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Summary

| Summary

In recent years, several neuronal differentiation protocols were published that
circumvent the requirement of embryoid body (EB) formation under serum-deprivation
and simplified medium conditions. But a neuronal default model to establish an
approach that works efficiently for all pluripotent cells and neuronal precursors is still
lacking. Whether such a default neural mechanism exist and how this is implemented
across a broad spectrum of cell source, is addressed in several studies and still
controversially discussed. It was proposed that the default neuronal fate is initiated in
the absence of extrinsic signals and is achieved by eliminating extracellular inhibitors of
neuroectodermal fate and suppressing cell-cell signalling through limited cell density.
Previous studies reported that ESC and ECC grown at low density and in absence of
exogenous factors or feeder layers die within 24 h but acquire a neural identity as
indicated by expression of the neural marker Nestin. Thus, this application is not suitable
for generating neural cultures. Furthermore, it was reported that P19 cells survive and
express neuroectodermal marker genes in serum-free DMEM/F12 medium containing
transferrin, insulin, and selenite, although no neurites were identified.

Based on this background, in this study, a novel approach to induce neuronal
differentiation in vitro was developed that implements a nutrient-poor environment,
which, in contrast to previous studies, ensures the survival of neuronally differentiated
cells over a long period of time and allows normal formation of neurites. Neither the
formation of free-floating aggregates nor supplementation of growth factors or known
inducers was required to establish a reliable neuronal differentiation protocol. A simple
medium, consisting of DMEM/F12+N2 that was highly diluted in salt solution, was
sufficient to drive a fast neuronal differentiation in monolayer cultures. Serum
deprivation and strong dilution of DMEM/F12+N2 medium cause a nutrient-poor
environment in which the influence of growth factors and inducers is minimized. This
medium creates a metabolically defined environment that is presumably free of
extrinsic signals that prevent the decision of neuronal fate. Analysis of the medium
components discovered no actual inducer. Hence, it was suggested that the metabolic
composition of the medium exclusively covers specific cell requirements of neurons,
therefore ensures their survival, and drives the switch from pluripotent cells to neurons.
The self-developed method was established by usage of the murine embryonal
carcinoma cell line P19 and could be transferred to murine ESC. Consequently, the
method could provide a feasible protocol for a generally valid neuronal default model.

The established protocol provides several advantages such as the possibility to generate
stable pure neuronal cultures by a fast, simple, and highly reproducible one-step
induction under defined medium conditions with a minimum of exogen effectors. The
method is characterised by clear and steady medium conditions that makes the
investigation of specific cell requirements during differentiation accessible. It is
therefore expected to be a useful tool to investigate the molecular basis of neuronal
differentiation as well as for high throughput screenings. The phenotype of mature
postmitotic neurons was arising within one week and cultures were shown to stay stable
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at least for three weeks. The neuronal identity was confirmed by expression of neuronal
markers through immunofluorescence staining and mass spectrometry analysis.
Furthermore, increased levels of axon markers were detected in early neuronal
differentiation and functionality of the synapses of the P19-derived neurons was
ascertained by detection of calcium activity. Axonal laser ablation, immediately followed
by fast regrowth of connections in the neuronal network, revealed a strong regeneration
potential under the given conditions. Furthermore, the generated neurons showed a
morphologically distinct phenotype and the formation of neural rosettes.
Immunofluorescence staining demonstrated the generation of pure and homogeneous
neuronal cultures, free of glial cells.

Retinoic acid (RA) plays an essential role in cell signalling during embryogenesis and
efficiently induces neuronal differentiation in vitro in a concentration dependent
manner. Neither retinol nor retinoic acid was included in any of the components of the
self-prepared medium in this work. However, | observed, dependence on RARB- and/or
RARy-regulated RA signalling in serum-free monolayer cultures. Nevertheless, neuronal
differentiation in serum-free monolayer cultures was assumed to be RARa-independent
because (i) RARa was slightly downregulated after neuronal induction, (ii) the truncated
RARa of the RAC65 mutant had no effect on induction efficiency, and (iii) a pan-RAR
inhibitor suppressed neuronal differentiation. In contrast to serum-free monolayer
cultures, the truncated RARa prevented neuronal differentiation by application of the
conventional protocol where cells are grown in free floating cell aggregates in serum-
containing medium. Proteome analysis of P19 cells, treated by the self-developed
differentiation protocol over five days showed increased levels of cellular RA binding
proteins that mediate the cellular RA transport and are involved in canonical as well as
non-canonical RA signalling. In turn, the RA synthesising enzyme ALDH1B1 and RARa
were downregulated. In total, this work suggests that supplementation of high RA
concentrations is only required to supress signals from added components like serum or
DMSO (> 0.1 %). In absence of these components, subnanomolar RA concentrations was
sufficient for neuronal induction

By application of the established protocol to induce neuronal differentiation the
regulation of signalling pathways that are involved in mediating the switch from
pluripotent to neuronal cells was investigated. The proteomic analysis indicated that
Wnt and Notch signalling were downregulated in the early neuronal differentiation,
while SMAD and BMP inhibition showed mixed results. Further inhibition of Wnt, Notch
or BMP by supplementation of inhibitors that were applied in several protocols to
promote differentiation, had no effect on neuronal differentiation. Since the proteomic
data indicated that these signalling pathways are already downregulated without the
addition of effectors, these inhibitors appeared to be redundant for the established
method. In contrast, proteome analysis suggests an activation of the Hh pathway. The
requirement for activated Hh signalling was enhanced by the suppressive effect of an
Hh inhibitor upon neuronal induction in this study. Altogether, these results show that
the regulation of diverse signalling pathways, required to mediate the switch from
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pluripotent cells to neurons, occurred independently of exogenous factors besides the
likelihood of residual RA.

Furthermore, the influence of altering ROS levels and the antioxidant defence after
neuronal induction was investigated. ROS are known to be critical in the mediation of
autophagy, apoptosis and diverse pathways that are involved in the switch from
pluripotent proliferating cells to postmitotic neurons. In this study, a decreased ROS
levels through antioxidant treatment attenuated axonal growth and the potential to
induce neuronal differentiation, while an increased ROS level through Nrf2 knockdown
negatively affected the survival of mature neurons. NRF2 is a transcription factor that
controls expression of several antioxidant and detoxifying genes, containing an
antioxidant response element (ARE) in their promoter sequence. At the proteome level,
it was shown that the NRF2-regulated enzymes studied are differentially regulated after
neuronal induction. While the analysed glutathione modifying enzymes were
downregulated, SOD2 and APOE were upregulated during early neuronal
differentiation. Thus, these mediators were suggested to be involved in the weak
intrinsic antioxidant defence that provide a tight regulation of redox-sensitive signalling
pathways during early neuronal differentiation. Analysis of a generated P19 ABecl1
knockout mutant showed that downregulation of p62, APOE, GCLc, and GSR, which are
involved in antioxidant defence, is dependent on autophagy level after neuronal
induction.

The mTOR/PI3K/AKT signalling pathway is a key player of autophagy and during
neuronal development. In previous studies, the regulation of the PI3K/AKT pathway, and
thus regulation of autophagy during neuronal differentiation, yielded conflicting results.
In this study, manipulation of autophagy regulation was performed by interfering with
the PI3K/AKT pathway or by direct targeting of autophagy related proteins. Remarkably,
autophagy inhibition with 3-MA, LY294002, A-674563, chloroquine, or STF-62247 as well
as the knockout of Becl1, p62, Atg7, or Atg9a that address autophagy at different stages,
demonstrated to cause a similar morphological phenotype during the neuronal
differentiation process, indicating that this effect is caused by a lack of autophagy in
general. Inhibition of autophagy showed to cause an axonal overgrowth during early
neuronal differentiation and premature cell death of mature neurons. Accordingly, the
mMTOR inhibitors rapamycin and torin2 demonstrated the opposing effect and caused a
shortening of the neurites.

Proteomic analysis of a generated P19 ABec/1 knockout mutant during early neuronal
differentiation provided evidence that axonal overgrowth, limited to early
differentiation, was induced by a lack of degradation of the axon marker NCAM1. The
NCAM1 level appeared to be highly increased in the ABec/l mutant during early
neuronal differentiation. This suggest that downregulation of NCAM1 levels is mediated
by autophagy, possibly even by direct degradation. Increased NCAM1 levels resulting
from the lack of autophagy could cause axonal overgrowth during early differentiation
that likely disappears with the redistribution of NCAM1 from the growth cone to the cell
soma and would consequently explain why the effect of axonal overgrowth is limited to
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early neuronal development. Moreover, the regulation of ASCL2, MYC, Gli3 and some
factors involved in the antioxidant defence and RA signalling during early neuronal
differentiation were affected by the Becl1 knockout. Nevertheless, successful neuronal
differentiation of the ABec/1 mutant could be clearly verified morphologically, by an
increase of neuronal and axonal markers and a similar signalling pathway regulation as
shown for differentiating wildtype (WT) cells, such as the necessary Notch
downregulation. Therefore, autophagy was suggested to be upregulated but not
essential for neuronal differentiation but demonstrated to be crucial for axonal
development and the survival of mature neurons.

On the other hand, to examine the effects of an increased autophagic flux, BirCé6 was
depleted in P19 cells by generating a gene knockout. The phenotype of the BirCé
knockout mutant was completely different from that of the rapamycin treated WT
during neuronal induction. Therefore, it was hypothesized that the lack of ability of the
ABirC6 mutant to differentiate into neurons under the given conditions was caused
either by a higher effectiveness to increase the autophagic flux than mediated by
rapamycin treatment or by the loss of other BirCé6 functions. From the proteomic profile,
no clear conclusion could be drawn about the effect of the BirC6 knockout on autophagic
flux. Neuronal marker stayed downregulated also the different regulation of signalling
pathways indicated a non-neuronal cell fate. Moreover, downregulation of the Notch
pathway, crucial for neuronal differentiation, failed. Furthermore, in contrast to WT and
ABecl1 cells, neither the PI3K/AKT survival pathway nor pro-apoptotic factors or KIF
proteins indicated an upregulation through induction of differentiation in ABirCé6 cells.
Proteins, involved in the execution or prevention of apoptosis, showed a clear
separation of the ABirC6 mutant to WT and ABec/1 cells in differentiation medium. The
ABirC6 cells showed no (up)regulation of pro-apoptotic proteins, while anti-apoptotic
effectors were downregulated simultaneous to WT cells. Thus, this suggested a
decreased responsiveness to apoptotic signals in the ABirC6 mutant. Only the anti-
apoptotic BCL2L1 (BCL-X) was upregulated in the ABirC6 mutant in both analysed
conditions. Therefore, BCL-X was a potential candidate that compensate for the loss of
the anti-apoptotic BIRC6 function, independently of the medium conditions. The
differences in the regulation of apoptotic factors, in WT and ABecl/1 compared to ABirC6,
by switching from growth to differentiation medium was suggested to be attributed to
the different cell fate decisions.

Additionally, the increased level of cell death during early neuronal differentiation was
addressed. In this study, early neuronal differentiation was characterized by a period of
highly increased cell death due to apoptosis rather than autophagic cell death. It was
shown that blocked autophagy only had an impact on the survival of mature neurons
since dysfunctional proteins probably accumulated in the cell. An increased level of
several pro-apoptotic proteins was detected in differentiating P19 WT and ABec/1
mutant cells. In turn, except for the anti-apoptotic BCL-X, other anti-apoptotic proteins
were downregulated after neuronal differentiation was induced. The data highly
suggested an increased responsiveness to apoptotic signals during early neuronal
differentiation. The increased BCL-X level and the implied upregulation of the PI3K/AKT
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and MAPK/ERK pathway was assumed to restrict the apoptotic pathway and protect
cells from cell death during early neuronal differentiation. Hence, the proteomic profile
suggests tight regulation of cell death adapted by neuronal differentiation with a
reduced threshold to induce apoptosis.

In conclusion, in this work, | established a method to differentiate pluripotent cells into
neurons in a one-step induction under metabolically defined medium conditions. | have
shown that neuronal differentiation in the generated monolayer culture was driven by
subnanomolar RA concentrations. The developed method was used to analyse the
regulation and control of cellular processes such as autophagy, apoptosis, antioxidant-
defence, and other signalling pathways in the neuronal differentiation process. The
results of proteome analysis provide evidence for autophagic regulation of several
proteins during early neuronal differentiation and serves as an important starting point
for further studies.



Zusammenfassung

Il Zusammenfassung

In den letzten Jahren wurden einige neuronale Differenzierungsprotokolle entwickelt,
welche sich durch vereinfachte Medienbedingungen auszeichnen und weder Serum
zugegeben noch Embryoidkérper (EB) gebildet werden missen. Ein neuronales Default-
Modell, das fur alle pluripotenten Zellen und neuronalen Vorlaufer effizient genutzt
werden kann, konnte bisweilen noch nicht etabliert werden. Ob ein solcher
vorgegebener neuronaler Zellschicksalsmechanismus existiert und wie dieser tber ein
breites Spektrum von Zellen verschiedenen Ursprungs Anwendung finden kann, wird in
mehreren Studien kontrovers diskutiert. Es wird angenommen, dass das
standardmaRige neuronale Schicksal in Abwesenheit von extrinsischen Signalen und
somit durch die Eliminierung extrazelluldrer neuroektodermaler Inhibitoren und die
Unterdriickung interzelluldrer Signallibertragung, durch begrenzte Zelldichte, initiiert
wird. In friiheren Studien wurde berichtet, dass ESC und ECC, die in geringer Dichte und
ohne exogene Faktoren oder Fitterungsschichten geziichtet wurden, innerhalb von 24
Stunden absterben, aber eine neurale Identitdt erlangen, wie die Expression des
neuralen Markers Nestin zeigt. Somit erwies sich diese Anwendungen als ungeeignet um
neuronale Kulturen zu generieren. Zudem wurde berichtet, dass P19 Zellen in
serumfreiem DMEM/F12 Medium, das Transferrin, Insulin und Selenit enthalt,
Uberleben und neuroektodermale Markergene exprimieren, obwohl keine Neurite
identifiziert wurden.

Vor diesem Hintergrund wurde in dieser Studie ein neuartiger in vitro Ansatz zur
Induktion der neuronalen Differenzierung entwickelt, der eine nahrstoffarme
Umgebung implementiert, die im Gegensatz zu fritheren Studien das Uberleben
neuronal differenzierter Zellen Uber einen langen Zeitraum sicherstellt und eine
normale Ausbildung von Neuriten ermdoglicht. Weder die Bildung von freischwebenden
Aggregaten noch die Supplementierung von Wachstumsfaktoren oder bekannten
Induktoren war erforderlich, um ein zuverlassiges neuronales Differenzierungsprotokoll
zu etablieren. Ein einfaches Medium, bestehend aus DMEM/F12+N2, das stark mit
Salzlésung verdinnt war, reichte aus, um eine schnelle neuronale Differenzierung in
Einzelzellschicht-Kulturen zu erreichen. Der Serumentzug und die starke Verdiinnung
des DMEM/F12+N2 Mediums fiihren zu einer nahrstoffarmen Umgebung, in welcher
der Einfluss von Wachstumsfaktoren und Induktoren minimiert wird. Da bei der Analyse
der Medienbestandteile kein Induktor identifiziert werden konnte, wird vermutet, dass
die metabolische Zusammensetzung des Mediums ausschlieRlich die spezifischen
Zellbedirfnisse neuronal differenzierter Zellen abdeckt, somit deren Uberleben sichert
und den Wechsel von pluripotenten Zellen zu Neuronen antreibt. Die selbstentwickelte
Methode wurde unter Verwendung der murinen embryonalen Karzinom-Zelllinie P19
etabliert und konnte auf murine ESC (ibertragen werden. Somit kdnnte es sich bei der
entwickelten Methode um einen realisierbaren Ansatz fir ein allgemeingiiltiges
neuronales Standardmodell handeln.

Das etablierte Protokoll bietet mehrere Vorteile, wie z. B. die Moglichkeit stabile
neuronale Reinkulturen durch eine schnelle, einfache und hoch reproduzierbare Ein-
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Zusammenfassung

Schritt-Induktion unter metabolisch definierten Mediumbedingungen mit einem
Minimum an exogenen Signalen zu erzeugen. Die Methode zeichnet sich durch klare und
konstante Mediumbedingungen aus, welche die Analyse spezifischer Zellanforderungen
wahrend der Differenzierung zuganglich macht. Daher eignet sich diese Anwendung zur
Untersuchung molekularer Grundlagen des neuronalen Differenzierungsprozesses
sowie flir Hochdurchsatz-Screenings. Der Phanotyp reifer post-mitotischer Neuronen
bildete sich innerhalb einer Woche aus und blieb fiir mindestens drei Wochen stabil. Die
neuronale Identitdt wurde durch die Expression neuronaler Marker mittels
Immunfluoreszenzfarbung und Massenspektrometrie-Analyse verifiziert. Darlber
hinaus wurden erhohte Konzentrationen verschiedener Axonmarker in der friihen
neuronalen Differenzierung gemessen und die Funktionalitdt der Synapsen P19
abgeleiteter Neuronen wurde durch den Nachweis von Kalziumaktivitaten
sichergestellt. Die axonale Laserablation, unmittelbar gefolgt von einem schnellen
Nachwachsen der Verbindungen im neuronalen Netzwerk, demonstrierte ein starkes
Regenerationspotential unter den gegebenen Bedingungen. Darliber hinaus zeigten die
generierten Neuronen einen morphologisch ausgepragten Phanotyp und die Bildung
von neuronalen Rosetten. Mit Immunfluoreszenzfarbungen wurde die Erzeugung von
reinen und homogenen neuronalen Kulturen, frei von Gliazellen, nachgewiesen.

Retinsdure (RA) spielt eine essentielle Rolle in der Zellsignalisierung wahrend der
Embryogenese und induziert effizient die neuronale Differenzierung in vitro in
Abhadngigkeit der RA Konzentration. In dieser Arbeit war in keiner der verwendeten
Medienkomponenten Retinol oder Retinsdaure enthalten. Die vorliegende Studie legt
jedoch eine Abhdngigkeit von RARB- und/oder RARy-regulierter RA-Signalisierung in
serumfreien Einzelzellschicht-Kulturen nahe. Eine Unabhangigkeit hingegen von RARa
unter den gegebenen Bedingungen wurde durch die Beobachtung belegt, dass sich (i)
die RARa Konzentration nach der neuronalen Induktion als leicht herunterreguliert
erwies, (ii) der verkirzte RARa der RAC65 Mutante keinen Einfluss auf die
Induktionseffizienz hervorrief und (iii) ein pan-RAR Inhibitor die neuronale
Differenzierung unterdriickte. Im Gegensatz zu serumfreien Einzelzellschicht-Kulturen
wurde die neuronale Differenzierung durch den verkiirzten RARa, bei Durchflihrung des
konventionellen Protokolls, bei dem die Zellen in freischwimmenden Zellaggregaten in
serumhaltigem Medium geziichtet werden, unterdriickt.

Proteom Analysen der P19 Zellen, welche mit dem selbstentwickelten
Differenzierungsprotokoll Gber finf Tage behandelt wurden, zeigten einen erhéhten
Spiegel zellularer RA-Bindungsproteine, welche den zellularen RA Transport vermitteln
und sowohl an der kanonischen als auch an der nicht-kanonischen RA Signalisierung
beteiligt sind. Im Gegenzug waren das RA synthetisierende Enzym ALDH1B1 und RARq,
nach dem Austausch des Wachstumsmediums mit RA-freiem Differenzierungsmedium,
herunterreguliert. Diese Studie deutet darauf hin, dass die Zugabe hoher RA
Konzentrationen nur erforderlich ist, um Signale von supplementierten Komponenten
wie Serum oder DMSO (> 0,1 %) zu unterdriicken. Ohne diese Komponenten im
Differenzierungsmedium waren subnanomolare RA Konzentrationen ausreichend, um
die neuronale Induktion anzutreiben.



Zusammenfassung

Unter Anwendung des etablierten Protokolls wurde die Regulation von beteiligten
Signalwegen untersucht. Bei dem etablierten Ansatz wurde der Einfluss von
Wachstumsfaktoren und Induktoren minimiert. Daher wurde angenommen, dass diese
Signalwege durch die Abwesenheit von Induktoren und geringen Mengen von RA
reguliert werden. Die Erstellung eines Proteom Profils zeigte, dass die Wnt- und Notch-
Signalwege in der frilhen neuronalen Differenzierung herunterreguliert wurden,
wahrend die Regulation von SMAD und BMP Signalen gemischte Ergebnisse zeigte. Eine
weitere Hemmung von Wnt, Notch oder BMP durch Zugabe von Inhibitoren, die in
verschiedenen Protokollen zur Forderung der neuronalen Differenzierung eingesetzt
wurden, hatte keinen Effekt. Da die Daten der Proteom Analyse darauf hindeuten, dass
diese Signalwege bereits ohne die Zugabe von Effektoren herunterreguliert wurden,
schienen somit diese Inhibitoren fiir die etablierte Methode redundant zu sein. Die
Proteom Analyse wiederum deutet auf eine Aktivierung des Hh-Signalweges hin. Dies
wird bestdrkt durch den negativen Effekt eines Hh-Inhibitors auf die neuronale
Induktion.

Daruber hinaus wurde in dieser Studie der Einfluss eines veranderten ROS-Spiegels und
der antioxidativen Abwehr nach neuronaler Induktion untersucht. ROS spielen eine
entscheidende Rolle bei der Vermittlung von Autophagie, Apoptose und verschiedenen
Wegen, die am Ubergang von pluripotenten proliferierenden Zellen zu postmitotischen
Neuronen beteiligt sind. In dieser Studie wurde gezeigt, dass die Zugabe von
Antioxidantien das axonale Wachstum und das Potenzial der neuronalen
Differenzierung verringert, wahrend ein ROS Anstieg, ausgelost durch ein Nrf2-
Knockdown, das Uberleben reifer Neuronen negativ beeinflusste. Auf Proteom Ebene
konnte gezeigt werden, dass die untersuchten NRF2-regulierten Enzyme nach
neuronaler Induktion eine vielfaltige Regulation aufwiesen. Wahrend die analysierten
Glutathion-modifizierenden Enzyme herunterreguliert waren, wurden SOD2 und APOE
wahrend der frithen neuronalen Differenzierung hochreguliert. Somit wird vermutet,
dass diese Mediatoren an der schwachen intrinsischen antioxidativen Abwehr beteiligt
sind, die fiir eine strenge Regulierung redox-sensitiver Signalwege wahrend der frihen
neuronalen Differenzierung sorgen. Die Analyse einer generierten P19 ABecll-
Knockout-Mutante zeigte, dass die Herabregulierung von p62, APOE, GCLc und GSR, die
an der antioxidativen Abwehr beteiligt sind, vom Autophagie-Niveau nach der
neuronalen Induktion abhéangig ist.

