzyme activity, our study suggests that cofactor-dependent regulation
of PRDM3/16 and FOG1/2 is also one of the most important mechanisms to regulate PRDM factors
function. Stem cell and neuronal cell fate are orchestrated by fine-tuned molecular mechanisms in
which several transcription factors are encountered and dissociated. Furthermore, dysfunction of
these factors causes abnormality in several tissues, and even leads to increased cancer risk. Therefore,
identifying their stem cell and neuronal-specific cofactors will help to improve understanding of how
they function in healthy and diseased conditions.
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