In dieser Studie wurde der Einfluss eines verdanderten Autophagie-Niveaus auf die
neuronale Differenzierung und Entwicklung untersucht. Die Manipulation der
Autophagie-Regulation wurde durch Eingriffe in den PI3K/AKT-Signalweg oder durch
direktes  Deletieren von  Autophagie-bezogenen  Proteinen  durchgefihrt.
Bemerkenswert ist, dass obwohl Autophagie durch die Zugabe von 3-MA, LY294002, A-
674563, Chloroquin oder STF-62247 sowie durch den Knockout von Becll, p62, Atg7
oder Atg9a in verschiedenen Stadien inhibiert wird, in allen Ansadtzen ein ahnlicher
morphologischer Phanotyp wahrend des neuronalen Differenzierungsprozesses
hervorgerufen wurde. Die Inhibierung des autophagischen Prozesses verursachte
axonales Uberwachstum wiahrend der frithen neuronalen Differenzierung und einen

8



Zusammenfassung

vorzeitigen Zelltod reifer Neuronen. Dementsprechend zeigten in dieser Studie die
mTOR-Inhibitoren Rapamycin und Torin2, welche Autophagie induzieren, den
gegenteiligen Effekt zu den Autophagie-Inhibitoren und verursachten eine Verkiirzung
der Neurite.

Die Erstellung eines Proteom Profils fiir eine generierte ABecl1-Knockout-Mutante
wahrend der friithen neuronalen Differenzierung, lieferte Hinweise darauf, dass das auf
die frithe Differenzierung beschrinkte axonale Uberwachstum durch einen fehlenden
Abbau des Axonmarkers NCAM1 induziert wurde. Der NCAM1-Spiegel erschien in der
ABecl1-Mutante wahrend der friihen neuronalen Differenzierung stark erh6ht. Dies legt
nahe, dass die Reduktion des NCAM1-Spiegels durch Autophagie, moglicherweise sogar
durch den direkten Abbau, vermittelt wird.

Weiterhin wurde gezeigt, dass die Regulation von ASCL2, MYC und GLI3 sowie einiger
Faktoren, die an der antioxidativen Abwehr und der RA-Signalisierung wahrend der
frihen neuronalen Differenzierung beteiligt sind, durch den Becl1-Knockout
beeintrachtigt werden. Dennoch konnte eine erfolgreiche neuronale Differenzierung
der ABecl1-Mutante morphologisch, durch einen Anstieg neuronaler und axonaler
Marker und eine ahnliche Signalwegregulation, wie sie fur differenzierende WT-Zellen
gezeigt wurde, wie die notwendige Runterregulierung von Notch Signalen, eindeutig
nachgewiesen werden. Daher wurde angenommen, dass die Autophagie zwar
hochreguliert, aber nicht essentiell fiir die neuronale Differenzierung ist, sondern sich
als entscheidend fiir die axonale Entwicklung und das Uberleben reifer Neuronen
erweist.

Um andererseits die Auswirkungen eines erhohten autophagischen Flusses zu
untersuchen, wurde ebenfalls ein BirC6 Gen-Knockout in P19-Zellen durchgefiihrt. Der
Phanotyp der BirC6-Knockout-Mutante unterschied sich wahrend der neuronalen
Induktion vollstandig von dem, des mit Rapamycin behandelten WT. Daher wurde die
Hypothese aufgestellt, dass die fehlende Fahigkeit der ABirC6-Mutante, unter den
gegebenen Bedingungen zu Neuronen zu differenzieren, entweder durch eine hohere
Effektivitat zur Steigerung des autophagischen Flusses oder durch den Verlust anderer
BirC6-Funktionen verursacht wurde. Aus dem Proteom Profil konnte keine eindeutige
Aussage Uber den Effekt des BirC6-Knockouts auf den autophagischen Fluss getroffen
werden. Neuronale Marker blieben herunterreguliert und auch die abweichende
Regulation von Signalwegen deutete auf ein nicht-neuronales Zellschicksal hin.
AuBerdem blieb die Herunterregulierung des Notch-Signalwegs, der fiir die neuronale
Differenzierung entscheidend ist, aus. Weiterhin zeigten sich im Gegensatz zu WT- und
ABecli-Zellen, weder Proteine des PI3K/AKT-Signalwegs noch pro-apoptotische
Faktoren oder KIF-Proteine in ABirC6-Zellen hochreguliert.

Die analysierten Proteine, die an der Ausflihrung oder Verhinderung der Apoptose
beteiligt sind, wiesen eine deutliche Abgrenzung der ABirC6-Mutante zu WT- und
ABecl1-Zellen im Differenzierungsmedium auf. Die ABirC6-Zellen zeigten keine (Hoch-)
Regulation der pro-apoptotischen Proteine CASP3, CASP6, APAF1 und SEPT4, wahrend
die anti-apoptotischen Proteine MCL-1, BIRC5 und AMBRA1 simultan zu den WT-Zellen
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herunterreguliert wurden. Dies deutet auf eine verminderte Ansprechbarkeit auf
apoptotische Signale in der ABirC6-Mutante hin. Das anti-apoptotische Protein BCL2L1
(BCL-X) erwies sich in der ABirC6-Mutante in beiden untersuchten Bedingungen als
hochreguliert. Somit wurde vermutet, dass BCL-X moglicherweise den Verlust der anti-
apoptotischen  BIRC6-Funktion, unabhangig von den Medium-Bedingungen,
kompensiert. Die Unterschiede in der Regulation der apoptotischen Faktoren in WT und
ABecll im Vergleich zu ABirC6 beim Wechsel von Wachstums- zu
Differenzierungsmedium wurde auf die unterschiedlichen Zellschicksalentscheidungen
zurlickgefihrt.

AuRRerdem wurde das erhéhte AusmaR des Zelltods wahrend der frihen neuronalen
Differenzierung untersucht. In dieser Studie wurde die friihe neuronale Differenzierung
durch eine Periode mit stark erhohtem apoptotischem Zelltod gepragt. Autophagie
scheint sich ausschlieRlich auf das Uberleben reifen Neuronen auszuwirken, da sich
wahrscheinlich mit der Zeit dysfunktionale Proteine in der Zelle anreichern. In
differenzierenden P19 WT- und ABecl/1-Mutanten-Zellen wurde ein erhdhtes Niveau
mehrerer pro-apoptotischer Proteine nachgewiesen. Im Gegenzug wurden, mit
Ausnahme des anti-apoptotischen BCL-X, die untersuchten anti-apoptotische Proteine
herunterreguliert, nachdem die neuronale Differenzierung induziert wurde. Es wird
angenommen, dass das molare Verhaltnis zwischen pro-apoptotischen und anti-
apoptotischen Proteinen Auskunft tiber die Reaktionsfahigkeit auf apoptotische Signale
gibt. Daher deuten die Daten stark auf eine erhohte Empfanglichkeit flr apoptotische
Signale wahrend der friihen neuronalen Differenzierung hin. Es wird angenommen, dass
der erhéhte BCL-X-Spiegel und die angedeutete Hochregulierung des PI3K/AKT- und
MAPK/ERK-Signalwegs den apoptotischen Signalweg einschrankt und die Zellen
wahrend der friihen neuronalen Differenzierung vor dem Zelltod schiitzt.
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1. Introduction
1.1 Neurogenesis

1.1.1 From the discovery of the brain to in vitro cultures of cerebral organoids

Neuroscience covers all research areas related to nervous system, from behavioural
observations to molecular approaches. Hippocrates, the fore father of neurology, first
made the associations between brain and mind (Breitenfeld et al., 2014). About 2500
years of investigation brought us to our presently wide range of knowledge about
function, structure, and development of the central and peripheral nervous system. The
rapid gain of knowledge in recent decades is due to greatly improved application
possibilities and technological advances. The approach on cellular and molecular level
enabled a deeper understanding of multitude processes involved in neuroscience.
Despite the enormous gain of knowledge, many processes remain still encrypted. This
gives society the motivation to push the field forward to improve approaches and
implementation of innovative neurotechnology. For example, Altimus et al. (2020)
predict a significant acceleration of knowledge about nervous system in the next
decades, moving development of new therapeutic strategies forward. To implement in
vivo experiments, rats and mice have been the leading model organisms during last
century, while studies with mice became more popular in the last decades (Ellenbroek
and Youn, 2016). But although other animals, such as non-human primates, zebrafish,
fruit flies and roundworms are established model organisms. A fundamental step in
neuroscience was the ability to generate in vitro cultures of neurons, glia, and astrocytes
(Gordon et al., 2013).

In the early 20t™ century, neuroscience was revolutionised by establishment of in vitro
cultures by cultivating of nerve fibres from a frog in hanging drops (Harrison et al., 1907).
In the following decades tissue culture techniques were strongly expanded, and in vitro
cell-based models became increasingly important. Neuronal cell culture provides an
enhanced access to multitude areas of neuroscience like for instance investigation of
neurogenesis, neurotoxicology assays or drug development. The possibility to reduce
the ethically questionable in vivo experiments and to enable high throughput screenings
on cell or molecular based levels turns it to an attractive alternative. But in vitro
experiments will even in future probably never replace in vivo experiments completely
because it is not possible to fully mimic conditions in the body, but it offers a great
source to reveal complex mechanism in a simplified system. Certain applications require
conditions closer to the in vivo situation. For this purpose, 3D culture systems started to
be developed to complement culture of cell monolayers. This process started with the
first neurosphere culture (Reynolds and Weiss, 1992) followed by protocols based on
neural aggregates (Zhang et al., 2001) up to cortical spheroids (Eiraku et al., 2008;
Kadoshima et al., 2013). In 2013, Lancaster et al. established a method to grow cerebral
organoids with various brain regions from human stem cells. This three-dimensional
model offers a great possibility to access questions about brain development and causes
for neuronal disorders or neurodegenerative disease, even if cerebral organoids are still
far away from being identical to the human brain. To exploit the full research potential
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several groups are currently working on the refinement of this model (Gonzalez et al.,
2018; Karzbrun and Reiner, 2019; Sloan et al., 2017).

1.1.2 In vitro models of neurogenesis

Most common cell lines for studying neurogenesis are from human or mouse origin.
Neurodevelopment, brain architecture and cell types of humans and rodent share
multitude similarities but also differ in numerous points (Hodge et al., 2019; Semple et
al., 2013). Choice of an appropriate model is therefore always dependent on the aim of
the study. Different approaches offer various advantages and disadvantages. Primary
cells are isolated directly from the tissue and established for growth in vitro. Thus,
characteristics are rather like in vivo conditions. But primary cells are quite sensitive and
show a strongly diminished potential of self-renewal. Accordingly, material for
experiments is very limited. Another adverse point is that primary neurons require
demanding culture conditions (Gordon et al., 2013). One way to overcome this is the
establishment of immortalised and proliferating cell lines for in vitro analysis (Fig. 1).
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Figure 1: Sources of cell-based in vitro cultures with neuroectodermal fate. Need of pluripotent
stem cells is either covered by embryonal stem cells (ESC), isolated from a blastocyst, or induced
pluripotent stem cells (iPSC), reprogrammed from somatic cells, in general fibroblasts. The adult
stem cells (ASC) or fetal stem cells (FSC) are extracted from brain and serve as multipotent neural
stem cells. Neurons, astrocyte, and oligodendrocytes can be derived from progenitor cells and
cultivated as monolayers or in three-dimensional cultures. (Adapted from Tewari et al., 2017)

Progenitor cells like the multipotent neural stem cells (NCS) have the potential to
generate neurons, astrocytes, and oligodendrocytes, while it is limited to specific neuron
types (Elkabetz and Studer, 2009). Adult stem cells (ASC) and fetal stem cells (FSC) are
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neural progenitor cells that are utilized as model for adult neurogenesis, while studies
of embryonic neurogenesis are mainly based on pluripotent stem cells (Azari and
Reynolds, 2020). Pluripotent stem cells, like embryonal stem cells (ESC) have the
potential to differentiate to all three germ layers and therefore to all neuronal subtypes
depending on media conditions. Therefore, it provides a great source for studies of
embryonal development and neural specification (Germain et al., 2010; Zhang et al.,
2001). ESCs are isolated from the inner cell mass (ICM) of a blastocyst (Evans and
Kaufman, 1981). Since investigations of human ESCs are facing several ethical issues
(Robertson, 2001), induced pluripotent stem cells (iPSCs) became an attractive
alternative (Lu et al. 2013; Compagnucci et al., 2014; Velasco et al., 2014). iPSCs are
epigenetically reprogrammed somatic cells (predominantly fibroblasts) from a patient
(Park et al., 2008) or healthy donor (Yu et al., 2007). For analysis of neuronal dysfunction,
derivation of iPSCs that already contain specific mutations was a huge benefit before
genome editing of ESC became facilitated by CRISPR/Cas9 system (Jinek et al., 2012; Mali
et al., 2013). Unfortunately, iPSC demonstrate an incomplete reprogramming of somatic
cells (Chin et al., 2009; Marchetto et al., 2009; Ohi et al., 2011). Recently, a direct
reprogramming from fibroblasts to mature neurons of many different subtypes by usage
of transcription factors or microRNAs became possible (Tsunemoto et al, 2015).
Embryonal carcinoma cells (ECCs), derived from teratocarcinomas, provide a further
source of pluripotent cells (Andrews et al., 1984; Martin, 1980).

ECCs are immortal cells, characterised by a high proliferation without apparent limit in
culture. Therefore, ECC lines are easy to maintain in undifferentiated state, while
differentiation is induced very efficiently (Michael and McBurney, 1993; Rosenthal et al.,
1970). But different ECC lines reveal varied characteristics and differentiation potential
(Andrews et al., 1980; Sennerstam and Stromberg, 1984). Even if ECCs show plenty
overlapping characteristics with ESCs (Dawud et al., 2012), different ECC lines feature
varied capacities to differentiate (Andrews et al., 1984; Pera et al., 1989, Thompson et
al., 1984). The two murine ECC lines P19 and F9 were isolated a couple of decades ago
and became popular models for studies of neurogenesis (Datta, 2013; Kuff and Fewell,
1980; McBurney and Roggers, 1982).

1.1.3 P19 cells as model of neuronal differentiation

P19 is a murine embryonal carcinoma cell line, expressing several embryonic markers.
This cell line was established in the early eighties, when a 7.5-day old embryo from a
female mus musculus was grafted into testes of a male mouse (C3H/He strain), resulting
in tumour growth. P19 cells were derived from this tumour and established in in vitro
culture showing a stable euploid male karyotype (40:XY) (McBurney and Roggers, 1982).
Besides the benefit of simple culture conditions without feeder layer, P19 cells have a
high efficiency in transfection and genetic manipulations (McPherson and McBurney
1995). Cells are easy to maintain in undifferentiated state whereas a reproducible
differentiation to ectodermal or mesodermal derivates can be induced in culture
(McBurney, 1993). P19 cells present a phenotype close to the primitive ectoderm (Jones-
Villeneuve et al., 1982). Differentiation of this cell line resemble many of the molecular
and morphological events occurring during early embryonic development in vivo
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(McBurney et al., 1982). For in vitro induction, cell aggregation and supplementation of
chemical inducer are common tools (see chapter 1.1.5). Dimethyl sulfoxide (DMSO)
induces mesodermal differentiation in P19 cells aggregates (McBurney et al., 1982)
while retinoic acid (RA) act as an efficient inducer of differentiation along the
neuroectodermal lineage (Jones-Villeneuve et al., 1982). Therefore, the P19 cell line
became a popular model for studies of cardiac muscle (van der Heydena and Defizeb,
2003) and neuroectodermal differentiation (Marikawa et al., 2009; McBurney, 1993).
P19 derived neurons express several of the most characteristic and functionally relevant
genes and phenotypes of neurons (Bain et al., 1994; Resende et al., 2007; Wu and Chow,
2005;). Hence, RA induced neurons demonstrate functional synapses expressing
predominantly GABA and glutamic acid decarboxylase, the most prevalent
neurotransmitter of the central nervous system (CNS) (McPherson et al., 1994; Reynolds
et al., 1996; Staines et al., 1994). Other neuropeptides like acetylcholine, NMDA (N-
methyl-d-aspartate), somatostatin, serotonin, neuropeptide Y and others are also
expressed but in significantly smaller amount (Resende et al., 2017; Stains et al., 1994).
The observed distribution of neurotransmitter is reminiscent of mammalian forebrain
and besides some exceptions, this is unique under ECC lines (Bain et al., 1994, Stains et
al., 1994). P19 derived neurons are even able to mature in vivo after implantation to rat
brain (Magnuson et al., 1995; Morassutti et al., 1994). Besides the generation of
neurons, RA treatment of P19 culture results in differentiation to glia and fibroblast-like
cells (Jones-Villeneuve et al., 1983). The multitude of benefits of P19 cells makes it, even
in these days, to a suitable model to study the complex processes of embryonal
neurogenesis in a strongly simplified system. Investigations over decades resulted in a
big pool of methods and recorded insights in neuronal differentiation process of this cell
line with the hope to transfer majority of the knowledge on processes occurring in the
developing human CNS.

1.1.4 Embryonic development of the neural ectoderm

Ectoderm is one of the three germ layers, which arise during early embryogenesis. Cells
derived from this germ layer differentiate into surface and neural ectoderm.
Neuroectoderm is the origin of the central and peripheral nervous system (Tam and
Loebel, 2007). Differentiation from the primitive stem cells to a whole nervous system
is a highly complex process, here described in simplified form (Fig. 2). Embryonic
development starts with cleavage of a fertilized egg, the zygote. In a 16-32 cell stage,
designated as morula, first differentiation process starts, resulting in an outer cell layer,
known as trophoblast, and the inner cell mass (ICM), located on one side of the
generated blastocyst (Shahbazi, 2020). Pluripotent cells of the ICM differentiate to
epiblast (“primitive ectoderm”) and hypoblast (“primitive endoderm”), the two layers of
the bilaminar disc. The primitive streak forms in the epiblast and cells from the epiblast
start to migrate through the bilaminar disc. In this process, called gastrulation, cells
differentiate and form three germ layers, referred as ectoderm, mesoderm, and
endoderm (Gossler, 1992).
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Figure 2: Differentiation levels during embryogenesis. Embryogenesis starts with a fertilized
egg, the zygote in a totipotent differentiation level. Differentiation potential decreases through
development on the way over establishment of the three germ layers in the gastrula to fully
mature neurons in the CNS. (Adapted from Pereira et al., 2019)

Further differentiation of mesodermal cells (central germ layer) leads to a chord
structure beneath the primitive streak, called notochord (Fig. 3). Neurulation starts by
ectodermal differentiation to a neural plate, induced by the notochord located
underneath. The neural plate extends the length of the rostral-caudal axis and the edges
to the remaining ectoderm thickened (Smith and Schoenwolf, 1989; Keller et al., 1992).
Subsequently, the neural plate invaginate along the central axis during the process of
neurulation. The ends of this bended neural plate finally fuse together to form the neural
tube (Smith and Schoenwolf, 1997). Cells located on the interface between neural plate
and the surface or non-neural ectoderm, delaminate from the ectoderm as the neural
tube is forming. These so-called neural crest cells migrate away and differentiate to form
most of the peripheral nervous system, while the neural tube ultimately forms the spinal
cord and the brain (Wilde et al., 2014). The neuroepithelial cells, building the neural
tube, undergo massive proliferation and differentiate to neuroblasts, glioblasts and
precursors that can generate both, neurons and glial cells (Davis and Temple, 1994;
Kilpatrick et al., 1994). The time course of neuron and glial cell development is still not
fully understood. However, some evidence suggests that neurogenesis largely precedes
gliogenesis (Quian et al., 2000). In invertebrates like Drosophila melanogaster,
neuroblasts divide asymmetrically to produce another neuroblast and a precursor,
called a ganglion mother cell that divides to give two differentiated daughter cells
(Udolph et al., 1993). In vertebrates, the pattern of the lineage tree is still not clear yet
but an asymmetric cell division in the ventricular zone during neurogenesis has been
observed (Caviness et al., 1995; Rakic, 1995). The two daughter cells appear to have
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different cell fates (Chenn and McConnell, 1995). The progenitors of different neuronal
and glia subtype are arranged along the dorsoventral axis of the neural tube. The whole
spatiotemporal pattern of neuronal cell fate determination in vertebrates is still not
clear and raises numerous questions (Guerrero et al., 2019). The neurons and glia cells
migrate from the ventricular proliferative zone into the mantle zone of the neural tube.
The mantle layer becomes most of the substance of the spinal cord and brain (gray
matter), containing nerve cell bodies and dendrites, unmyelinated axons, and glial cells.
The growing axons move out of mantle zone with the differentiating neurons and build
the marginal zone. Myelinated axons of the marginal zone finally built the white matter
of the spinal cord and brain. The posterior part of the neural tube finally forms the spinal
cord, while the anterior part forms the brain (Swenson, 2006).

A
neural plate
border non neural
endoderm } neural plate . ectdoderm
neural fold
non neuronal neural plate
ectdoderm somite
- - 1% J .
. . %,
- ® .
= . L]
—— .
notochard
neural crest

neural tube dermomyotome
epidermis
sclerotome

Figure 3: Neurulation. Embryonic development from neural plate to neural tube. A: The neural
plate, derived by the ectoderm, is separated by the neural plate border from non-neural
ectoderm. B: The neural plates folds and invaginates into the underlying mesoderm, induced by
the mesodermal notochord. C: Closure of the neural tube and delamination of the neural crest
cells. (Adapted from Simdes-Costa and Bronner, 2013)

Regulation of cellular organisation and differentiation during embryogenesis is an
extremely complex and spatiotemporal controlled process. Because in vivo studies of
embryogenesis are difficult to implement, in vitro differentiation of mouse embryonic

16



Introduction

stem cells became a popular model to investigate some aspects of the complex in vivo
development in human. The drawback of this approach is that human and rodent
neurodevelopment share many similarities, but also differ in many ways that complicate
these studies (Shahbazi and Zernicka-Goetz, 2018). In vitro studies are very simplified
and quite far away from in vivo conditions but provide a good source to make these
complex studies accessible. Moreover, several insights supplied by ESC differentiation
could be verified in vivo (Cazillis et al., 2006).

1.1.5 Classification and morphological appearance of neurons and neuroglia

The central nervous system, including the brain and the spinal cord is made up of
neurons and glia cells. The human brain contains around hundred billion neurons and
even more glial cells (Herculano-Houzel and Dos Santos, 2018). The numerous
phenotypes of neuronal populations display a vast diversity while fairly limited for the
glia cells (Fig. 4). There are large numbers of neurons that differ from each other, for
example molecularly, functionally, in electrophysiological properties, synapse type and
morphologically. Observation of new neuronal subtypes is still ongoing, therefore
making classification challenging (Fishell and Heintz, 2013; Zeng and Sanes, 2017). Three
major neuron types, called motor, sensory, and interneurons, are divided by their
function. Motor neurons transfer signals from brain or spinal cord to the muscle and
sensory neurons sense stimuli like the name already says. Interneurons are the most
abundant neuron type of the CNS and transfers signals between sensory and motor
neuron or communicate among each other. Neurons are also categorized by their cell
morphology into uni/bipolar, pseudo-unipolar and multipolar neurons.

Multipolar neurons are the most abundant cell type in vertebrate CNS. Diversity in size
and shape is furthermore adapted to specific tasks of neuronal subtypes and varies in
one and the same category to cover the tremendous complexity of the nervous system
(Sathyamurthy et al., 2018). For instance, multipolar purkinje cells in cerebellum are
characterised by a very complex dendritic tree, able to receive and process a high
number of signals. Classification as excitatory, inhibitory, or modulatory neurons based
on their neurotransmitter phenotypes was implemented. But several studies observed
also multiple combinations of excitatory, inhibitory, or modulatory transmitters
(Granger et al., 2016; Vaaga et al., 2014). Glutamate is the main excitatory
neurotransmitter in mammalian cortex and immediate precursor of the inhibitory
neurotransmitter y-aminobutyric acid (GABA) (Bak et al., 2006; Meldrum, 2000). In the
nervous system exist a multiplicity of neurotransmitters like for instance acetylcholine,
glycine, N-acetylaspartylglutamate (NAAG), dopamine, serotonin, norepinephrine,
adenosine and so on. Several neurotransmitters co-exist in the same areas and some
are partially limited to distinct brain areas (Butt et al., 2014).
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Figure 4: Morphological phenotypes of neurons and glia cells. Overview over a selection of
morphological distinct neurons and phenotypes of the glial cells, displaying a very limited
morphological diversity. (Adapted from Herculano-Houzel and Dos Santos, 2018)

Neuroglia, the non-neuronal cells of CNS, show, compared to neurons, a very limited
morphological diversity. Glia cells appear smaller and with only local branches.
Compared to neurons, glial cells of different types are much more homogeneously
distributed in nervous tissue and limited on generation of local signals (Wang et al.,
2006). Transcriptome analysis of neurons and glia cells demonstrate a restricted number
of glial phenotypes and a reduced RNA content (Von Bartheld et al., 2016; Zeisel et al.,
2015). Glial cells play an essential role in many aspects of CNS formation and function
regulation. Neuroglia are divided into astrocytes, oligodendrocytes, microglia, and
ependymal cells. The astrocytes represent the most abundant glia type (Kettenmann
and Ransom, 2005). Protoplasmic astrocytes are star-shaped cells characterised by
multiple branches that interact with synapses, blood vessels, and other cells and are
found in the gray matter. Fibrous astrocytes, located in the white matter, exhibit a
morphology of many long fiber-like processes (Sofroniew and Vinters, 2010). Astrocytes
fulfil several tasks in the CNS such as regulation of synapse formation, mediation
between neurons, aid homeostasis and they are capable to proliferate in the mature
brain (Madhusudanan et al., 2017). Oligodendrocytes show smaller cell size, fewer, and
shorter branches compared to astrocytes. Myelin sheaths around the axons speed up
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nerve impulse conduction. These myelin sheets are built in the CNS by oligodendrocytes
while neurons of the PNS are myelinated by Schwann cells. Besides this function,
oligodendrocytes are involved, among others, in axonal integrity and health as well as
nerve conduction and neurotransmitter metabolism (Bradl and Lassmann, 2010).
Microglia are the smallest glial cell but becomes enlarged, mobile, and phagocytic if the
CNS is injured. Microglia are specialised macrophages of the brain that are responsible
for phagocytotic clearance of damaged brain cells (Madhusudanan et al, 2017).
Proliferation capacity and marker expression of microglial cells in neurogenic and non-
neurogenic regions differ (Goings et al., 2006). Ependymal cells are simple cuboidal glial
cells that plays a central role in many aspects of central nervous system as well. These
cells line ventricles in the brain and the central canal of the spinal cord. Therefore,
ependymal cells act as physical barrier between ventricular cerebrospinal fluid and brain
parenchyma (Jimenez et al., 2014).

1.1.6 Induction of neuronal differentiation in vitro

Differentiation of pluripotent cells to neuroectodermal cell fate in vitro can be
implemented by supplementation of epigenetic and growth factors, overexpression of
transcription factors, embryoid body (EB) formation, and altered culture conditions.
Various protocols give rise to different efficiency of neuronal differentiation and thus
the purity of neuronal culture. Ratio of neurons to glial cells and generation of distinct
neuronal subtypes is highly influenced by the chosen differentiation protocol. Different
culture surface substrates or media compositions play a reinforcing role for efficiency of
differentiation to neuroectodermal fate. Without a culture substrate to which cells can
adhere, a three-dimensional formation can be built up, the EB. EB formation mimics
embryogenesis of different tissues deriving from all three germ layers including primitive
neural tissue (Leahy et al., 1999; Robertson, 1987). In this multicellular aggregate, cells
differentiate spontaneously into different cell lineages, complicating achievement of
pure neuronal cultures (Azari and Reynolds, 2016).

To enhance differentiation to neuroectodermal fate, RA act as the most common
inducer. It plays an essential role in cell signalling during embryogenesis (Blumberg,
1997, Ross et al., 2000) and efficiently induces neuronal differentiation in vitro in a
concentration dependent manner (Bain et al., 1996; Okada et al., 2004). Induction of
the differentiation process by RA supplementation in combination with EB formation in
serum-containing media is the classic neuronal differentiation protocol that was first
applied, although handling and culture conditions vary between different research
groups (Jones-Villeneuve et al., 1982; McBurney et al., 1982; Okabe et al., 1996; Stewart
et al., 2003, Yang et al., 2017). RA promotes neuroectodermal and represses
mesodermal gene expression and accordingly significantly increase the neuronal
population (Bain et al., 1996; Boudjelal et al., 1997). Pluripotent cells, treated by a
version of the conventional protocol, derive to functional neurons, glial and fibroblast-
like cells (Bain et al., 1994; Fraichard et al., 1995; Stribing et al., 1995). Nevertheless,
the classical approach was shaped by the lack of lineage specific subtypes generation
and a reduced neuronal differentiation efficiency compared to modern methodologies.
Therefore, an optimization process ran over several decades resulting in a huge variety
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of controlled differentiation conditions due to enrichment of neuronal population and
derivation of distinct subtypes. To enhance purity of neuronal cultures, for example
mitotic inhibitor like cytosine arabinosine (AraC), fluorodeoxyuridine, or uridine are
supplemented during the differentiation procedure to achieve selection of postmitotic
neurons (Monzo et al., 2012; Stewart et al., 2003). Serum, supplemented to media, faces
the problem to be undefined and to vary in composition, preventing regulated and
steady conditions. It contains several factors presumably influencing differentiation
process but investigation of specific cell requirements during differentiation stayed
under this condition inaccessible (Cai and Grabel, 2007). Furthermore, promotion of
neural stem cell differentiation into glial cells and thus inhibition of differentiation into
neurons was observed to be caused by FBS supplementation in a concentration
dependent manner (Liu et al., 2018). The supplementation of RA as well as the EB
formation is essential to induce efficient neural differentiation of pluripotent cells in
serum-containing cultures (Bain et al., 1995, 1996; Jones-Villeneuve et al., 1982; Glaser
and Bristle, 2005; Rohwedel et al., 1999).

Modern protocols mostly renounce the usage of serum like FBS or FCS, implemented in
the initial protocols, because serum-free cultures benefit from a chemically defined
media composition and therefore gives the possibility to investigate single factors
involved in neurogenesis. In consequence, several approaches under serum-free growth
conditions developed (Bouhon et al., 2005; Finley et al., 1999; Okabe et al., 1996;
Tropepe et al., 2001; Wiles and Johansson, 1999; Ying et al., 2003;). Serum was replaced
by defined nutrition mixture adjusted on neuronal demands like the N2 supplement that
is based on Bottenstein’s prominent N1-formulation, developed to maintain
neuroblastoma in culture (Bottenstein and Sato, 1979). Serum-deprivation offers
several new induction approaches since nutrition mixtures like the knockout serum
replacement can lead to neuronal differentiation without need of any further inductor
(Verma and Seshagiri, 2018). The increasing knowledge about epigenetic and
endogenous cellular signals during cell fate decision (detailed description in chapter 1.2)
offers a reliable source of several approaches to induce neural induction in vitro without
EB formation and/or RA supplementation. In monolayer cultures, the neural
differentiation process is only induced when complex signalling from serum factors is
avoided (Pachernik et al., 2005).

Circumvention of EB formation by the establishment of serum-free monolayer cultures
shortens the length of the neuralization process considerably (Azari and Reynolds,
2020). Induction in this system can be implemented by co-cultures with stromal cells or
usage of their conditioned medium. Neural differentiation process is then induced by
factors secreted by stromal cells and cell-surface-anchored molecules (Kawasaki et al.,
2000; Vazin et al., 2008). These are factors like for instance Sonic hedgehog (Shh), that
facilitate a dopaminergic phenotype in generated neurons (Swistowska et al., 2010).
Neuronal induction during embryogenesis is, among others, regulated by the
coordinated action of bone morphogenic proteins (BMP), fibroblast growth factors
(FGF), and the wingless-related integration site (Wnt) signalling pathways (Linker and
Stern, 2004). The inhibition of mesoderm and endoderm-promoting signals, such as
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Whnts (via Dkk1), Nodal (via cerberus and lefty), BMPs (via chordin, noggin, and
follistatin), and Notch (via DAPT) offers an opportunity to enhance or induce neuronal
fate decision in vitro (Azari and Reynolds, 2020; Crawford and Roelink, 2007; Levine and
Brivanlou, 2007).

In addition to protocols that generate a broad range of neuronal subtypes, approaches
have been developed that promote the generation of certain neuronal cell fates such as
glutamatergic, dopaminergic, serotonergic, GABAergic neurons, motor neurons,
cerebellar neurons, astroglia, or oligodendroglia (e.g. protocols listed in Compagnucci et
al., 2014). Furthermore, many cell fate-specific transcription factors are capable of
positively regulating cell fate decision, while suppressing other cell fates (Anderson,
1993; Sun et al., 2001). Overexpression of specific transcription factors provide a rapid
generation of homogenous populations of functional neurons. Recently, many
combinations of transcription factors have been identified that cause mouse fibroblasts
to differentiate into neurons of a particular subtype (Tsunemoto et al., 2015; 2018). For
instance, the transcription factor neurogenin promotes neurogenesis while supressing
glial differentiation (Sun et al., 2001). And overexpression of neurogenin 2 (NGN2) is
widely used to induce neuronal differentiation into a homogeneous glutamatergic
neuronal population in pluripotent stem cells (Busskamp et al., 2014, Zhang et al., 2013).
Established neuronal differentiation protocols for different cell sources like the
pluripotent ESC, ECC, iPSC or the multipotent neural stem cells (NSC) partially differ due
to adaptation of diverse demands or because of various handling strategies of different
labs. Even cell lines with close characteristics can vary in their culture standards. For
example, the two murine embryonic carcinoma cell lines F9 and P19, both popular ECC
lines to study cell proliferation, differentiation and self-renewal, show differences in
their expression profiles and thus partly different requirements for the conditions (Kelly
and Gatie et al., 2017). Thus, unlike P19 cells, F9 cells require cAMP in addition to RA
under serum deprivation to generate a neuronal phenotype (Datta, 2013; Murtomaki et
al., 1999).

A neuronal default model to establish an approach that works efficiently for all
pluripotent cells and neuronal precursors is still lacking but is currently in focus of
research (Kelly and Gatie et al., 2017; Tropepe et al., 2001). It was reported that ESC,
grown at low density and in absence of exogenous factors or feeder layers, either die or
acquire a neural identity as indicated by expression of the neural marker Nestin (Smukler
et al., 2006; Tropepe et al., 2001). This default cell fate is thought to be achieved by
eliminating extracellular inhibitors of neuroectodermal fate and suppressing cell-cell
signalling through limited cell density. Studies in different vertebrate species suggest
that the neuronal default mechanism occurs through a lack of BMP signalling that
prevents neuronal tissue formation (Levine and Brivanlou, 2007; Mufioz-Sanjudn and
Brivanlou, 2002). Thus, it is proposed that a neuronal default model is achieved through
inhibition of BMP realized by the factors noggin and chordin, which can be isolated from
mesendodermal tissue (Levine and Brivanlou, 2007; Mufioz-Sanjuan and Brivanlou,
2002). Meanwhile, the field is swamped with neuronal differentiation protocols,
continuously trying to improve conditions to promote neuronal enrichment during long-
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term cultures and to establish cell fate decision into different subclasses in vitro. Many
factors and their regulatory system involved in neurogenesis remain obscure. Further
insights in the mechanisms of cell fate decisions will give rise to further improvements
and might lead to the establishment of a general default model of neuronal
differentiation and to clarify molecular mechanisms underlying neuronal development.

1.1.7 Classical versus modern approach of neural induction in vitro

The classical approach to induce neuronal differentiation in vitro includes
supplementation of RA as well as EB formation in serum-containing cultures (Bain et al.,
1995, 1996; Jones-Villeneuve et al., 1982; Glaser and Briistle, 2005; Rohwedel et al.,
1999). Modern protocols mostly renounce the usage of serum because serum-free
cultures benefit from a chemically defined media composition and therefore gives the
possibility to investigate single factors involved in neurogenesis. Another advantage of
modern protocols is that circumvention of EB formation by establishing serum-free
monolayer cultures significantly shortens the duration of the neuralization process
(Azari and Reynolds, 2020). A part of this work was the development of an approach to
induce neuronal differentiation in mouse ECC and ESC independently of EB formation,
RA, or serum supplementation. For comparative purposes, both the conventional
method of McBurney et al. (1988) and a modern approach of Nakayama et al. (2014),
were performed in this work. Both protocols are developed for the implementation of
neuronal differentiation in P19 ECCs (Fig. 5). The first step of the classical protocol
implicates the formation of multicellular aggregates in a-MEM media supplemented
with 5 % FBS and 500 nM RA over four days. Subsequently, EBs are plated on a poly-L-
lysine coated surface, cultured with media containing 10 % FBS. First evidence of
neurons and glial cells appear five days after RA exposure (McBurney et al., 1988). The
generated culture is extremely inhomogeneous, containing patches with neurons
growing on top of glial cells, spread in a culture, more and more dominated by the
growth of non-neuronal fibroblast-like cells.
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Figure 5: Comparison of the conventional and a novel approach to induce neuronal
differentiation in P19. The convenient approach is based on the protocol of McBurney et al.
(1988) while the novel strategy, displayed here, was established by Nakayama et al. (2014).
Conditions and steps of neurogenesis are listed in a timeline, starting at day 0 with neuronal
induction. (Adapted from Nakayama et al., 2014)
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On the contrary, Nakayama et al. (2014) claim the development of a rapid and efficient
method to generate mature neurons within six days. Differentiation is induced in a
monolayer culture, adhered to laminin substrate. Development to neuronal fate is
likewise induced by supplementation of 500 nM RA but in serum-free DMEM/F12 media,
supplemented with further enhancer like N2-supplement, FGF8 (fibroblast growth
factor 8) and DAPT (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl
ester). DMEM with the nutrition mixture F12 was proven to be suitable for
differentiation of P19 cells under serum-free condition (Pachernik et al., 2005). N2 is
based on Bottenstein's N1 formulation (Bottenstein and Sato, 1979) and was originally
developed for neuronal in vitro cultures under serum-deprivation and without feeder
culture. The N1 and N2 supplements contain the proteins insulin and transferrin as well
as the components progesterone, putrescine, and sodium selenite in different
concentrations. FGF8 overexpression results in neural induction of P19 monolayer
cultures (Wang et al., 2006). FGF8 supplementation proved to be essential in this
protocol, since a withdrawal resulted in cell detachment before differentiation process
is completed (Nakayama et al., 2014). DAPT is a y-secretase inhibitor, supressing Notch
signalling, resulting in enhanced neurogenesis while supressing gliogenesis (Crawford
and Roelink, 2007; Taylor et al., 2007). Nakayama et al., reported that DAPT is essential
under this condition for neurite development. And besides supplementation of multiple
effectors, the inductor RA asserted to be indispensable in this novel protocol.
Abolishment of this morphogen led to overgrowth of undifferentiated cells. After four
days, conditions are switched and cells are incubated with Neurobasal medium,
supplemented with B27 and AraC (for 2 days). B27 supplemented Neurobasal medium
was originally designed for culturing primary neurons, containing vitamin A, a RA
precursor (Brewer et al., 1993). AraC is a mitotic inhibitor. Therefore, AraC inhibit the
proliferation of non-neuronal cells and supresses derivation to GFAP-positive glial cells
(Monzo et al.,, 2012, Nakayama et al, 2014). Nakayama et al. claimed that this
developed method is highly effective and that derived neurons survive at least three
weeks without the proliferation of non-neural cells. But neither are these data shown
nor are experiments done or data presented with neurons from a culture older than six
days.

1.2 Effectors and signalling pathways involved in neuronal fate decision

1.2.1 Retinoic acid signalling in neuronal development

RA, a common inducer of neuronal differentiation in vitro, is a small lipophilic molecule,
derived from Vitamin A (retinol). Several isomeric forms of RA like all-trans-RA, 9-cis-RA
and 13-cis-RA exist but all-trans-RA is the primary ligand during development
(Cunningham and Duester, 2015). RA signalling has been lost in a variety of lineages, like
for instance in Drosophila melanogaster but is highly conserved in vertebrates (Albalat,
2009; Rhinn and Dollé, 2012). Vitamin A deficiency causes several abnormalities during
embryogenesis resulting in neurological symptoms. This observation revealed a critical
role of RA in the early development (White et al., 2000; Wilson et al., 1953). The ability
to inhibit cell proliferation and induce neuronal differentiation in vitro by RA was
discovered by early experiments with ECC lines and got soon after verified in various
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stem cells (Jones-Villeneuve et al., 1982; Maden, 2007; Strickland and Mahdavi, 1978).
Besides the essential function during embryonal development, RA is also indispensable
postnatally, for survival, growth, reproduction, epithelial differentiation, and neuronal
plasticity (Ghyselinck and Duester, 2019; Maden, 2007). The capability to induce a switch
between proliferation and differentiation served as an early evidence of the in vivo
function of RA signalling. Meanwhile RA was shown to be essential for embryonic
development of many chordate animal organs such as hindbrain, spinal cord, and eyes
(Clagett-Dame and Deluca, 2002; Marlétaz et al., 2006). RA is involved in the regulation
of several events related to mesodermal segmentation and neurogenesis in caudal
neural tube (future spinal cord) during elongation of embryonic body axis (Rhinn and
Dollé, 2012). The number of primary neurons depends critically on level and spatial
distribution of RA during embryogenesis (Diez del Corral et al., 2003; Janesick et al.,
2013). Specific synthesising and metabolising enzymes enable a tight control of RA
distribution within embryonic cell populations (Rhinn and Dollé, 2012). RA is synthesised
by paraxial/somitic mesoderm of the developing embryo and diffuse to the adjacent
neural plate to promote differentiation and control specification of neuronal cell types
in the caudal neural tube (Diez del Corral et al., 2003; Molotkova et al., 2005; Novitch et
al., 2003; Wilson et al., 2004).
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Figure 6: Signalling pathway-dependent patterning of the neural tube. Shh diffuses in a ventral-
high, dorsal-low gradient, while BMP and Wnt establish a dorsal-high, ventral-low gradient. In
the ventricular zone (VZ) high notch expressing cells remain in proliferative state (orange), while
cells that present higher Delta/Serrate level differentiate into mature neurons (brown).
FGF/Wnt and RA gradients mediate embryonal anterior-posterior patterning of the
neuroectoderm and establish distinct ventral progenitor zones p0-p3 and pMN. (Adapted from
Cardozo et al., 2017)

A study in zebrafish showed that posteriorly expressed genes require a short period of
high RA levels for induction, while anteriorly expressed genes display induction later by
a lower RA level (Maves and Kimmel, 2005). The spatiotemporal distribution is regulated
by a gradient of RA that supports anteroposterior and dorsoventral patterning of the
neural plate and neural tube (Kudoh et al., 2002). Along the dorsoventral axis, patterning
of the neural tube is primarily controlled by Shh, Wnt and BMP signal gradients (Le Dreau
and Marti, 2012). Whereas FGF, Wnt, and RA signalling mediate the embryonal anterior-
posterior patterning of neuroectoderm (Kudoh et al., 2002; Lara-Ramirez et al., 2013).
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FGF signalling represses differentiation and act as functional antagonist of RA signalling.
The transition from FGF to RA signalling during axis elongation is mediated by canonical
Whnt signalling (Olivera-Martinez and Storey, 2007). Specification during development is
dependent on a caudal to rostral Wnt/FGF gradient and an opposing RA gradient
(Aulehla and Pourquie, 2010; Diez del Corral et al., 2003). Within the telencephalon RA
acts in combination with SHH to constitute ventral identities and with Wnt/FGF
signalling to generate a dorsal pattern (Marklund et al., 2004). Mouse and human ESC,
exposed to RA and SHH at specific timepoints, generate in vitro motor neurons at high
efficiency (Wichterle et al., 2002). Exposure of RA to different cell sources (in vivo or in
vitro) show sometimes diverse or opposite effects depending on the concentration,
stage, or duration of exposure (Rhinn and Dollé, 2012). This effect and the complex
network of RA signalling and interaction with other signalling pathways, partially limited
on distinct areas and timepoints, impede studies of common regulatory networks and
left many unsolved questions behind. Duester (2017) even proposed that this field is
currently in a reproducibility crisis for RA signalling because several previously observed
functions for RA could not be proven by in vivo genetic loss-of-function studies

1.2.2 RA metabolism and signalling pathways

RA is a derivate of retinol (Vitamin A). Retinol, transferred in the blood stream, is bound
to transthyretin (TTR) and a retinol binding protein (RBP) (Fex et al., 1979; Yamauchi and
Ishihara, 2009). For the cellular uptake of retinol, the RBP binds to the transmembrane
receptor STRA6 (Kawaguchi et al.,2007; D’Ambrosio et al., 2011). RA synthesised by
adjacent cells acts non cell autonomously and diffuses through cell membranes
(Roberts, 2020). In the cytoplasm, retinol is reversibly oxidised to retinal (retinaldehyde)
by either alcohol or retinol dehydrogenases (ADH/RDH). Retinal is further irreversibly
oxidised by retinaldehyde dehydrogenases (RALDH) to all-trans RA (Duester, 1996). Both
oxidation steps are NAD-dependent and catalysed by several enzymes that control the
endogenous RA level (Lara-Ramirez et al., 2013). Regulation also occurs through
degradation by enzymes of the cytochrome p450 subfamily 26 (CYP26), able to oxidize
RA to various inactive metabolites (White et al., 1997; Niederreither et al., 2002). Rapid
RA degradation results in a short half-life of about one hour (Pennimpede et al., 2010).
During gastrulation, the expression of CYP26A1 is controlled by complex feedback and
feedforward loops, involving the RA and FGF signalling pathways (Abu-Abed et al., 2001;
White et al., 2007). Along dorsoventral axis, patterning of the neural tube is primarily
controlled by Sonic Hedgehog (Shh), Wnt and BMP signal gradients (Le Dreau and Marti,
2012). Whereas FGF, Wnt and RA signalling act as the main posteriorizing signals that
regulate cell specification of neuroectoderm (Lara-Ramirez et al., 2013). CYP26 has an
important role to regulate the FGF, Wnt, and RA signals to mediate the embryonal
anterior-posterior patterning of the neural ectoderm (Kudoh et al., 2002).

Additionally, the RA level presumably depends on the activity of carrier proteins like
cellular retinol binding proteins (CRBPs) and cellular retinoic acid binding proteins
(CRABPs) that ensure the solubility of the hydrophobic retinoids in the cytosol. CRBPs
can bind retinol as well as RA and is assumed to prevent oxidation (Lara-Ramirez et al.,
2013; Rhinn and Dollé, 2012). CRAPBs regulate signalling by delivering RA either into the
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nucleus or to CYP26 enzymes for degradation (Cai et al., 2012). In the nucleus, RA binds
to heterodimers build of the retinoic acid receptor (RAR) and the retinoid X receptor
(RXR) (Mark et al., 2009). These heterodimers bind in conserved regulatory regions of
RA target genes, called retinoic acid response elements (RAREs) (Chambon, 1996). Over
14,000 RAREs are identified in the human genome while assignment to distinct
developmental processes is still largely receivable (Lalevée et al., 2011; Moutier et al.,
2012). Binding of the RA to the ligand-dependent transcription factors results in release
of co-repressors, recruitment of transcriptional co-activators, and finally in initiation of
transcription (Germain et al., 2002; Rhinn and Dollé, 2012).
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Figure 7: The classical RA signalling pathway. The canonical RA signalling pathway is
characterised by retinol (or RA) uptake, RA synthesis, transfer to the nucleus and transcription
initiation. (Adapted from Rhinn and Dollé, 2012)

RA induces the expression of numerous pro-neural factors like transcription factors,
structural proteins, neurotransmitters, neuropeptide hormones, growth factors, neuro-
specific enzymes and cell surface receptors and arrest cells in the G1-phase of cell cycle
(Maden and Hind, 2003; Melino et al., 1997). The classical retinoic acid signalling
pathways was described above. Besides this pathway, certain non-canonical retinoic
acid signalling pathways were recently discovered that are less well understood so far
(Wei, 2013). It was shown that RARs can be localized in the membrane of dendrites,
where RA activation mediates translation (Chen and Napoli, 2008; Poon and Chen,
2008). Besides this, a non-canonical, cytoplasmic, but RAR independent way was
revealed. RA activates extracellular signal-regulated kinase 1/2 (ERK1/2) (Gupta et al.,
2008; Persaud et al., 2013). CRABP1 was reported to be involved in this mechanism
(Persaud et al., 2013). The non-canonical pathway proved to be a rapid mechanism that
like the canonical pathway results in the disrupting pluripotency and proliferation by for
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instance Oct4 repression and blocking cell cycle G1 to S phase transition (Gupta et al.,
2008; Orford and Scadden, 2008; Wei, 2013). RA mediated, phosphorylation-based
activation of ERK1/2 was shown to be essential for survival of ESCs and early neural
differentiation (Li et al., 2006). Future studies are needed to identify transcriptional
mechanisms and spatiotemporal regulation of key genes by RA signalling and to fully
discover and understand the non-canonical and RAR dependent pathways (Ghyselinck
and Duester, 2019; Wei, 2013).

1.2.3 Retinoic acid receptors and their downstream effectors

Retinoic acid receptors (RARs) are members of the nuclear receptor superfamily that
regulates transcription in a ligand dependent manner. Three subtypes have been
described in mammals, referred as RARa, RARB, and RARy (Roberts, 2020). These
receptors bind to one of the three subtypes of the retinoid X receptor, RXRa, RXR[, and
RXRy, building heterodimers (Kastner et al., 1997). Furthermore, RAR as well as the RXR
subtypes contain several isoforms such as the well-studied RARB2 or recently discovered
forms like RARa1AB (Parrado et al., 2001; Zelent et al., 1991; Kastner et al., 1990). The
activity of RAR-RXR heterodimers is dependent on RA binding (Mic et al., 2003). RARs
are conserved in vertebrates and primarily bind all-trans-RA, while 9-cis-RA binds to
RXRs (Rhinn and Dollé, 2012). But 9-cis-RA could not be detected endogenously in
embryos or adult tissues (Mic et al., 2003). This led to the assumption that RXRs act
mainly as scaffolding proteins to facilitate binding of RAR-RXR heterodimers to DNA
(Chawla et al., 2001). Involvement of RARa in the neuronal differentiation process, was
studied in the P19 mutant RAC65 that was supposed to be RA-resistant, provoked by a
truncated RARa (Jones-Villeneuve et al., 1982; Pratt et al., 1990). Binding of RA to RARa
was shown to be inhibited in this mutant, while the DNA binding site is still intact (Pratt
et al., 1990). Consequently, activation of the transcription factor by binding of RA is
repressed and the truncated RARa acts as a dominant repressor (Bain et al., 1994). The
RAC65 mutant revealed to be incapable to differentiate in response to RA treatment and
keeps the undifferentiated phenotype (Jones-Villeneuve et al., 1982). This fact strongly
suggested that RARa is crucial for RA-induced neuronal differentiation. Nevertheless, it
was discovered that the expression of the truncated RARa in normal P19 cells is not
capable to block the RA responsiveness completely (Pratt et al., 1990). The discrepancy
could be explained by the identification of additional mutations in RAC65 (Pratt et al.,
1990).

The retinoid receptors RARa, RXRa and RXRB revealed widespread expression patterns,
while the RARB, RARy and RXRy show a complex, tissue-specific expression (Dollé, 2009).
For instance, RARa and RARy are expressed in the neural plate and neural tube during
neurula stage to regulate primary neurogenesis (Janesick et al., 2013). The RAR and RXR
subtypes can build different heterodimer combinations that transduce the RA signal in
various tissues, revealing a high degree of functional redundancy (Roberts, 2020).
Accordingly, except for RXRa, usually at least two receptors must be inactivated in
concert to observe developmental defects in mice (Mark et al., 2009). Several studies
suggest that depletion of one RAR subtype results in the upregulated expression of the
other RARs (Koide et al., 2001; Mark et al. 1999; Taneja et al., 1995). Therefore, it was
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assumed that the redundancy of the receptors enables a functional substitution. No
response to RA on the transcriptional level was observed after a simultaneous knockout
of all RAR subtypes, revealing their crucial function in RA induced neuronal
differentiation (Laursen and Gudas, 2018). Analysis of the RAR pattern in P19 cells
showed that low levels of RARa and RARy mRNA are expressed and no RARB mRNA is
present in undifferentiated state (Jonk et al., 1992). While RA induced neuronal
differentiation in P19 cell aggregates resulted in a rapid increase of RARa and RARB
mRNA, RARy appeared to be strongly repressed (Bain et al., 1994; Jonk et al., 1992). In
contrast, culturing cells in monolayers lead to a higher maximal RARa level, while the
RARy mRNA remains constant (Bain et al., 1994). In P19 cells, the RARB transcript was
strongly expressed during RA induced neuronal differentiation as well as by DMSO
induced mesoderm and muscle differentiation, resulting in an increased sensitivity to
RA (Pratt et al., 2000; Pozzi et al., 2006). This indicates that besides activation through a
consensus RA-response element in the RARB promoter, RA-independent induction of
RARPB2 expression is possible (Pratt et al., 2000).

While the mechanism of RA-induced initiation of transcription is well understood, RA
mediated repression of pluripotency genes such as Nanog, Oct4, and KIf4 remains
largely elusive (Kashyap et al., 2013; Laursen et al., 2012). The possibility of ligand-
dependent transcriptional corepressors recruitment was not excluded (White et al.,,
2004). But it is suggested that the repression can be indirectly regulated because RARs
showed no association to regulatory elements of these stem cell markers (Laursen and
Gudas, 2018; Mendoza-Parra et al., 2011). Thus, this could be probably implemented by
activation of a nongenomic signalling cascade that is independent of the direct
transcriptional regulation by RA (Rochette-Egly and Germain 2009). Contradictory
observations regarding RAR involvement in gene repression cause the mechanism to
remain controversial (Laursen and Gudas, 2018). Anyway, most of the direct target
genes are upregulated through RA binding to the heterodimer complex. Despite the
identification of thousands of genes characterised by a RARE sequence in the promotor
region, direct targets of RA that are definitively involved in the switch to neuronal
differentiation have been barely identified yet (Lalevée et al.,, 2011; Janesick et al.,
2015). For instance, RAREs are located in the regulatory regions of many Hox genes
(Deschamps and van Nes, 2005; Maconochie et al, 1996). During neuronal
differentiation, induced by RA treatment, several Hox genes such as Hoxal and Hoxb1
have been found to be strongly upregulated, crucial for differentiation of ESC or
neuronal progenitors to neurons (Gouti and Gavalas, 2008; Martinez-Ceballos and
Gudas, 2008; Shahhoseini et al.,, 2013). Furthermore, pro-neural genes like Ascll
(Mash1) and Numb that are involved in the Notch pathway, are identified as direct
downstream effectors of RA (Janesick et al., 2015). Ascll was reported to regulate
proliferation and differentiation in a spatiotemporally restricted manner (Castro et al.,
2011). Numb can promote proliferation or differentiation, depending on which isoform
is expressed (Verdi et al., 1999).

Additionally, it is known that RA directly and indirectly regulates the expression of
several genes that regulate the cell cycle exit to facilitate neuronal differentiation
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(Janesick et al., 2015). The pro-neural and neurogenic transcription factors that control
the exit of neural progenitors from cell cycle were partially discovered. RA was shown
to increase expression of cyclin-dependent kinase (CDK) inhibitors that promote cell
cycle exit of G1 phase cells (Galderisi et al., 2003; Herrup and Yang, 2007). Furthermore,
it was demonstrated that activation of the PI3K/AKT pathway is required for RA induced
differentiation of neuroblastoma cells (Lopez-Carballo et al., 2002). This finding was
recently complemented by the observation that RA induced neuronal differentiation of
F9 cells follows a biphasic regulation of the PI3K/AKT pathway, with an early activation
followed by an inhibition (Bastien et al., 2006). The activation of the PI3K/AKT pathway
found to be dependent on RARy/RXRa heterodimers, while the followed inhibition is
less well understood (Bastien et al., 2006). The RA signalling system is highly complex.
To completely discover the involvement of nuclear receptors and their downstream
effectors in the process of neuronal differentiation, much effort must be spent in future.

1.2.4 Signalling pathways involved in neuronal induction

Multiple signalling pathways and effectors are involved in neuronal cell fate decision,
partially regulating each other in a complex interplay. It is suggested that RA could
mediate the crosstalk of diverse signalling pathways such as the Wnt/B-catenin, FGF,
and the ERK pathways, to induce neural differentiation (Chuang et al., 2015). As already
mentioned above, the patterning of neuroectoderm during embryogenesis is mainly
controlled by Shh, Wnt, BMP, FGF, and RA gradients (Kudoh et al., 2002; Lara-Ramirez
et al., 2013; Le Dreau and Marti, 2012). The Hedgehog (Hh) signalling pathway was
shown to mediate regulators of cell cycle in neural progenitors during spinal cord
development (Cayuso et al., 2006). In ESC, it was revealed to be crucial to generate
neuronal and glial progenitors and especially to differentiate into V3 interneurons (Maye
et al., 2004). Simultaneous activation of the Shh pathway and inhibition of the Notch
pathway induce neural differentiation during neural tube development in vivo, while the
absence of Shh is associated with an increased number of interneurons (Cardozo et al.,
2017). The Notch signalling pathway was shown to promotes glial differentiation while
it supresses neuronal differentiation (Artavanis-Tsakonas et al., 1999; Lutolf et al.,
2002). Several evidences indicate that Notch is downstream of BMP signalling (Beck et
al., 2003). The BMP signalling pathway is critical for CNS development as well (Hegarty
et al., 2013). During gastrulation, neuronal induction is promoted by inhibition of BMP
signalling, while it revealed to be essential in a later stage to generate mature neurons
as well as for synapse formation and gliogenesis (Le Dreau and Marti, 2013). Therefore,
dual SMAD inhibition proved to be sufficient to induce neuronal differentiation in ESCs
(Chambers et al., 2009). Canonical Wnt/B-catenin signalling, is required for maintenance
and proliferation of neuronal progenitors in the spinal cord (Zechner et al., 2003). It is
involved in neuronal differentiation by control of cell cycle (Niehrs and Acebron). RA
induced neurogenesis of ESC was shown to be promoted by inhibition of the canonical
Wnt pathway through e.g. Dickkopf-related protein 1 (Dkk-1) overexpression (Verani et
al., 2007).

FGF signalling pathway was shown to play diverse roles during different stages of
neuronal differentiation of ESCs (Kunath et al., 2007). Some evidence indicate that FGF
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has a key role in early neural differentiation (Stern, 2005). Several FGF family members
have been shown to enhance the neurogenesis of mESCs (Chen et al., 2010). Depending
on the ligand concentration, FGF promotes proliferation and survival of neuroepithelial
cells and differentiation into mature neurons and glia cells, in vitro (Qian et al., 1997).
For instance, FGF4 regulates neural progenitor cell proliferation and neuronal
differentiation by activation of ERK1/2 that leads to the release of ESC from the self-
renewal program (Kosaka et al., 2006; Kunath et al., 2007). The ERK1/2 signalling
pathway already demonstrated to promote neuronal differentiation in murine ESCs (Li
et al., 2006). During embryogenesis, RA and FGF represent opposing signals, promoting
either neuronal differentiation by RA signalling or proliferation by FGF signalling (Lara-
Ramirez et al., 2013). Dependency on FGF signalling to induce neuronal differentiation
is still highly controversial (Cohen et al., 2010; Dorey and Amaya, 2010). Several of the
pathways and effectors, involved in neuronal fate decision, have already been
discovered. But spatial and temporal coordination and regulation of signalling pathways
involved in neurogenesis, cell fate decision and other complex mechanism are still far
from being completely understood. Multitude in vitro and in vivo studies attempt to
clarify this complex interaction network.

1.2.5 Redox signalling in neuronal development

Homeostasis of reactive oxygen species (ROS), generated during cell metabolism at
several cellular compartments, revealed to be critical for cell survival and function
(Freeman and Crapo, 1982; Monticone et al., 2014). High cellular ROS level can cause
damages in the DNA, proteins, and lipids, leading to cellular dysfunction and apoptosis
(Trachootham et al., 2008). Nevertheless, ROS are involved in cell signalling and act as
second messenger, involved in regulation of several cellular processes like e.g.
proliferation and cell survival (Bae et al., 2009). A physiological ROS level is required to
maintain the self-renewal in stem cells (Le Belle et al., 2011; Kobayashi and Suda, 2012;
Pérez Estrada et al., 2014). The cellular redox homeostasis is provided by the balance
between ROS production and destruction (Hu et al., 2017). A strong decrease of
intracellular ROS was reported to impair proliferation or survival of several cell types,
while the same effect is also observed from a strongly increased ROS level by affecting
cell cycle checkpoint functions mediated by DNA damage response (Martin et al., 2007;
Monticone et al., 2014; Shackelford et al., 2000). To prevent intracellular damages
caused by cellular oxidative stress, detoxification is implemented by several antioxidants
(Halliwell, 1996). Cellular protection against oxidative stress is controlled enzymatically
by for example superoxide dismutase, catalase, glutathione peroxidase, and glutathione
reductase, or non-enzymatically by e.g. vitamin A, C, and E (Velusamy et al., 2017). The
KEAP1 (Kelch-like ECH-associated protein 1)/ nuclear factor erythroid 2—related factor 2
(NRF2) complex functions as a key sensor of oxidative stress (Hu et al., 2017). NRF2 is a
transcription factor that controls expression of several antioxidant and detoxifying
genes and stimulates the PI3K/AKT survival signalling pathway (Ma, 2013; Surh et al.,
2009). NRF2 is targeted for ubiquitin-mediated degradation by its inhibitor KEAP1 in the
cytoplasm. In response to oxidative stress, KEAP1 becomes inactivated and NRF2
accumulates and is translocated to the nucleus, activating the expression of genes,
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containing an antioxidant response element (ARE) in their promoter sequence (Element,
2004; Itoh et al., 1999; Liu et al., 2007). NRF2-ARE signalling pathway is also reported to
be regulated by a direct interaction of RXRa with the Neh7 domain of NRF2 (Wang et
al., 2013).

p62 functions as cargo receptor for autophagic degradation of ubiquitinated targets and
is upregulated ins response to oxidative stress (Mathew et al., 2009; Zaffagnini and
Martens, 2016). The promotor of p62 contains an ARE and therefore, the expression of
p62 is also induce by NRF2 (Jain et al., 2010). p62 itself stimulates the NRF2 activity by
binding to the NRF2 inhibitor KEAP1, resulting in an autophagic degradation of the
repressor, creating a feedback-loop in the KEAP1/NRF2-pathway (Jain et al., 2010).
Direct reprogramming of fibroblasts into target cells like neurons as well as the
reprogramming to iPSC and finally to target cells, is known to result in oxidative stress
and is therefore supported by antioxidants (Suzuki and Shults, 2019). Oxidative stress,
induced through paraquat or by Nrf2 knockdown was reported to promote exit from the
stem cell state and spontaneous neuronal differentiation of hESC (Hu et al., 2017). The
expression of stemness marker genes, including Nanog and Oct4 are supressed while
expression of neuronal differentiation marker, like Pax6 and NeuroD1, for example, is
enhanced.

Moreover, it is known that excessive oxidative stress can lead to synapse overgrowth
(Milton et al., 2011). On the other hand, forced Nrf2 expression revealed to retard early
neuronal development (Bell et al., 2015). Recently, a steady decrease of Nrf2 expression
during the neuronal differentiation process was reported (Olguin-Albuerne and Moran,
2018). Suppression of this pathway is thought to provides a more flexible redox
environment, which is critical for redox-sensitive signalling pathways that mediate early
neuronal development (Bell et al., 2015). The MAPK-ERK1/2 signalling pathway is
suspected to be involved in induction of neuronal differentiation by oxidative stress (Hu
et al.,, 2017). Wnt signalling and several pathways, important for dendritic and synaptic
development, proved to be enhanced by mild ROS exposure (Budnik et al., 2011; Rharass
et al., 2014; Rosso et al., 2005). Even mature neurons exhibit a weakened antioxidant
defence in contrast to glial cells, whereas neurons generate more ROS than most cell
types because of a high metabolic activity (Oswald et al,, 2018). The weak intrinsic
antioxidant defence of neurons is caused by an inactivation of the NRF2 pathway by
epigenetic repression of the Nrf2 gene promoter early in development (Bell et al., 2015).
The protection of neurons by oxidative stress is mediated by glial cells in a non-
autonomous manner (Dringen et al., 1999; Oswald et al., 2018). Forebrain neurons, for
instance, were reported to receive antioxidant support from surrounding astrocytes by
glutathione release (Shih et al., 2003). Recently, neuronal activity was shown to increase
NRF2 protein accumulation in astrocytes (Habas et al.,, 2013). By identification of
additional NRF2 target genes, involvement in the regulation of processes like
inflammation, autophagy, and proteostasis was discovered (He et al., 2020). The NRF2
pathway is still not fully understood and thus it remains possible that NRF2 may control
the expression of genes that directly affect neuronal differentiation (Bell et al., 2015).
Because tumour cells (unlike cancer stem cells) and neurons with distinct
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dysfunctionalities present high ROS level, the understanding of the regulation of NRF2
is of interest (Bittinger et al., 1998; Monticone et al., 2014).

1.3 Cell death in neurons and during neurogenesis

1.3.1. Forms of neuronal cell death

Programmed cell death is a highly regulated mechanism that is required to maintain
tissues, organ size, and function. Therefore, removal of excessive neurons in
development of the nervous system is a crucial process (Fricker et al., 2018). While
postmitotic neurons are characterized by a long lifespan, both, mature postmitotic and
mitotic neuronal precursor die during development (Buss et al., 2006; Kuan et al., 2000;
Sadoul, 1998). It was reported that half of the produced neurons are degraded by
neuronal death through development of the nervous system (Oppenheim, 1991). This is
not due to a major cell death event, but rather restricted to distinct sites and
developmental stages (Kuan et al., 2000). Neuronal death can be regulated cell
autonomously or by interactions with neighbouring cells or extrinsic influences (Fricker
et al., 2018). As with other cell types, neurons undergo various forms of cell death.
Currently, several forms of cell death are distinguished, although definition is not always
clear and uniform, and other forms of programmed cell death may yet be discovered
(ElImore, 2007; Sperandio et al., 2007). The so far known cell death mechanisms include
a highly diverse range of phenotypes and molecular mechanisms. The main forms are
necrosis, apoptosis, or autophagy mediated cell death. Crosstalk and overlap occur
between the different mechanisms, between some forms of cell death and with other
cellular processes, complicating the study of the regulation and interplay of these forms
in neuronal development (Kuan et al., 2000). Dysfunctional neuronal cell death
regulation is one of the principal causes of acute and chronic neurodegenerative disease
(Fricker et al., 2018). Therefore, investigations of mechanisms to control and regulation
neuronal cell death are of great interest.

1.3.2 Necrosis

Necrosis initially involved the rupture of the plasma membrane and release of
intracellular contents triggering an inflammatory response (Kerr et al., 1972). But this is
the fatal result for almost all forms of cell death, including apoptosis in pure cell cultures
and in vivo when cells fail to be cleared by phagocytosis. Nowadays, unregulated and
various forms of programmed (genetically controlled) necrosis are discovered (Fricker
et al., 2018). Necrosis is characterised as pro-inflammatory process because loss of cell
membrane integrity results in the release of cytoplasmic contents and causes damage
of the surrounding tissue (Edinger and Thompson, 2004). Cells respond from a sudden
shock and usually start to swell and rupture (D'Arcy, 2019). Major morphological
changes observed for necrotic cells are swelling of mitochondria, ER, lysosomes, and
finally the whole cell as well as the formation of cytoplasmic vacuoles and cytoplasmic
blebs, disaggregation and detachment of ribosomes and the disruption of organelle
membranes and eventually of the cell membrane (Kerr et al., 1972; Trump et al., 1997).
The regulated necrosis is subdivided in different forms like necroptosis, parthanatos,
ferroptosis, pyroptosis, autolysis, and mitochondrial permeability transition (Fricker et

32



Introduction

al., 2018). In contrast to apoptosis and autophagy, necrosis is an energy independent
mechanism. It is defined as passive process that usually affects large fields of cells
whereas apoptosis can affect individual or clusters of cells. Although the mechanisms
and morphologies of apoptosis and necrosis differ, there is an overlap between these
two processes (EImore, 2007). Evidence indicates that necrosis and apoptosis represent
a shared biochemical network described as the “apoptosis-necrosis continuum” (Zeiss,
2003). Whether a cell dies by necrosis or apoptosis depends in part on the nature of cell
death signal, tissue type, developmental stage of the tissue, and the physiologic milieu
(Fricker et al., 2018; Zeiss, 2003). Neuronal necrosis widely happens in devastating
neurodegenerative diseases, such as brain injury, stroke, and Alzheimer’s disease (Liu et
al., 2015).

1.3.3 Apoptotic cell death

Apoptosis is a highly conserved and regulated mechanism within multi-cellular
organisms (Lockshin and Zakeri, 2004). It is an essential process to remove defective or
aberrant cells. Apoptotic cell death is triggered, for instance, by a lack of pro-survival
signals such as growth factors, hormones, or cytokines and, on the other hand, by
harmful factors such as ROS, toxins, or radiation (Brenner and Mak, 2009). It was
reported that oxidative stress plays a primary role in the pathophysiology of age-induced
apoptosis (Ozawa, 1995). Induction of this programmed cell death is dependent on the
activation of a series of caspases (D'Arcy, 2019). Caspases activation initiates a cascade
of events that results in chromatin condensation, destruction of nuclear proteins and
cytoskeleton, crosslinking of proteins, expression of ligands for phagocytic cells, and
formation of apoptotic bodies (Martinvalet et al., 2005; Poon et al., 2014). Apoptotic
bodies contain the intracellular content and can be quickly phagocytosed by adjacent
cells or macrophages (Elmore, 2007). Because apoptotic cells do not release their
cellular constituents into the surrounding tissue and apoptotic bodies are quickly
removed, apoptosis is principally not causing an inflammatory reaction (Kurosaka et al.,
2003). Therefore, secondary necrosis is prevented even if engulfing cells do not produce
anti-inflammatory cytokines (Savill and Fadok, 2000). Morphological changes are
characterised by cell shrinking during early apoptosis resulting in smaller cell size with
dense cytoplasm (appears dark) and tightly packed organelles (Hacker, 2000; Kerr et al.,
1972). This process is followed by chromatin condensation, karyorrhexis and the
formation of apoptotic bodies, including cell fragments such as cytoplasm and tightly
packed organelles (Elmore, 2007). Activation of the caspase cascade that results in
apoptotic cell death can be initiated by an intrinsic or extrinsic pathway (D'Arcy, 2019).
The intrinsic pathway is induced when intracellular sensors detect cell damage, while
the extrinsic pathway is stimulated by an interaction of the damaged cell with an
immune cell (Sica et al., 1990; Oppenheim et al., 2001). Because it depends on factors
released from mitochondria, the intrinsic pathway is also called the mitochondrial
pathway.

Several stressors activate stimulus-specific signalling events such as reduced protein
kinase B/AKT signalling, activation of c-Jun N-terminal kinase (JNK) by trophic factor
deprivation, or activation of p53 with DNA damage (Hollville et al., 2019; Schuler and
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Green, 2001). These stressors-induced signalling events activate pro-apoptotic Bcl-2
family proteins. Bcl-2 family proteins can be either anti-apoptotic such as MCL-1, BCL-2,
BCL-w or pro-apoptotic e.g., BAX, BAK, BIM (Fig. 8). Pro- and antiapoptotic Bcl-2 family
proteins regulate the release of mitochondrial proteins by inducing or preventing
permeabilization of the outer mitochondrial membrane (Cory and Adams, 2002). BH3-
only proteins represent a subset of pro-apoptotic members of the Bcl-2 family that
activate pro-apoptotic Bcl-2 family proteins and inactivate anti-apoptotic Bcl-2 family
proteins (Hollville et al., 2019). Anti-apoptotic Bcl-2 proteins inhibit apoptosis either by
direct binding to activated BAX and BAK or by binding and sequestering BH3-only
proteins (Chipuk et al., 2010; Happo et al., 2012; Shamas-Din et al., 2011). When the
pro-apoptotic factors BAX and BAK are activated, oligomers are built that insert in the
mitochondrial outer membrane, creating pores that result in mitochondrial outer
membrane permeabilization (MOMP) (Hollville et al., 2019). MOMP causes a release of
pro-apoptotic factors such as cytochrome c, from the mitochondrial intermembrane
space into the cytosol (Saelens et al., 2004). Cytosolic binding of cytochrome c to the
apoptotic protease-activating factor 1 (APAF-1) leads to the formation of an
apoptosome which in turn activates the initiator caspase-9 (CASP9) and consequently
the caspase cascade (Cory and Adams, 2002). Altogether, cellular apoptotic stimuli
result in the activation of BH3-family proteins and finally in the release of mitochondrial
proteins that initiate the caspase cascade, causing the apoptotic death of the cell (Taylor
et al.,, 2008). The extrinsic pathway is described as death receptor pathway. Death
receptors are members of the tumour necrosis factor (TNF) receptor gene superfamily
(Locksley et al., 2001). Natural killer cells or macrophages that produce the
corresponding death ligand bind to the extracellular domain of the death receptor and
induce the extrinsic pathway by activation of the caspase cascade (Kim et al., 2004).

1.3.4 Apoptosis in neuronal development

The development of the nervous system is defined by an overproduction of cells,
followed by a period where neuronal progenitors and neurons are selectively eliminated
by apoptosis (Nijhawan et al., 2000; Opferman and Korsmeyer, 2003). To ensure long-
term survival of post-mitotic neurons in the mature nervous system, the threshold
required to induce apoptosis is increased during neuronal differentiation and
maturation (Polster et al., 2003). Mature post-mitotic neurons that are fully integrated
in the neuronal network restrict the apoptosis pathway (Kole et al., 2013). Control and
regulation of apoptosis during development, maintenance and aging of the nervous
system is highly critical. Abnormal levels of apoptosis can have tremendous effects on
health of a multicellular organism. It can cause neurodegenerative diseases such as
Alzheimer’s or Parkinson’s disease (Dickson, 2004; Tatton et al.,, 2003) as well as
uncontrolled growth and division of cells that is observed in cancer (King and Cidlowski,
1998). Regarding the regulation of the apoptotic signalling pathway, neurons show some
specific features. The apoptotic pathway becomes increasingly restricted during
neuronal differentiation and maturation (Kole et al., 2013). Multiple mechanisms at the
transcriptional and posttranscriptional level repress the expression of BH3-only genes in
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neurons, while the level of anti-apoptotic proteins increases in neuronal development
(Fig. 8).
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Figure 8: Regulation of neuronal Bcl-2 family proteins during neuronal differentiation.
Expression of pro- and anti-apoptotic proteins is regulated from neuronal precursor cells to
mature neuron to provide a tight regulation of neuronal cell death and ensure survival of
postmitotic neurons. (Adapted from Hollville et al., 2019)

The level of the pro-apoptotic Bcl-2 family protein BAX decrease in the brain postnatally
but is maintained at low levels (Krajewska et al., 2002; Vekrellis et al., 1997). While
neuronal progenitor cells still express BAK, post-mitotic neurons only express an
alternatively spliced form of BAK (N-BAK) (Deckwerth et al., 1996). A pro-apoptotic or
neuroprotective function of this form is still controversial (Fannjiang et al., 2003; Sun et
al., 2001; Uo et al., 2005). However, this likely provides neurons with the ability to tightly
control apoptosis without BAK, solely through the regulation of BAX. Many pro-
apoptotic BH3-only genes, that control the initiation of apoptosis, are expressed in the
embryonic brain while their expression is significantly reduced in neurons of the
postnatal brain (Krajewska et al., 2002, Shimohama et al., 1998). At the same time, the
levels of the anti-apoptotic factors BCL-xL and BCL-w increase during development to
post-mitotic neurons, while BCL-2 is constantly expressed throughout the developing
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and mature brain (Fogarty et al., 2019; Merry et al., 1994). MCL-1, on the other hand, is
responsible for neuronal survival at an early stage of development (Fogarty et al., 2019).

The PI3K/AKT and the MEK/ERK survival pathway are reported to be involved in the
restriction of the apoptotic pathway in neurons (Hollville et al., 2019). A pro-apoptotic
c-Jun N-terminal kinases (JNK) pathway was discovered, that is strictly limited to
neurons and play an essential role in activating the intrinsic apoptosis pathway (Ghosh
et al., 2011; Putcha et al., 2003). JNK activation, causing neuronal cell death in response
to a wide variety of stimuli, is tightly regulated in neurons (Hollville et al., 2019).
Activated JNK promotes neuronal death by phosphorylation or transcriptional activation
of several pro-apoptotic BH3-only family proteins (Harris and Johnson, 2001). The AKT-
pathway has an anti-apoptotic function and represses the JNK pathway, inactivates the
BH3-only protein BAD and is preventing transcriptional upregulation of the BH3-only
proteins BIM and PUMA (Kamada et al., 2007; Sanphui and Biswas, 2013; Wang et al.,
2007). Neuronal AKT activation is mediated by PI3K signalling and activated by pro-
survival signals. Active suppression of AKT pro-survival signalling, is required for
apoptosis in response to neurotoxic stimuli (Saleem and Biswas, 2017). Whereas the
pro-survival MEK/ERK signalling pathway promotes the proteasomal degradation of BIM
and downregulate BAD expression in the maturing and adult brain (Biswas and Greene,
2002; Finegan et al., 2009; Ordonez et al., 2010). The level of APAF-1, the main scaffold
protein of the apoptosome complex, decreases during neuronal differentiation until
expression is completely shut down in mature neurons (Wright et al., 2007; Yakovlev et
al., 2001). Also, expression of several caspase genes, including effector caspase-7 and
caspase-3 (CASP7 and CASP3) are downregulated in neurons (Kumar et al., 1992).
Besides involvement in apoptosis, CASP3 demonstrates non-apoptotic functions during
early neuronal development as regulatory molecule in neurogenesis and synaptic
activity, facilitating neurogenesis of neuronal progenitors (D'Amelio et al, 2010).
Altogether, mature neurons become extremely resistant to triggers of apoptotic cell
death (Putcha et al., 2000). But in the context of injury and disease, apoptotic cell death
becomes facilitated by, for example re-expression of APAF-1 or CASP3 (de Bilbao et al.,
1999; Fortin et al., 2001). Overall, the increased threshold for apoptosis in mature
neurons is realised by restricting the apoptotic machinery through repression of sensors
and effectors of the mitochondrial apoptotic pathway at several levels (Kole et al., 2013).

1.3.5 Autophagy

Autophagy is the primary intracellular multistep catabolic mechanism for degrading and
recycling long-lived proteins and organelles and occurs as cellular response to stress
conditions such as nutrient starvation, damaged organelles, or accumulation of protein
aggregates (Levine and Klionsky, 2004). After substrate degradation, free amino acids,
fatty acids, and adenosine triphosphate (ATP) are recycled back for biomolecule
synthesis. Autophagy is described as conserved process that is involved in cellular
homeostasis and is required to maintain cellular physiology under stressful conditions
(Cooper, 2018). This mechanism is involved in several cellular processes like cell growth,
survival, development, and death. Therefore, control and regulation of autophagy level
is critical, as indicated by the fact that dysregulated autophagy has been linked to many
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human pathophysiologies (Chen and Klionsky, 2011). Defective autophagy is associated
with degeneration, premature aging, and cancer whereas increased autophagy
contributes to longevity in several model organisms (Mizushima and Levine, 2010;
Rubinsztein et al., 2011). While this mechanism improves the cellular function, extends
lifespan and avoids cell death, it also represents another mechanism for programmed
cell death. Normally, this mechanism functions to prevent cell death, but excessive
autophagy can cause cell death by “self-eating” (Fricker et al., 2018).

Besides microautophagy and chaperone-mediated autophagy, macroautophagy is the
main type of autophagy, hereafter referred to as autophagy. Initiation of autophagy is
mediated by a variety of stressors, most notably nutrient deprivation as result of signals
that occur during cellular differentiation and embryogenesis and on the surface of
damaged organelles (Mizushima et al., 2008). Autophagy is an evolutionarily conserved
process of bulk degradation by sequestration of cytoplasmic components within a
double membrane structure and subsequent delivery to lysosomes for degradation and
recycling (Levine and Klionsky, 2004). Thereby, cellular components such as
macroproteins or even whole organelles are sequestered into lysosomes for
degradation (Shintani and Klionsky, 2004, Mizushima et al., 2008). Subsequently, the
digested substrate can be recycled and used for anabolic processes or as energy source
(D’Arcy, 2019). Autophagy is controlled by a core group of about twenty conserved
autophagy-related genes (Atg) (Klionsky et al., 2003). Initiation starts with the activation
of the ULK1 (unc-51-like kinase 1) complex (Fig. 9).
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Figure 9: Overview of the autophagic process. Initiation, formation of the autophagosome,
fusion with the lysosome, followed by digestion of the cargo and nutrition recycling, are covered
by autophagy. This process is regulated by a variety of factors like about twenty ATG proteins,
implemented in this process. (Adapted from Cicchini et al., 2015)
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This autophagy-specific complex is activated by cellular stress via the mechanistic target
of rapamycin (mTOR) inhibition and/or AMP-activated protein kinase (AMPK) activation
(Alers et al., 2012). The kinase mTOR is found in two distinct protein complexes, named
as mTORC1 and mTORC2, but only mTORC1 is assumed to directly regulate autophagy
(Bar-Peled and Sabatini, 2014). mTORC2 is defined as rapamycin-insensitive complex,
that is activated directly by AMPK (Jacinto et al., 2004; Kazyken et al., 2019). Recently, it
was reported that AMPK, mTORC2, and AKT suppress apoptosis to promote cell survival
during acute energetic stress (Kazyken et al., 2019). In high-nutrient conditions, ATG13
and ULK1 are bound and phosphorylated by mTORC1, whereas starvation caused an
activation of these factors by dephosphorylation and dissociation from the mTORC1
complex (Hosokawa et al., 2009; Jung et al., 2009). ULK1 activation promotes
recruitment of a multiprotein complex that is required for initiation of phagophore
formation (ltakura and Mizushima, 2010). Upon autophagy induction, an ULK1/2
complexis formed, consisting of ULK1 itself, ATG13, FIP200 (focal adhesion kinase family
interacting protein of 200 kDa), and ATG101 (Zachari and Ganley, 2017). This complex is
referred to as VPS34 and requires activity of the class-lll phosphoinositide 3-kinase
(P13K) and is with VPS15, BECLIN1 (BECL1), and ATG14 for complex I, or UVRAG part of
a large macromolecular complex (ltakura et al., 2008). BECL1 acts as a regulator of
autophagy since it is inhibited by the anti-apoptotic protein BCL-2, inactivated by AKT
and EGFR (epidermal growth factor receptor) and activated by ULK1, AMPK and DAPK
(death- associated protein kinase) (Dikic and Elazar, 2018; Pattingre et al., 2005). VPS34
produces phosphatidylinositol 3-phosphate (PI3P) on the membrane destinated to
become a phagophore, and PI3P recruits proteins required for phagophore elongation
(Cicchini et al., 2015). Additionally, ULK1 regulates trafficking of the transmembrane
proteins ATG9a and ATGY9b (Zachari and Ganley, 2000). Phosphorylation of ATG9
proteins promote the translocation of ATG9-positive vesicles to the autophagy initiation
sites (Zhou et al., 2017). In mammalian cells, ATG9A is reported to cycle mainly between
the trans-Golgi network (TGN) and the endosomal system (Imai et al., 2016). Upon
autophagy induction, ATG9A partially localizes transiently to autophagic membranes
(Young et al., 2006). The two isoforms, ATG9a and ATG9b, may have similar functions in
the autophagosome formation, but this is not yet clear (Zhang et al., 2020). The exact
functions of ATG9 in the cell, and how the ULK1 complex regulates ATG9 trafficking, are
poorly understood so far (Parzych and Klionsky, 2014).

Expansion of the phagophore involves the recruitment of two ubiquitin-like protein
conjugation systems composed of multiple other ATG proteins such as ATG5, ATG7,
ATG12 etc. (Klionsky and Schulman, 2014). Both these systems involve the E1-like ATG7
that initiates the conjugation of light chain 3 (LC3) with phosphatidylethanolamine
(LC3/PE) and ATG5 with ATG12 (Cooper, 2018; Mizushima and Levine, 2010). These
systems are reported to catalyse the formation of phosphatidylethanolamine (PE)-
lipidated LC3-Il and direct it into the phagophore membrane (Cicchini et al., 2015). The
membrane lipids can be derived from multiple sources, including the endoplasmic
reticulum (ER) (Axe et al., 2008). The phagophore expands until its membranes fuse to
form an autophagosome, which eventually fuses with the lysosome to form an
autolysosome where cargo is degraded, and nutrients are recycled. LC3 is involved in
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cargo recognition, autophagosome closure and fusion with lysosomes. The p62/SQSTM1
(sequestosome 1) protein functions as a cargo receptor for autophagic degradation of
ubiquitinated targets and is upregulated by various stressors (Jain et al., 2010). For
instance, induction of the p62 gene by oxidative stress is mediated by NRF2 (Ishii et al.,
2000). The specific interaction between p62 and LC3 was shown to be essential for the
formation and degradation of polyubiquitin-containing bodies by autophagy (Pankiv et
al., 2007). The least understood step of autophagy depends on molecules that regulate
maturation of autophagosomes, including their fusion with endosomes and lysosomes,
as well as acidification of the autophagic compartments, and recycling of metabolites
from lysosomal compartment (Parzych and Klionsky, 2014).

1.3.6 Crosstalk between autophagy and apoptosis

Autophagy represents besides apoptosis another type of energy-dependent
programmed cell death with important roles in developmental processes, human
diseases, and cellular responses to nutrient deprivation (Debnath et al., 2005; Gozuacik
and Kimchi, 2004; Schwartz et al., 1993). Therefore, apoptosis and autophagy represent
two processes through which redundant, damaged, or aged cells are eliminated. In
addition to this function, autophagy plays an essential role in adapting cellular
metabolism to avoid cell death, e.g., due to cellular stress such as starvation.
Additionally, autophagy represents an alternative cell-death pathway under certain
circumstances (Maiuri et al., 2007). Between both cell death mechanisms, described as
“self-eating” (autophagic death) and “self-killing” (apoptosis), exists an extensive
crosstalk since both pathways share some common signals and regulatory components
(Denton et al., 2015; Maiuri et al., 2007). Because autophagy and apoptosis are partially
triggered by common signals such as ROS, which arise predominantly from defective
mitochondria, it sometimes results in combined autophagy and apoptosis (Marino et al.,
2014). On the other hand, both pathways can inhibit each other. A molecular switch
between these two processes has been reported that is mediated by a complex crosstalk
that is not completely elucidated (Wu et al., 2014; Piacentini et al., 2003). Autophagy
that arises from the inhibition of apoptosis is able to protect cells from death. Removal
or inhibition of essential apoptotic proteins can switch a cellular stress response from
the apoptotic default pathway to a state of massively increased autophagy (Maiuri et
al., 2007). Mitochondria function as central regulators of apoptosis and autophagy
(ElImore et al., 2007). For instance, autophagy decreases the possibility of apoptosis by
removal of damaged mitochondria by mitophagy, and through the specific targeting and
degradation of pro-apoptotic proteins (Marino et al., 2014). In case of a failure to restore
cellular homeostasis, cells can switch to regulated cell death response (Cooper, 2018;
Elmore et al., 2007).

It should be noted that inhibition of autophagy does not always induce cell death by
apoptosis, and that other types of cell death may also result from autophagy inhibition
(Golstein and Kroemer, 2007; Maiuri et al., 2007). At the same time, activation of
apoptosis inhibits autophagy through caspases mediated cleavage and inactivation of
essential autophagy proteins (Marino et al., 2014). For instance, BECL1, ATG5 and
ATG4D can be cleaved by caspases thereby destroying the pro-autophagic activity
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(Djavaheri-Mergny et al., 2010; Kang et al., 2011; Luo and Rubinsztein, 2010). The
cleavage of BECL1 is mediated by the caspase-3-, 7- and 8 and generates a N- and C-
terminal fragment that lost the ability to induce autophagy. The C-terminal fragment
translocate to mitochondria, where it sensitizes cells to apoptotic signals (Djavaheri-
Mergny et al., 2010). The N-terminal fragment that is generated during the cleavage of
ATG5, translocate likewise to the mitochondria, where it acts as pro-apoptotic factor
and causes release of cytochrome c by interacting with BCL-xL (Yousefi and Simon,
2007). The CASP3 mediated cleavage of ATGAD creates a fragment with increased
autophagic activity (Kang et al., 2011). In turn, CASP8 can be degraded by autophagy to
inhibit the apoptotic cell death (Hou et al., 2010). BCL-2 and BCL-xL are anti-apoptotic
as well as being blockers of autophagy (Ravikumar et al., 2009). The autophagy-inducing
activity of BECL1 is inhibited by an interaction with these anti-apoptotic multidomain
proteins (Kang et al., 2011). This was reported to be spatially limited since only ER and
not mitochondrial localized interaction between BECL1 with BCL-2 or BCL-xL inhibits
starvation-induced autophagy (Maiuri et al., 2007; Pattingre et al., 2005). The BH3-only
protein BAD competitively disrupt the interaction between BECL1 and BCL-2 or BCL-xL
and facilitates BECL1 stimulated autophagy (Maiuri et al., 2007). A further dependence
on each other is shown by clearance of dead cells during EB cavitation, since autophagy
revealed to be essential to create a critical “eat-me” signal for apoptotic cell engulfment
(Qu et al., 2007). Despite the findings so far, there are still many uncertainties regarding
the crosstalk, and it is not yet clear how the switch occurs.

1.3.7 Autophagy in neuronal development

Evidence suggests that autophagy plays a crucial role in neuronal development and the
axonal outgrowth of neurons (Ban et al., 2013; Fimia et al., 2007). Autophagy presents
to interact with crucial developmental pathways like Wnt, SHH, transforming growth
factor B (TGFB) and FGF (Zhang et al., 2012; Jimenez-Sanchez et al., 2012; Gao et al.,
2010; Kiyono et al., 2009). Therefore, it is assumed that the switch between proliferation
and differentiation could be regulated by autophagy, but the mechanism is poorly
understood. It is known that basal autophagy regulates Wnt and Notch signalling during
development. Regulation of Wnt and Notch signalling is required for appropriate
neuronal differentiation (Casares-Crespo et al., 2018; Wu et al., 2016). It is assumed that
the downregulation of the B-catenin/Wnt and Notch pathways limits the expansion of
NSC (Casares-Crespo et al., 2018). An upregulation of the expression of Atg9a, Atg7,
Becll, Ambral and the LC3-1I/LC3-I ratio was described during neurogenesis of olfactory
bulb derived NSCs and in the mouse cerebral cortex during the initial period of neuronal
differentiation (Lv et al., 2014; Morgado et al., 2015, Vazquez et al., 2012). In turn,
suppression of autophagy by PI3K inhibitors was reported to impair neuronal
differentiation (Morgado et al., 2015). Studies of N2a mouse neuroblastoma cells
revealed that autophagic activity and a precise control of mTOR signalling are critical in
the neuronal differentiation process (Zeng and Zhou, 2008). RA induced differentiation
of N2a cells was shown to increase the autophagy level, while the AKT/mTOR signalling
is downregulated. Further inhibition of mTOR activity as well as the suppression of
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autophagy impairs neuronal differentiation while the process is delayed by knocking
down Becl1 (Zeng and Zhou, 2008).

Furthermore, observations suggest that autophagy participates in neuronal
development by regulation of ROS levels through mitophagy (Boya et al, 2018).
Moreover, it was reported that NRF2, a master transcription factor for cellular defence
of oxidative stress, plays a critical role in self-renewal and differentiation (Jang et al.,
2014). An increased ciliation in neuroectodermal precursor cells induce autophagy that
results in the inactivation of NRF2 and thereby lead to the transcriptional inactivation of
Oct4 and Nanog, directing ESCs towards a neuroectodermal fate (Boya et al., 2018; Jang
et al., 2016). Anyway, the knowledge about the involvement of autophagy in neuronal
differentiation is still fragmented. Much effort must be spent to discover more
connections between involved pathways and the role of autophagy in this complex
process. Beside the importance of autophagy in neuronal development, it has a crucial
function in mature neurons by providing a continuous turnover of cytoplasmic contents,
a process that prevents axon degeneration and is essential for neuronal survival (Hara
et al., 2006; Komatsu et al., 2006). A constitutive basal autophagy level works in part as
quality-control mechanism and especially postmitotic cells such as neurons are
dependent on proper cellular homeostasis (Yin et al., 2016). Interestingly, compared to
liver, proteins in the brain present a two to five-fold longer half-time, consistent to a
lower autophagic turnover in neurons (Price et al., 2010). Dysregulation of autophagy in
neurons results in detrimental neurodegenerative disorders that are characterized by
the accumulation of protein aggregates such as in Alzheimer’s, Parkinson’s and
Huntington’s disease, while a loss of autophagy is reported to be sufficient to induce
neuronal death (Hara et al., 2006; Komatsu et al., 2006; Nishiyama et al., 2007).
Accumulation of dysfunctional organelles in the axon is leading to oxidative damage and
finally to apoptotic cascades (Maday, 2016). Unlike other cells, autophagy in neurons is
not induced by starvation in either the axonal or somatodendritic compartments (Ariosa
and Klionsky, 2016). Nutrient-starved neuronal cells show considerably lower levels of
LC3 conjugated to PE (LC3-Il) and although mTOR signalling is decreased (Yu et al., 2004).
Additionally, pharmacological mTOR inhibition by rapamycin or torinl revealed to be
insufficient to upregulate autophagy in neurons (Maday and Holzbaur, 2016). Recently,
depletion of Baculoviral IAP repeat-containing protein 6 (BIRC6, also known as BRUCE)
was shown to enhance autophagy in non-neuronal cells as well as in neurons (Jia and
Bonifacino, 2019). BIRC6 functions as Ub-conjugating enzyme (E2/E3) that negatively
regulate autophagy. It is involved in monoubiquitination of LC3B, marking it for
degradation by the proteasome. The knockout of BirC6 demonstrated to facilitate
clearance of protein aggregates by increasing the level of cytosolic LC3B-I (Jia and
Bonifacino, 2019).

Neuron-specific knockout of Atg5 or Atg7, coding for protein that are required for
autophagosome formation, result in axonal degeneration and neuronal death in mice
(Hara et al., 2006; Komatsu et al., 2006; Nishiyama et al., 2007). The loss of Purkinje cells
in the cerebellum is shown to be dramatic, while degeneration of pyramidal cells in the
cerebral cortex occur to a lesser degree (Hara et al., 2006; Komatsu et al., 2006).
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Accordingly, it remains unclear why different neuronal populations respond differently
to a lack of autophagy (Maday, 2016). A basal autophagy level is critical for axonal
homeostasis and regulation of the presynaptic function (Maday, 2016). It was shown
that autophagy is enhanced within presynaptic and postsynaptic terminals to regulate
neuronal activity and synaptic transmission (Hernandez et al., 2012; Shehata et al.,
2012). Blocked autophagy caused axon terminal swelling before it comes to retraction
followed by neuronal death (Maday, 2016). Increased neurotransmitter release and
presynaptic recovery, specifically in dopaminergic neurons in mice, was reported to
result from an Atg7 knockout (Hernandez et al.,2012). In turn, the number of synaptic
vesicles is decreased by autophagy induction (Hernandez et al., 2012). This leads to the
assumption that autophagy modulates neurotransmission by sequestering synaptic
vesicles (Maday, 2016). In contrast to the observation that autophagy disruption causes
axonal retraction, it was demonstrated that depletion of ATG7 in murine neurons caused
growth of longer axons, while activation of the autophagy pathway with rapamycin
results in shorter neurites (Ban et al.,, 2013; Chen et al., 2013). The autophagosomes
generated at tips of actively elongating axons contain membrane and cytoskeletal
components (Hollenbeck and Bray, 1987; Maday et al., 2012). Induction of autophagy
results in degradation of cytoskeletal components and consequently to an inhibition of
neurite outgrowth (Chen et al., 2013; Stavoe et al., 2016). Information must cross a large
distance in the extended axonal and dendritic processes of polarised neurons with a
length up to one meter in humans. Accordingly, autophagy is spatially
compartmentalized in neurons, and autophagosome biogenesis and maturation is
spatiotemporally regulated along the axon (Ariosa and Klionsky, 2016). Autophagosome
biogenesis occurs in the distal axons (Maday and Holzbaur, 2014). The smooth ER in
axons may provide the membrane for the autophagosome formation, according to the
production of autophagosomes in axons (Yue, 2007). Autophagosomes are transported
from the distal axon towards the cell body driven by the microtubule-based molecular
motor dynein (Lee et al., 2011; Maday and Holzbaur, 2014; Wang et al., 2015). Recently,
it was shown that the fusion event itself likely triggers the transport of autophagosomes
to the cell body by recruiting dynein (Cheng et al, 2015). Along the way,
autophagosomes fuse with lysosomes and mature into degradative organelles (Lee et
al., 2011; Wang et al., 2015). Hence, a gradient of lysosome function is generated along
the axonal processes, with proteolytic activity concentrated in the soma of the neurons
(Gowrishankar et al.,, 2015; Lee et al.,, 2011; Xie et al., 2015). The soma probably
facilitates the degradation and recycling because it is also the primary site of protein
synthesis in neurons (Maday, 2016). In the aging human brain, efficiency of the
autophagic pathway declines (Cuervo, 2008; Labbadia and Morimoto, 2014). Thus,
autophagy related genes, essential for autophagosome formation such as Atg5 and
Atg7, are downregulated with age (Lipinski et al., 2010). Anyway, we are only at the
beginning of understanding the mechanisms of autophagy in neuronal development and
neurons. Further investigations will provide a deeper insight into cross reactions of
several pathways with the autophagy machinery.
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2. Material and methods

2.1. Material

Table 1: Mammalian cell lines and bacterial strain

Strain
P19

P19 Rac65

129S2/C578BI6.,
F1(G4)

Hek239

XL1-Blue

Description

Murine embryonal
teratocarcinoma cells isolated
from male C3H/He Mus musculus
P19 cells with a truncated RARa

Embryonal stem cells from Mus
musculus, wildtype

Human embryonic kidney cells

Competent E. coli cells

Material and methods

Reference
ATCC® CRL-1825™

Gift from the lab of Pierre
Chambon, Institut de Génétique
et de Biologie Moléculaire et
Cellulaire,

Strasbourg

Gift from Phillip Grote, Institute
of Cardiovascular Regeneration,
Frankfurt

Gift from Anja Bremm,
Buchmann Institute of
Molecular Life Science,
Frankfurt

Agilent Technologies

Table 2: Oligonucleotides. All guide sequences contain a BsmBI overhang on 5’-endings. Reverse
Primer (rev) additionally contain a Cytosine (C) at the 3’-endings (illustrated in grey). All
oligonucleotides were ordered from Sigma-Aldrich.

Name

Becl1_gRNA1_1
Becll_gRNA1_2
Becll_gRNA2_1
Becl1_gRNA2_2
Becl1_gRNA3_1
Becl1l_gRNA3_2

Becll_PCR_fw

Sequence

CACCGGGCGAGTTTCAATAAATGGC

AAACGCCATTTATTGAAACTCGCCC

CACCGATCTTCGAGAGACACCATCC

AAACGGATGGTGTCTCTCGAAGATC

CACCGGGCCCGACATGATGTCAAAC

AAACGTTTGACATCATGTCGGGCCC

CTCACTGTCATCCTCATTCATCTGC

Usage

Guide sequence beclin-1
gRNA1, forward

Guide sequence beclin-1
gRNA1, reverse

Guide sequence beclin-1
gRNA2, forward

Guide sequence beclin-1
gRNA2, reverse

Guide sequence beclin-1
gRNA3, forward

Guide sequence beclin-1
gRNA3, reverse
Amplification and
sequencing of DNA
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Becl1_PCR_rev

Atg7_gRNA1.2_1
Atg7_gRNA1.2_2
Atg7_gRNA1.2_

fw
Atg7_PCR1_rev

Atg7_gRNA2_1
Atg7_gRNA2_2

Atg7_PCR2_fw
Atg7_gRNA2_rev

Atg7_gRNA3_1
Atg7_gRNA3_2

Atg7_gRNA3_fw
Atg7_PCR3_rev

Atg9a_gRNA1_1
Atg9a_gRNA1l_2
Atg9a_gRNA2_1

Atg9a_gRNA2_2

GTGACTTCCAGGACAGCCAG

CACCGGACCTTCGCGGTAAGTAAAT

AAACATTTACTTACCGCGAAGGTCC

GAGATATCAGCAGCCCAAC

GCTGGGTACTTGCTTGC

CACCGCAGTGGATGTATGGACCCCA

AAACTGGGGTCCATACATCCACTGC

GCTGTCTGGCTAGAGAGGTG
CGCTCAGCTACGCAGGA

CACCGTGGTAAGAACAGTAGCCATG

AAACCATGGCTACTGTTCTTACCAC

ACCCAGTCCTCTGTAAGAG
GACTTGAGAAGCTGTGTCTAG

CACCGAGATAAACTTGATAAGCCGG

AAACCCGGCTTATCAAGTTTATCTC

CACCGCCACGTTTGTACTCGGCCTT

AAACAAGGCCGAGTACAAACGTGGC

Material and methods

fragments
complementary to area
coding for all three
beclin-1 guide
sequences

Guide sequence Atg7
gRNA1, forward

Guide sequence Atg7
gRNA1, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding atg7 guide
sequence 1

Guide sequence Atg7
gRNA2, forward

Guide sequence Atg7
gRNA2, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding atg7 guide
sequence 2

Guide sequence Atg7
gRNA3, forward

Guide sequence Atg7
gRNA3, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding Atg7 guide
sequence 3

Guide sequence Atg9a
gRNA1, forward

Guide sequence Atg9a
gRNA1, reverse

Guide sequence Atg9a
gRNA2, forward

Guide sequence Atg9a
gRNA2, reverse
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Atg9a_gRNA2_
fw
Atg9a_gRNA1_
rev
Atg9a_gRNA3_1
Atg9a_gRNA3_2
Atg9a_gRNA3_

fw
Atg9a_PCR3_rev

Nrf2_gRNA1_1
Nrf2_gRNA1_2
Nrf2_gRNA2_1
Nrf2_gRNA2_2

Nrf2_gRNA2_ fw

Nrf2_PCR1/2_rev

Nrf2_gRNA3_1
Nrf2_gRNA3_2

Nrf2_gRNA3_fw
Nrf2_gRNA3_rev

BirC6_gRNA1_1

GGAAGTTGGCGATGCCAATC

GGGACCCTACTTTATCTCC

CACCGCTCGGCTTGCTGGTACACTG

AAACCAGTGTACCAGCAAGCCAGC

GAAAGCTGTGCTCTCACG

GGCCATCCTCAGGTACTG

CACCGGCGAGGAGATCGATGAGTAA

AAACTTACTCATCGATCTCCTCGCC

CACCGAGCCTTCAATAGTCCCGTCC

AAACGGACGGGACTATTGAAGGCTC

ATTGTGCCTTCAGCGTGC

CTCATGAGAGCTTCCCAGACTC

CACCGATGTGCTGGGCCGGCTGAAT

AAACATTCAGCCGGCCCAGCACATC

CTAAGCACAGGGTCACAAC
GAAGGAACAGGAGAAGGC

CACCGTAGCTGCTGCAACCAAACGT

Material and methods

Amplification and
sequencing of DNA
fragments
complementary to area
coding Atg9a guide
sequence land 2
Guide sequence Atg9a
gRNA3, forward

Guide sequence Atg9a
gRNA3, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding Atg9a guide
sequence 3

Guide sequence Nrf2
gRNA1, forward

Guide sequence Nrf2
gRNA1, reverse

Guide sequence Nrf2
gRNA2, forward

Guide sequence Nrf2
gRNA2, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding Nrf2 guide
sequence 1 and 2
Guide sequence Nrf2
gRNA3, forward

Guide sequence Nrf2
gRNA3, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding Nrf2 guide
sequence 3

Guide sequence BirCé6
gRNA1, forward
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BirC6_gRNA1_2

BirC6_gRNA1_fw
BirC6_PCR1_rev

BirC6_gRNA2_1
BirC6_gRNA2_2

BirC6_gRNA2_fw
BirC6_PCR2_rev

BirC6_gRNA3_1
BirC6_gRNA3_2
BirC6_PCR3_fw

BirC6_gRNA3_
rev

p62_gRNA1_1
p62_gRNA1_2
p62_gRNA2_1
p62_gRNA2_2
p62_gRNA3_1
p62_gRNA3 2

p62_gRNA1l_fw
p62_gRNA3_rev

AAACACGTTTGGTTGCAGCAGCTAC

GATGGAGCTGACAGAATAGC
GTG TAT TTA ACA CAC AGT GGC

CACCGCTCAGGGAGGATACGTGAAA

AAACTTTCACGTATCCTCCCTGAGC

TGCTGAGGAAATGCAGTTAGC
GCCTCA AACTCATGA CCCTAG

CACCGTGTGCATTAGGTTGGTGTGT

AAACACACACCAACCTAATGCACAC

CAGGTCACAGAGCACGC
GTC AGG GCT CCA CTC ATC

CACCGGGGCGGCCATCCCCTGCACG

AAACCGTGCAGGGGATGGCCGCCCC

CACCGCGCACACGCTGCACAGGTCG

AAACCGACCTGTGCAGCGTGTGCGC

CACCGTTATAGCGAGTTCCCACCAC

AAACGTGGTGGGAACTCGCTATAAC

GCTGGCTACTTAAGACACC
GTCCTG GCCTCCTAAGC

Material and methods

Guide sequence BirCé6
gRNA1, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding BirCé6 guide
sequence 1

Guide sequence BirCé6
gRNA2, forward
Guide sequence BirCé6
gRNA2, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding BirCé guide
sequence 2

Guide sequence BirCé6
gRNA3, forward
Guide sequence BirCé
gRNA3, reverse
Amplification and
sequencing of DNA
fragments
complementary to area
coding BirC6 guide
sequence 3

Guide sequence p62
gRNA1, forward
Guide sequence p62
gRNA1, reverse
Guide sequence p62
gRNA2, forward
Guide sequence p62
gRNA2, reverse
Guide sequence p62
gRNA3, forward
Guide sequence p62
gRNA3, reverse
Amplification and
sequencing of DNA
fragments
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Table 3: Plasmids

Name
psPAX2

pMD2.G

lentiCRISPRv2

plentiBec/1_1
plentiBecl1_2
plentiBec/1_3
plentiAtg7_1
plentiAtg7_2
plentiAtg7_3
plentiAtg9a_1
plentiAtg9a_2
plentiAtg9a_3

plentiNrf2_1

GGGCCTATTTCCCATGATTCCTTCATATTT
GC

Description
2"d generation lentiviral packing plasmid,
mammalian expression plasmid

VSV-G lentiviral envelope expressing
plasmid, mammalian expression plasmid

lentiviral CRISPR/Cas9-knockout plasmid,
mammalian expression plasmid,
ampicillin and puromycin resistance gene

Becl1 _gRNA1 guide sequence inserted
into lentiCRISPv2

Becl1 gRNA2 guide sequence inserted
into lentiCRISPv2

Becl1 _gRNA3 guide sequence inserted
into lentiCRISPv2

Atg7_gRNAL1 guide sequence inserted
into lentiCRISPv2

Atg7 gRNA2 guide sequence inserted
into lentiCRISPv2

Atg7_gRNA3 guide sequence inserted
into lentiCRISPv2

Atg9a_gRNA1 guide sequence inserted
into lentiCRISPv2

Atg9a_gRNA2 guide sequence inserted
into lentiCRISPv2

Atg9a_gRNA3 guide sequence inserted
into lentiCRISPv2

Nrf2_gRNA1 guide sequence inserted
into lentiCRISPv2

Material and methods

complementary to area
coding for all three p62
guide sequences
Verification of guide
sequence integration in
lentiCRISPRv2

Reference

Gift from Anja Bremm,
Buchmann Institute of
Molecular Life Science,
Frankfurt

Gift from Anja Bremm,
Buchmann Institute of
Molecular Life Science,
Frankfurt

Gift from Anja Bremm,
Buchmann Institute of
Molecular Life Science,
Frankfurt

Constructed in this study

Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study

Constructed in this study

47



plentiNrf2_1
plentiNrf2_3
plentiBirC6_1
plentiBirC6_2
plentiBirC6_3
plentip62_1
plentip62_2

plentip62_3

Nrf2_gRNA2 guide sequence inserted
into lentiCRISPv2

Nrf2_gRNA3 guide sequence inserted
into lentiCRISPv2

BirC6_gRNA1 guide sequence inserted
into lentiCRISPv2

BirC6_gRNAZ2 guide sequence inserted
into lentiCRISPv2

BirC6_gRNA3 guide sequence inserted
into lentiCRISPv2

p62_gRNA1 guide sequence inserted into
lentiCRISPv2

p62_gRNA2 guide sequence inserted into
lentiCRISPv2

p62_gRNA3 guide sequence inserted into
lentiCRISPv2

Material and methods

Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study
Constructed in this study

Constructed in this study

Table 4: Antibodies for immunoblotting and immunofluorescence. Application of antibodies used
in this study are classified in either western blotting (WB) or immunofluorescence (IF).

Name

Anti-Acetylated

a-Tubulin
Anti-ASCL1

Anti-GFAP

Anti-Map LC3p

Anti-NeuroD

Description Dilution/
Application

IgG Mouse, 1:100/IF

monoclonal

IgG Mouse, 1:100/1F

monoclonal

IgG Mouse, 1:100/IF

monoclonal

IgG Rabbit, 1:100/IF

polyclonal

IgG Goat, polyclonal 1:100/IF

Anti-Neurogenin2 IgG Goat, polyclonal 1:100/IF

Anti-Nestin

Anti-Goat

Anti-Mouse

Anti-Rabbit

IgG Mouse, 1:100/IF
monoclonal

Rhodamin (TRITC)-  1:50/IF
conjugated IgG

Donkey

Rhodamin (TRITC)-  1:50/IF
conjugated IgG

Donkey

Rhodamin (TRITC)-  1:50/IF
conjugated IgG

Goat

Item number,
Provider

6-11B-1, Santa Cruz
D7, Santa Cruz

2E1, Santa Cruz
Santa Cruz

N-19, Santa Cruz
C-16, Santa Cruz

10c2, Santa Cruz

Jackson
ImmunoResearch

Jackson
ImmunoResearch

Jackson
ImmunoResearch
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Cyclopamine

4-Hydroxy-Tempo
(Tempol)
4,5-Dihydroxy-1,3-

mediated activation of
SMAD proteins
Hedgehog pathway

antagonist
Antioxidant

Antioxidant

benzenedisulfonic acid

disodium salt
monohydrate (Tiron)

Material and methods

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Anti-Rabbit Fluorescine (FITC)-  1:100/IF Jackson
conjugated IgG ImmunoResearch
Goat

Anti-Goat Alexa Fluor® 488 1:100/IF Jackson
conjugated IgG ImmunoResearch
Donkey

Anti-ATG7 IgG Rabbit, 1:1000/WB D12B11, Cell
monoclonal Signaling

Anti-ATG9a IgG Rabbit, 1:1000/WB D409D, Cell
monoclonal Signaling

Anti-BECLIN1 IgG Rabbit, 1:1000/WB D40CS5, Cell
monoclonal Signaling

Anti-BIRC6 IgG Rabbit, 1:1000/WB D8B5, Cell Signaling
monoclonal

Anti-GAPDH IgG Rabbit, 1:1000/WB 14C10, Cell
monoclonal Signaling

Anti-NRF2 IgG Rabbit, 1:1000/WB PA5-27882, Thermo
polyclonal Scientific

Anti-SQSTM1/p62  1gG Rabbit, 1:100/WB D6M5X, Cell
monoclonal Signaling

Anti-Rabbit HRP IgG Goat, Anti- 1:10,000- AP156P, Merck
Rabbit, HRP- 1:20,000/WB Millipore
conjugated

Table 5: List of used compounds

Compound Function Provider

4-Diethylaminobenz- Aldehyd-dehydrogenase Sigma-Aldrich

aldehyde (DEAB) inhibitor

BMS 493 Invers pan-RAR (retinoic Sigma-Aldrich

acid receptor) inhibitor
SB-431542 Inhibition of TGF-B- Cayman Chemical
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STF-62247 Trans-Golgi-network (TGN)  Chemcruz
inhibitor

Chloroquine diphosphate Lysomotropic agent Sigma-Aldrich

A-674563 Aktl (Protein Kinase B) Cayman Chemical
inhibitor

LY294002 PI3K inhibitor Sigma-Aldrich

3-Methyladenin (3-MA) Class Il PI3K inhibitor Sigma-Aldrich

Rapamycin MTORC1 inhibitor Cayman Chemical

Torin2 MTORC1 and PI3K inhibitor = Cayman Chemical

2.2. Methods

2.2.1. Mammalian cell culture

2.2.1.1 Maintenance of cells in culture

All cells were cultivated in an incubator at 37 °C, 5 % CO; and a humidity of approximately
80 %. P19 and HEK-293 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM-
high glucose) with 10 % Fetal Bovine Serum (FBS; non USA origin), 4 mM glutamine,
penicillin (100 Units/mL), and streptomycin (100 pg/mL). 75 or 25 cm? Flasks and 10 cm
plates were used. Every 1-3 day, cells were subdivided in a ratio of 1:5-1:20, depending on
confluency. Media was aspirated, cells were washed with 1x Dulbecco’s Phosphate Buffered
Saline (DPBS without calcium and magnesium), treated with 0.25 % Trypsin-EDTA solution,
and transferred to a fresh culture vessel after the enzymatic reaction was stopped by the
admixture of growth medium. All reagents were provided by Sigma-Aldrich.

Murine ESC were grown in self-prepared (feeder and serum free) 2i-media (Tab. 6) on dishes
coated with truncated recombinant human vitronectin (rhVTN). Subdivision was
implemented by usage of TrpLE™ Express (Gibco™).

Table 6: Formulation of self-prepared 2i media. F12/DMEM (Sigma-Aldrich) media was mixed with
Neuro-BS Basal media with L-glutamin (Bio&Sell) 1:1 and following listed supplements were added
to prepare 2i media. Media contained already standard antibiotics penicillin and streptomycin.
Selective GSK3B & Mek 1/2 inhibitors as well as Leukemia Inhibitory Factor (LIF) were elements of
the ESGRO®-2i Supplement Kit (1000x).

Name Final concentration Provider
N2-supplement 1x Gibco™
B27-supplement 1x Gibco™
B-mercaptoethanol 100 uM Sigma-Aldrich
BSA solution 0,05 % Gibco™
Glutamax 1x Gibco™

NEAA 1x Gibco™
Na-Pyruvat 1x Gibco™

Lif 1000 U/mL Merck Millipore
GSK3B & Mek 1/2 inhibitors 1x Merck Millipore
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2.2.1.2 Freezing and thawing cells from cryo culture

Cells of a 70-80 % confluent 75 cm? flask or 10 cm plate were treated with 0.25 % Trypsin-
EDTA solution. Reaction was stopped by adding growth medium. Finally, cells were
centrifuged (34x g, 3 min) and resuspended in 1 mL freezing media (90 % FBS, 10 % DMSO).
Suspension was transferred to a cryovial before frozen in a cryobox at -80 °C. For thawing
cells, frozen cryovial was swivelled in 37 °C warm water bath until suspension was almost
defrosted. Suspension has been transferred to a tube with 10 mL prewarmed media
followed by a centrifugation step (34x g, 3 min). After aspiration of the medium, cells got
resuspended in fresh medium and were transferred on a culture vessel.

2.2.1.3 Counting cells

10 pL cell suspension was mixed 1:1 with trypan blue in a 96-well plate. 10 uL were
transferred on a Neubauer improved counting chamber (0.1 mm depth, 0,0025mm?). Death
cells were dyed in blue. Vital cells of two large corner squares were counted by usage of 10x
objective at the microscope (2.2.3.1). The counted cell number was multiplied with 10* to
calculate the ration of cells per mL.

2.2.2 Neuronal differentiation

2.2.2.1 Methods of neuronal differentiation

Neuronal differentiation was either done by a modified version of the classical protocol
(McBurney et al., 1988), after the novel method of Nakayama et al. (2014) or by the protocol
developed in this study. The self-developed method was designated as Starvation-
Differentiation (SD) method. For SD protocol, dish had to be coated with a 0.005 % Poly-L-
Lysine solution for P19 cells and with 0.5 pug/cm? rhVTN for ESC (2.2.2.2). 10°-20° cells were
seeded in one well of a 6-well plate or an Ibidi p-dish (Ibidi, 35 mm, high). 40>-80° cells were
transferred to 10 cm cell culture dishes. Cells were cultivated with self-developed SD-media.
To prepare this media, 1x N2-supplement (Gibco™) and 1x glutamax (Gibco™) were added
to DMEM/F12 medium (Sigma-Aldrich). 67 mL of this medium was mixed into 505 mL Earls
Balanced Salt Solution (EBSS, containing 5 ml of a penicillin/streptomycin mixture). For ESC,
0.05 % Bovine Albumin Fraction V, 1x NEAA and 100 uM of 2-Mercaptoethanol were added
to F12/DMEM medium (including N2 and Glutamax). Medium was changed very gently on
a daily base. For inhibitor studies, inhibitors were appropriated diluted and mixed with SD-
media before adding to neuronal culture. The concentration of the solvent DMSO was
always kept below the critical level of 0.1 %.

2.2.2.2 Coating with PLL, rhVTN and laminin

PLL (mol wt 150,000-300,000; 0.01 %) was 1:1 diluted with sterile water. 0.5 mL of the
dilution was used for coating of one Ibidi p-dish, 1 mL for a well of a 6-well plate and 3 mL
for a 10 cm plate. Dishes were incubated 1 h at 37 °C and subsequently washed three times
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with sterile water while preventing desiccation of the vessel surface in between the washing
steps. Coated dishes were operationally after 1 h drying at RT.

A5 plL aliquot of a truncated recombinant human vitronectin (rhVTN) provided from Gibco™
(0.5 mg/mL) was thawed and mixed with 500 uL 1x PBS. Solution was transferred on the
glass bottom of an lbidi p-dish and incubated at 37 °C for 1 h. Solution was removed
immediately before seeding cells to avoid desiccation of the surface.

A frozen aliquot of 1 mg/mL laminin from mouse engelbreth-holm-swarm tumor (Sigma-
Aldrich) was thawed at 4 °C and gently mixed 1:400 with 1x PBS. The surface of 10 cm dishes
was covered with each 4 mL of 2.5 pg/mL laminin solution and incubated 4 h at 37 °C.
Solution was removed immediately before seeding cells to avoid desiccation of the surface.

2.2.2.3 Replacement of N2-supplement by single compounds

N2 supplement (Gibco™) was deployed as a serum-free additive of F12/DMEM medium
(2.2.2.1). Single components of N2 were analysed in this work according to the
concentration of the provider (Tab.7).

Table 7: Formulation of 100x N2-supplement. Composition of 100x N2 supplement from GibcoTM,
provided by Thermo Fisher Scientific. Transferrin and insulin represent the protein components of
this supplement. All components were provided by Sigma-Aldrich for analysis of single N2
ingredients.

Name Concentration Molarity
Transferrin, human, holo 10 mg/mL 1 mM
Insulin, recombinant, full chain 0.5 mg/mL 86 uM
Progesterone 0.63 pg/mL 2 uM
Putrescine 1.611 mg/mL 10 mM
Selenite 0.52 pg/mL 3uM

Despite selenite, all components of N2 were analysed individually and in combination. For
each component was a working solution prepared according to N2 formulation (Tab. 6) and
mixed 1:100 in F12/DMEM medium. If one or more components were left out, volume was
replaced by sterile water. 794 ul of the modified F12 was finally mixed into 6 mL EBSS to
generate several SD medium variations. Modified medium was applied in neuronal
differentiation by usage of SD method (2.2.2.1).

2.2.3 Imaging and staining of mammalian cells

2.2.3.1 Brightfield imaging of living cells

Cells in 10 cm dishes or 6-well plates were visualised by a Nikon ECLIPSE TS 100 microscope
by usage of a Nikon Plan Fluor 10x/0,30 objective. Images were taken by a Moticam 3.0 MP
(Nikon) and processed with Motic Images Plus 2.0 ML.
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2.2.3.2 Long term imaging of living cells

To image neuronal differentiation with a tight frame rate, cells were seeded on Ibidi p-
dishes and incubated in an Ibid incubation chamber that was connected to an Ibidi gas mixer
CO; and temperature controller. Incubation chamber was installed on a Zeiss Observer Z1
microscope. Every 3 min, a picture was taken by usage of Axiocam 504 mono (Zeiss) and 5x
or 10x objective (see below). Process was controlled by the Zen pro 2.3 software. The dish
had to be removed from the chamber for daily medium change. The imaged spots were
tried retrieve after every interruption. Subsequently, Fiji (Imagel) was used to wrap up daily
videos, fused and converted by Free Video Joiner to one video that was covering the
complete imaged period. Same microscope, camera and software was also used for all
fluorescence images by usage of a Zeiss N-achroplan 5x/015, Plan-Neofluar 10x/0,30, Plan-
Neofluar 20x/0,5 or Plan Neofluar Qil 40x/1,3 oil dic objective.

2.2.3.3 Trypan Blue staining

The medium from a three-week-old neuronal culture was aspirated and 2 mL of a trypan
blue dye solution was rinsed for approximately 30 s over the cells that adhered on a 10 cm
dish. Cells were washed carefully two times with 1x DPBS before brightfield imaging by
usage of the Nikon ECLIPSE TS 100 microscope (2.2.3.1).

2.2.3.4 Ca2+-indication

50 pg Fluo-4 (AM) from Thermo Fisher Scientific was solved in DMSO to prepare a 1 mM
working solution. By adding Fluo-4 to media, the concentration was decreased to 2.3 uM.
Cells were incubated with the dye for 2 h and washed twice with SD medium before imaging
at 506 nM by usage of the Zeiss Observer Z1 microscope (2.2.3.2).

2.2.3.5 Imaging of apoptotic and necrotic cells

Neurons were stained by Abacam’s Apoptosis/Necrosis Detection Kit (ab176750).
Experiment was implemented according to the microscopy assay protocol from Abacam by
usage of living cells in glass bottom dishes (lbidi) at different time points of differentiation.

2.2.3.6 Cell fixation

Cells were cultured on a glass bottom dish (Ibidi p-dish, 35 mm, high). The medium was
completely aspirated, and cells were washed twice with 1x PBS (5 mM Tris, 150 mM NacCl).
4 % paraformaldehyde solution was added and incubated for 20 minutes at 4 °C. Afterwards
cells were washed three times with 1x PBS of each 5 minutes. In case of storage, 1x PBS was
replaced by 1x PBST (5 mM Tris, 150 mM NacCl, 0.05 % Tween 20) and samples were stored
at the 4 °C.

2.2.3.7 Immunofluorescence staining

1x PBS/T was removed from the fixed cells and replaced by blocking buffer (1x PBS, 5 %FBS,
0.05 % Tween 20). Cells were incubated for 1 h at RT. Blocking buffer was replaced by the
first antibody, diluted (1:50-1:200) in antibody dilution buffer (1x PBS, 1% BSA, 0.05 %
Tween 20). After incubation overnight at 4 °C, cells were washed three times with 1x PBS.
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Incubation of the diluted secondary antibody (1:50-1:100) for 1-2 h at RT in a dark place.
After washing three times with 1x PBS, cells were imaged or stored at 4 °C in the dark.

2.2.4 CRISPR/Cas9 gene knockout

2.2.4.1 Cloning of CRISPR/Cas9-knockout plasmids

Three gRNAs were designed for each target gene. Sequence was chosen from the
Mouse_GeCKOv2_Library (Beclin1, Nrf2, p62) or by recommendation of Manuel Kaulich
(Atg7, Atg9a, BirC6). Two oligonucleotides (forward and reverse) had to be designed for
each gRNA. The designed sequences contain overhangs that are complementary to the
BsmBI digested vector (oligonucleotide sequences are shown in Tab. 2). 1.5 ug of the
plasmid lentiCRISPRv2 was digested by BsmBl. 100 uM of the forward and reverse
oligonucleotides were annealed by decreasing temperature from 95 °C to 10 °C in steps of
5 °C per minute in a thermal cycler. Oligonucleotides were diluted to 0.5 uM with water.
0.5 uM of the annealed oligos were ligated each with 100 ng of the digested backbone by
adding 2.5 U of T4 DNA ligase (Biolabs) and incubated 10 min at RT. For redigestion of the
non-ligated backbone was the ligation mix incubated for further 40 min at 55°C. 10 pL were
used for transformation of ligated plasmids in E. coli (2.2.5.2). Ampicillin resistant colonies
were picked to inoculate LB-media for plasmid isolation (2.2.5.3). Plasmids of each 1-2
clones were sequenced (2.2.5.8) for verification by using the U6 primer.

2.2.4.2 Generation of lentiviral supernatant

1.5x 108 HEK239 cells were seeded per well of a 6-well plate and cultivated in 2 mL DMEM
medium, respectively with all supplements. After 30 h, cells were transferred to S2
laboratory and subsequently transfected with lentiviral plasmids by Lipofectamine™ 3000
Transfection Reagent (Invitrogen™). Plasmids for packing and envelop expression (pPAX2,
pMD2.G) were combined with three modified lentiCRISPRv2 plasmids to produce high titer
lentivirus. Consequently, all three plasmids that code for guide sequences on one and the
same gene were supposed to be transferred all together. For each transfection, two vials
were prepared with each 250 pL OptiMEM medium. In one vial, 7 pl Lipofectamine 3000
was added, while 6 pL P3000 enhancer and the required plasmid DNA (1 ug pMD2.G, 2.7 pg
pPAX2, each 1.1 ug of plentigene_1-3) were mixed in the other one. Freshly prepared
solutions of both vials were mixed and incubated 15 min at RT. 1 mL of media was aspirated
from each well and partially replaced by carefully adding transfection mix (pipetting against
dish wall). Plate was slightly moved to distribute the mixture in media before returning to
incubator. After 12 h, medium was carefully changed. After further 24 h, 1.9 mL viral
supernatant was harvested in a tube. The removed supernatant was replaced by medium.
24 h later, supernatant was harvested again in the same tube as the day before. Hek239
cells got discarded. To avoid transfer of HEK239 cells, supernatant was centrifuged (10 min,
170x g) before subdivision into four cryo vials and freezing at -80 °C.
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2.2.4.3 Transduction of P19 cells with generated lentiviruses

50,000 P19 cells were seeded in each well of a 6-well plate. Next day, 500 pL of thawed
lentiviral supernatant (2.2.4.2) and 8 pg/mL propylene was added dropwise to each well
with 2 mL DMEM (full) from day before. Two days later, the old media was completely
removed, and adherent cells were washed once with 1x PBS before adding fresh media
containing puromycin (3 pug/mL). Cells were passaged in selection media every second day
for two weeks in total before transfer to S1 laboratory.

2.2.5 Cloning and mutant identification tools

2.2.5.1 Determination of DNA concentration

Concentration of plasmid or gDNA was determined by usage of a Nanodrop 1000
Spectrophotometer (Thermo Scientific) according to manufacturer’s construction. Solvent
was used as blank.

2.2.5.2 Transformation of competent E. coli

Competent E. coli XL1-Blue cells were thawed for 10 min on ice. 50 ng plasmid DNA or 10 ulL
of ligation mix was added to 10 pL of cell suspension and incubated 30 min on ice. In every
process, one aliquot of cells was carried along without adding DNA, as a negative control.
Heat shock was implemented by 90 sec at 42 °C followed by 2 min incubation on ice. 100 pL
prewarmed LB-medium was added and cell suspension was shaken 45-60 min at 37 °C
before seeding on LB-agar plates containing ampicillin (100 pg/mL). Plates were incubated
over night at 37 °C. Single clones were picked to be separated on a fresh plate and to
inoculate a liquid culture for plasmid isolation.

2.2.5.3 Plasmid Isolation
Nucleospin® Plasmid Kit from Macherey-Nagel has been used according to manufacturer’s
instruction.

2.2.5.4 gDNA lIsolation

gDNA from P19 cells was isolated by usage of Nucleospin® Tissue Kit from Macherey-Nagel.
Half of a 60-80 % confluent 10 cm dish was used for isolation of gDNA. Pre-lysis of cells was
implemented by adding 200 pL T1 buffer and 25 uL Proteinase K and incubation at 56 °C for
3,5 h. Further steps had been done by following manufacturer’s instruction for animal cells.

2.2.5.5. Polymerase-Chain-Reaction (PCR)

For verification of gene knockouts, the 500-600 bp comprising area around this sequence
was amplified for sequencing. Isolated gDNA (2.2.5.4) was used as DNA template. For each
clone was a 100-200 pL PCR-reaction mix (1x Red HS Master Mix from Biozym, 0.2 uM
forward/reverse primer, 1,6 ng/uL gDNA) prepared. To ensure an optimized temperature
distribution, reaction mix was proportioned on several PCR tubes to achieve a volume of 20
pL in each tube. Amplification occurred in a thermal cycler through running the following
temperature protocol.
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Table 8: PCR Temperature protocol. Before running the protocol, the lid of the thermal cycler was
heated up to avoid condensation. After running, samples were cooled down to 4 °C. Annealing
temperature was chosen according to melting temperature of oligonucleotides and was approved
previously in temperature gradient PCRs.

Temperature Time Number of cycles
95 °C 2 min x1

95 °C 15s

X°C 15s x 35

72 °C 20 s(15s/kb)

72 °C 5 min x1

2.2.5.6 PCR clean up

Amplified PCR products (2.2.5.6) were purified before sequencing (2.2.5.8) by usage of
Nucleospin® Gel and PCR clean up Kit from Macherey-Nagel according to manufacturer’s
instruction.

2.2.5.7 Agarose gel electrophorese

Due to expected DNA size, 0.8-1.2 % agarose gels were prepared. Agarose was boiled in 1x
TAE (40 mM Tris [pH 7,4], 20 mM Acetic acid, 1 mM EDTA) to bring it into solution. Solution
was cooled down to approximately 45 °C and supplemented with 2.5 ul Roti® GelStain (Carl
Roth) per 50 mL gel before transferring to a chamber. The cured gel was transferred to
electrophoresis chamber of the Biometra Compact Multi-Wide System (Analytik Jena). 5 ul
of 1 kb DNA Ladder (Carl Roth) or an appropriate sample volume that was mixed with 6x
loading dye, was loaded in a gel pocket. DNA was separated by constant 80 V. Signal was
detected by ChemiDoc™ MP Imaging System (BioRad).

2.2.5.8 Sequencing

Isolated plasmids (2.2.5.3) or purified PCR products (2.2.5.6) were sequenced by Eurofins
(formally GATC) and samples were prepared in beforehand due to the predefined protocol
of the provider. Sequences were compared by usage of NCBI blast.

2.2.6 Immunoblot

2.2.6.1 Protein isolation

Cells from an approximately 80 % confluent 75 cm? flask were enzymatically separated by
usage of trypsin. Reaction was stopped by addition of serum containing medium. Half of the
cell suspension was used for protein isolation. Cells were washed twice in cold 1x DPBS and
resuspended with 100-200 pl cold IP buffer (50 mM HEPES [pH 7.3], 150 mM NacCl, 2 mM
EDTA, 1 % NP-40) with 1 mM freshly added PMSF (Roche). Cell suspension was incubated
30 min on ice and shook several times in between. Cell debris was removed by
centrifugation (16,000x g, 4 °C, 10 min). Supernatant of cell lysate was transferred to a fresh
tube and was ready to use for SDS-Page.
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2.2.6.2 SDS-Page

Acrylamide concentration was similar in all stacking gels (5% Acrylamide, 125 mM Tris
[pH 6.8], 0.1 % SDS, 0.1 % APS, 0.01 %TEMED), while it varied between 8-12 % in the
separation-gels (8-15 % Acrylamide, 370 mM Tris pH 8.8, 0.1 % SDS, 0.1 % APS, 0.01 %
TEMED) according to molecular weight of the proteins. VWR® Mini Vertical Page System
was used to prepare the gels and run protein electrophoresis. Chamber was filled with 1x
SDS running buffer (25 mM Tris, 192 mM Glycine, 0.1 % SDS) after placing gels. Before
loading samples, pockets of the gels had to be flushed carefully with a syringe filled with
running buffer to remove plugging leftovers from gel. 4x LDS sample buffer (Invitrogen) was
freshly mixed with 1/5 B-mercaptoethanol. 12 pL of the cell lysate was mixed with 4 pL of
sample buffer and boiled 5 min at 95 °C. Cooled off samples were short spun before loading
on to SDS-gel. One pocket was set loose between every sample. Finally, 5 uL of the protein
standard Roti®-Mark TRICOLOR was loaded on each gel. Electrophoresis was running with
constant 60 V in stacking and 80-110 V in the separation gel.

2.2.6.3 Immunoblotting

After protein separation on SDS-Page, gel was equilibrated in transfer buffer (25 mM Tris,
192 mM Glycine, 10% Methanol). An Amersham™ Hybond™ P0.45 PVDF Blotting
membrane (GE Healthcare Life Science) was equilibrated first in methanol and subsequently
in transfer buffer. Proteins were transferred onto membrane by blotting in a Hoefer TE22
tank transfer unit (3h, 300 mA const.) over night in a 4 °C room while slightly stirring the
transfer buffer to avoid temperature variations.

2.2.6.4 Immunodetection

After immunoblotting, membrane was washed 5 min in 1x TBST. The washed membrane
was slightly shaken with blocking buffer (1x TBST, 5 % BSA) at RT for 1h. To detect proteins
of a housekeeping gene as loading control additionally to the proteins of choice, membrane
was cut apart due to protein size of the visible marker protein. Accordingly, membrane was
washed three times in 1x TBST before incubation with first antibody (1:1000 in blocking
buffer) over night at 4 °C. Next day, membrane was washed again three times in 1x TBST
and incubated with second antibody (1:5000 resp. 1:10000 for GAPDH) for 1-2 h at RT.
Finally, membrane was washed three times with 1x TBST and rinsed several times with 1 mL
freshly mixed (1:1) Amersham™ ECL™ Western Blotting Detection Reagents (GE Healthcare
Life Science). Signal was detected by ChemiDoc™ MP Imaging System (BioRad) using Image
Lab 5.2 software.

2.2.7 Mass spectrometry

Native and neuronal differentiated P19 cells (wildtype and knockout mutants) were
analysed by tandem mass tag (TMT) spectrometry. Each condition was analysed in
triplicates. The analysed samples were divided on two mass spectrometry runs. For a
comparative purpose, WT was included in both runs:
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Becll_WT_CTRL
Becll_WT_ND
Becll_WT_3MA

Becl1_KO_CTRL

Becl1_KO_ND

2" run
BirC6_WT_CTRL
BirC6_WT_ND
BirC6_WT_Rap

BirC6_KO_CTRL

BirC6_KO_ND
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ND= neuronal differentiation
(SD method)
CTRL= control (native cells)

WT= wildtype

KO= knockout mutant (ABecl1, ABirC6)

For sample preparation, native P19 cells were cultured in growth medium on an uncoated
10 cm? cell culture dish until confluency of 70-80 % was achieved. Neuronal differentiation
was implemented by seeding 10° cells in each well of a PLL coated 6-well plate and culturing
for five days with SD medium. Before cells were harvested, adherent cells were washed
three times with PBS. The cells of three wells were collected for one sample after five days
of the SD differentiation protocol. Each sample was generated in triplicates, grown in
independent cultures. All cells were lysed directly on the plate by adding 200-300 pL lysis
buffer (2 % SDS, 150 mM NaCl, 50 mM Tris [pH 8], Protease Inhibitor Cocktail P8340 (Sigma,
EDTA-free)). Lysate was gently collected by a cell scraper and transferred to a tube. After
10 min at 95 °C, the samples were stored at -20 °C. Further sample preparation, the mass
spectrometry analysis itself and the row data generation were realised in cooperation with
Christian Minch group (Institute of Biochemistry Il, Goethe University) by Martin Adrian-
Allgood and Dr. Georg Tascher. The provided data were analysed by usage of the software
Perseus (version 1.6.15.0). Data were log2 transformed, categorial annotated and a multi-
sample test was implemented that included analysis of variance (ANOVA), Benjamini—
Hochberg correction with a false discovery rate (FDR) of 0.05 and log10 transformation. Z-
score was calculated to generate heatmaps and Euclidean distance was applied to indicate
the row tree clustering. The number of clusters was limited to 20 with maximal 10
iterations. Triplicates were composited to average groups, based on the median, for the
heatmaps of specific protein groups and the multi scatter plot. Specific groups were
generated by manual selection of distinct regulated proteins of interest. Principal
component analysis was based on Benjamini-Hochberg correction (FDR= 0.05). Multi
scatter plot analysis was implemented by the comparison of the generated average groups
and denoted by Pearson correlation.
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3. Results

3.1 Neuronal differentiation of P19 cells by self-developed SD method

In recent years, several neuronal differentiation protocols were developed, that
circumvent the requirement of EB formation under serum-deprivation and simplified
medium conditions (Morii et al., 2020; Nakayama et al., 2014; Pauly et al., 2018;
Yamazoe et al., 2006). Referring to the proposed default neuronal fate, initiated in the
absence of extrinsic signals (Smukler et al., 2006; Tropepe et al., 2001), application of
growth factors and inducers was kept down to a minimum in this study. Achieved was
the establishment of a rapid, stable, and simple method to generate pure cultures of
mature neurons under defined medium conditions, applicable to several cell lines.
Previous in vivo studies indicate that fasting in C. elegans induces neuronal
differentiation within a tumour and enhances neurogenesis in mice (Gomes et al., 2016;
Lee et al.,, 2002). Based on this background, a novel approach to induce neuronal
differentiation in vitro under starved conditions, was established in this work. Neither
the formation of free-floating aggregates nor supplementation of growth factors or
known inducers was required to establish a reliable neuronal differentiation protocol.
The development of this method was implemented by the usage of the P19 ECC line.

3.1.1 P19 cells differentiate through self-developed SD method

Since it is known that ESC and ECC die within 24 h in pure starvation medium (Li et al.,
2010; Smukler et al., 2006; Tropepe et al., 2001), DMEM/F12 media, supplemented with
N2, was mixed to starvation medium (Earles Balanced Salt Solution - EBSS), to keep a
appropriate number of cells alive. DMEM/F12 is commonly used as basis media to
cultivate neurons or for neuronal differentiation under serum deprivation (Nakayama et
al., 2014; Pachernik et al., 2005; Yamazoe et al., 2006). In this study, the P19 cells were
seeded on PLL coated 10 cm dish, treated for a couple of days with this enriched
starvation medium (EBSS+DMEM/F12+N2) until first signs of neuronal differentiation
were discovered. This observation was followed by a long process to optimize
conditions. Therethrough, it was figured out that the efficiency of neuronal
differentiation in this approach was highly dependent on several settings like cell
density, cell substrate, the ratio of DMEM/F12 to pure starvation medium, frequency,
velocity of media changes, and even culture conditions of the pluripotent cells before
seeding. After optimization of all these conditions and parameters, a quite pure
neuronal culture could be generated in one step and in only one week through the
treatment with a simple, serum-free, and nutrition-poor media mixture, without the
requirement of EB formation or supplementation of further factors (Fig. 10). Because of
the former expectation that the neuronal differentiation was implemented by
starvation, the developed method was named “Starvation-Differentiation” (SD).
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Figure 10: Schematic overview of SD method. Prior to induction of neuronal differentiation, P19
cells were grown on an uncoated cell culture dish in DMEM medium supplemented with 10 %
FBS and 4 mM glutamine. Cells were harvested in exponential growth phase and subsequently
transferred to a Poly-L-lysine (PLL) coated cell culture dish and grown in SD medium. To prepare
the SD medium, initially, DMEM/F12 medium was supplemented with 1x N2 and 1x Glutamax.
This enriched DMEM/F12 medium was mixed with EBSS in a ratio of 1:9 to generate a nutrition-
poor and serum-free medium mixture. SD medium was gently changed daily. In comparison to
the most common in vitro neuronal differentiation methods, neither embryoid body formation
nor RA addition was required.

By imaging P19 cells during the neuronal differentiation process using the SD method,
changes in cell organisation and morphology were traced by microscopy (Fig. 11). After
seeded cells adhered to substrate, cells proliferated in a morphologically
undifferentiated state for the first approximately 24 hours. Subsequently, cells moved
together and built small clusters. From the second to the third day, cluster rounded up,
which made it difficult to recognizing individual cells. This step was reminiscent of
embryoid body formation but the cells at the lower end of this formations still adhered
on the surface. Many cells started to degenerate in this phase, and media was full of
debris, partially sticking on the clusters themselves. Just some small cluster remained
after this period of high degradation level. These clusters flattened on the surface,
generating neural rosettes formations. Observation of rosette-like formations started at
day four of this differentiation protocol, partially hidden by the deposits, created by cell
debris of degenerated cells. Neural rosettes, also observed by in vitro differentiation of
hESCs, were reminiscent of secondary neurulation during neural tube formation
(Fedorova et al., 2019). The molecular process of this formation is barely understood
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but it was discovered that cells of the neural rosettes have the potential to differentiate
into distinct region-specific neurons and glial cells (Harding et al., 2014; Li et al., 2011).
In the following days, the cellular clusters increased in size, driven by proliferation of
polarised neuronal precursor cells. Cells of this cluster formation appeared polarised and
started to organize their outgrowth. While the first outgrowth was detected at day
three, some clusters got already connected with each other from next day on. Branches
of adjacent neurons wired together and developed connections to nearby clusters. Scale
and number of connections rapidly increased over time, while axonal connections
became thicker. A neuronal network with morphologically mature neurons was built
within one week after starting the experiment. After day ten, clusters manifested more
of a clear round shape. Many adjacent clusters fused together during next couple of
days. Within the next two weeks, connections got strengthened and multiplied while
still some clusters fused together, consequently gaining length and height. Whereas the
neuronal network got after over three weeks quite dense (Fig. 11- 25 d), occasional
neuronal cluster started to show slight signs of degeneration. After 50 d, the neuronal
network became partially so dense, that it was hard to distinguish between single
clusters while other parts totally degenerated.

Figure 11: Pluripotent P19 cells differentiate to neurons by applying the SD method.
Development of P19 cells, treated by SD method to generate neurons in vitro was imaged by
confocal microscopy (10x objective) over 50 days. The first image was taken 24 h after the start
of treatment with the SD protocol (1 d). Scale bar, 200 um.

Additionally, differentiation process was monitored by cultivating cells under the
microscope for two weeks, while generating a picture every three minutes.
Subsequently, the snapshots were compiled to movies (supplemental DVD with movies
attached). Two of the generated movies in various magnifications (5x and 10x objective)
were chosen to be presented in this work (supplemental movie S1 and S2). Short
interruptions in the movie were caused by media exchanges. Velocity of cell movement
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and organisation during differentiation process could be easily retraced in these movies.
As soon as cells started to generate clusters and polarised, first outgrowth was
recognizable. Single neurons constantly moved in and out of the rosette formations and
seemed to organise neuronal networking by moving quite fast up and down along the
neurites. In addition to the neuronal cells, small particles were constantly taken up and
released from the clusters. Extracellular vesicles like microvesicles, apoptotic blebs or
exosomes were observed, that were released by cells into the extracellular space
(Caruso Bavisotto et al., 2019). Several in vitro studies demonstrated an inter-neuronal
communication by released exosomes, retaken by other neurons to provide an activity-
dependent synaptic growth (Korkut et al., 2013). However, identification and function
of the particles, observed in this setting, remained obscure. Due to the movies, it was
even more distinctly recognizable that many cells died during the differentiation
process, primary at day three to six. Dead cells could be only removed partially by media
exchange but inclusion of a washing step, to remove more cell debris, ended up in
detaching neuronal clusters. Debris accumulated on the neuronal cluster formations
that became so dense that it partially turned dark for massive, aging clusters. Tracing of
cell debris leads to the assumption that the debris of dead cells may have sticked on
these neuronal cluster formations. This thesis was proven below (see chapter 3.3). To
sum up, by usage of the developed SD method, P19 cells polarised and differentiated to
morphologically distinct neurons, presenting a phenotype identical to P19-derived
neurons of related protocols (e. g. Morii et al., 2020; Nakayama et al., 2014). Optically
pure cultures of mature neurons were rapidly generated by the differentiation to neural
rosettes followed by development of strong axonal branching patterns. The derived
neurons appeared stable for at least three weeks until first signs of degeneration were
observed. In addition to the morphological identification of a neural phenotype, the
derived P19 cells were later proven to be neurons at the molecular level.

3.1.2 Branching pattern of neurites generated by P19-derived neurons

Some branches in the developed neuronal networks appeared free swinging on different
levels, while others seemed to adhere on the substrate. Clusters, predominantly
generated by the cell bodies of the neurons, were attached to the dish but still mobile.
Side experiments done by laser ablation of these junctions gave a hint about the strong
tension (supplemental movie S3). In the moment of ablation, connections snapped back,
suggesting that there was probably a strong pulling force that let clusters move and fuse
together. The ablated junctions were rapidly rebuilt in the given conditions. Tracing the
neuronal differentiation process over weeks demonstrated that the fusion events got
slightly reduced after approximately two weeks and the branching pattern condensed
by building up an uncountable number of connections between clusters. The branching
pattern was illustrated by immunofluorescence staining of acetylated a-tubulin, highly
detected in the axons (Fig. 12). Acetylation of a-tubulin was reported to be much more
pronounced in the microtubules of axons compared to dendrites of the neuron, while
distribution of acetylation along the length of the microtubules is quite heterogene
(Baas et al., 1991). Here, we revealed a characteristic acetylated a-tubulin cytoskeletal
arrangement of rosette formations (Curchoe et al., 2013).
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Figure 12: Immunofluorescence staining of acetylated a-tubulin in P19-derived neurons.
Acetylated a-tubulin was highly expressed in the axons. Detection of acetylated a-tubulin by
immunofluorescence staining (20x objective) underlined the branching pattern of P19-derived
neurons by SD method. Neurons illustrated in the upper series were imaged 14 days after
seeding, while neurons shown in the bottom row were imaged after 21 days. Scale bar, 100 um.

A local shift of the immunofluorescence signals between the second and third week of
differentiation was observed (Fig. 12). While the signal in the core of a neuronal cluster
appeared quite high, signals were more concentrated on the outgrowing branches in a
three-week-old neuronal culture. If this was caused by a translocation of the neurites or
by a decrease of the acetylation level of a-tubulin remains unclear. Molecular
mechanism of axon branching is not completely revealed so far but acetylated a-tubulin
is discussed to play a crucial role by preventing an overgrowth of neuronal branches
(Weietal.,, 2017). Number and strength of these branches dramatically increased during
this further week of neuronal development and clusters appeared more three-
dimensional while still being attached to a plane surface. Interestingly, no cell body
beyond the core was detected in the older culture. It is possible that they all migrated
to the clusters after the network structure was established.

The neuronal differentiation protocol, published by Nakayama et al. (2014), was partially
used as comparative value in this study due to some protocol similarities (see chapter
1.1.6). After one week, connections between neuronal clusters, generated by the
method of Nakayama et al., exhibited to be way stronger than that generated by the SD
method (Fig. 13). But even if they looked more robust, after ten days, networks mostly
teared of. It worked just once in multiple trials that the neuronal network was partially
not detached until day 13 of their differentiation protocol. But in this case, strong
indications of degeneration were detected. Connections thinned significantly down, and
cluster formations were losing integrity. This was probably the reason that the clusters
became unstable. Also, the authors of this protocol did not present any images or
experiments with neuronal cultures older than six days.
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Figure 13: Neuronal differentiation of P19 cells by a modern and comparable method. P19 cells
were differentiated, following the protocol of Nakayama et al. 2014. Scale bar, 200 pm.

In summary, by following the protocol published by Nakayama et al. (2014), cells
differentiated at the beginning in the same way regarding cluster formation and
establishment of connections to build a neuronal network. Despite, or perhaps because
of, the improved medium conditions that allow a rapid differentiation process, the
network easily detached or began to degenerate, whereas the neurons produced by the
simple SD method proved stable for at least another two weeks.

3.1.3 Immunofluorescence staining of neuronal marker in P19-derived neurons

Neurons, generated in this work, were clearly identified by their morphology so far. To
verify their expected cell fate decision, pro-neuronal molecular markers were detected
by immunofluorescence staining of P19-derived neurons after application of the SD
protocol over two weeks (Fig. 14). Nestin, an intermediate filament protein, and the
basic helix—loop—helix (bHLH) transcription factors Neurogenin2, Achaete-scute
homolog 1 (ASCL1) and the neurogenic differentiation factor (NeuroD) were strongly
expressed in neuronal progenitor cells and during neurogenesis. Glutamatergic marker
genes were described to be induced by Neurogenin2, while Ascl1 induces the expression
of GABAergic marker genes (Huang et al., 2014). Nevertheless, these pro-neuronal
markers are applicable to verify cells that undergo the neuronal fate but are
inappropriate to distinguish between cholinergic, dopaminergic, serotonergic,
GABAergic or glutamatergic neurons. While NeuroD, Neurogenin2, ASCL1, and Nestin
were strongly detected inside the neuronal cluster formations and thus especially in cell
bodies, acetylated a-tubulin showed an impressive overview of the branching between
the clusters (Fig. 14 A and Fig. 12).
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Figure 14: Immunofluorescence staining of P19-derived neurons. A: The expressed neuronal
markers NeuroD, Neurogenin2, ASCL1, Nestin and acetylated a-tubulin were stained and imaged
(10x and 20x objective). Scale bar, 100-200 um. B: GFAP is an astrocyte marker. In comparison
to brightfield (BF) view, spots stained with immunofluorescence emerged as dye accumulation
(40x objective). Scale bar, 50 um.

Nearly 100 % of all P19 cells that passed the process of neuronal differentiation by usage
of SD method showed an equal morphology. This suggested a pure neuronal culture,
manifested by detection of neuronal markers in all imaged cells. Several differentiation
protocols result in the generation of mixed neuronal populations, including glial cells.
The glial fibrillary acidic protein (GFAP) served as astrocyte marker. In the generated
culture, no astrocytes could be detected with GFAP. A closer look at the single
illuminating spots in comparison with the related brightfield shot, exposed to be an
accumulation of the fluorescence dye (Fig. 14 B). Even if no astrocytes were detected,
generation of astrocytes or other glial cells was not totally excluded but seems to not
occur or to be at least a very rare event. Recapitulated, the P19-derived neurons could
be verified and the SD method displayed to be capable to generate very pure cultures
of neurons without astrocytes.

3.1.4 Monitoring of calcium activity in P19-derived neurons

Functionality of the synapses of the generated neurons was proven by detection of
calcium activity. Fluo-4 dye, a fluorescence labelled indicator of Ca?*-ions, was applied.
Comparison of fluorescence signals of P19-derived neurons (by SD method) with
undifferentiated P19 cells resulted in an unambiguous difference (Fig. 15). While there
was no signal at all detected in the culture of undifferentiated cells, high fluorescence
signals were detected from the generated neurons. The high intracellular calcium
concentration strongly indicated that the neurons were active, constantly generating
action potentials.
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Figure 15: Calcium activity in P19-derived neurons. Calcium activity was detected in P19-
derived neurons (ND) in comparison to undifferentiated (UD) cells by usage of Fluo-4. Neurons
were generated by usage of the SD method and imaged after 10 days. All cells of the
differentiated culture showed clear fluorescence signals. Native P19 cells, shown additionally in
brightfield (below left), did not manifest any distinct signal over 24 hours, after exposure to Fluo-
4. Scale bar, 200 pm.

Thus, after several hours, the dye was mostly pumped out of the neurons and mixed up
with the surrounded medium, leading to an evenly spread fluorescence signal.
Undifferentiated cells did not show this effect because Fluo-4 was not taken up by these
cells and thus directly washed out before imaging. Several previous studies
demonstrated the expression of functional voltage-gated calcium channels in P19-
derived neurons by the usage of a calcium indicator (Canzoniero et al., 1996; Lin et al.,
1996; Nakayama et al., 2014). Generation of neurons with functional synapses was
likewise verified for the developed SD method.

3.1.5 Analysis of the influence of SD medium components on neuronal differentiation

SD medium was developed, driven by the idea that pluripotent cells undergo neuronal
cell fate decision under starved conditions. In comparison to serum-rich growth media
the serum-free SD medium provided a strongly reduced nutrition supply and a defined
medium composition. It was not clear so far which condition and media components
appeared to be essential for neuronal induction. To test this, composition of SD medium
was modified. First, cells were treated with pure DMEM/F12 medium with and without
supplementation of N2. Without N2, all cells died within three days. Compared to EBSS,
where cells die within 24 hours, lifespan was slightly extended. In pure DMEM/F12
medium, supplemented with N2, neuronal differentiation was partially induced but the
non-polarised proliferating cells that did not undergo neuronal cell fate decision,
expanded so fast that cells overgrew, and died within one week (Fig. 16 A). This
suggested that N2 acted as an essential component under these conditions and that the
dilution of DMEM/F12 + N2 was necessary to increase the ratio of postmitotic neurons.
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Figure 16: Variations of SD medium composition. A: SD medium was a mixture of nine parts
EBSS and one part DMEM/F12, supplemented with 1x N2. Phenotypically mature neurons
appeared within seven days in SD medium. In pure DMEM/F12 + N2 the potential of neuronal
cell fate decision was decreased and the culture was rapidly overgrown, resulting in full
degeneration after seven days. B: DMEM/F12 + N2 of the SD medium was replaced by serum-
free DMEM as well as DMEM with 10 % FBS. Differentiation totally failed with this composition.
A declined neuronal differentiation took place by usage of DMEM supplemented with 1x N2 in
mixture with EBSS. Scale bar,200 um.

Furthermore, the DMEM/F12 medium, supplemented with N2, was replaced by pure
DMEM or DMEM supplemented with 10 % FBS, to check whether just the ratio of
starvation medium to nutrition-rich medium matters or if also the composition was
critical (Fig. 16 B). Neuronal differentiation failed under both chosen conditions. The
serum withdrawal caused an almost complete degeneration after one week, while cells
treated with serum (FBS) just overgrow without any sign of cell differentiation. Finally,
DMEM medium was supplemented with N2 instead of being mixed with EBSS. Neuronal
differentiation occurred partially, even if cell survival and therefore cluster size was
significantly decreased. Purity of the neuronal culture appeared to be decreased but
cells that did not present a neuronal phenotype, demonstrated slow proliferation rates,
and did not threaten to overgrow postmitotic neurons within this week. To summarise,
dilution of DMEM/F12 + N2 and thus a strong nutrition reduction seems necessary to
diminish proliferation of non-neuronal cells. Thus, it was shown that, contrary to the
previous assumption, starvation does not induce neuronal differentiation but only
allows neuronal cells to survive under certain minimum conditions. The F12 nutrition
mixture supports the survival of neuronally differentiated cells, whereas differentiation
was induced by the addition of N2 only.
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3.1.6 Analysis of the impact of N2 supplement components in SD medium

After the N2 supplement was identified to be an essential component of the neuronal
differentiation process, in the SD method, the influence of single components of this
supplement was examined. N2 is a mixture composed of selenite, progesterone, and
putrescine together with the two proteins transferrin and insulin. All components except
selenite were available for analysis in this study. Thus, the N2 in SD medium was
replaced by a mixture of transferrin, insulin, progesterone, and putrescine, at the same
concentrations as the N2 formulation (see Tab. 7). At the second and third day of the
differentiation protocol, the cell clusters that were treated by the component mixture
dragged slightly behind the N2 control, likely due to the lack of selenite (Fig. 17). But the
potential and efficiency of differentiation into neurons as well as the neuronal pattern
after five days were not affected. After testing all possible combinations of these four
components, the most meaningful results were pooled for a broad view Even a brief
look on it revealed that none of the other combination resulted in an induction of the
neuronal differentiation process or even provided viable conditions. As already
mentioned before, N2 withdrawal in SD medium caused the degeneration of cultured
P19 cells within three days. Usage of various combinations of one to three components
revealed to be insufficient to prevent complete degeneration of all cells. The lifespan
was partially affected but induction of neuronal differentiation failed in all these
combinations. Consequently, all cells degenerated rapidly.

The most characteristic differences to the control cells were discovered on third day of
the SD differentiation protocol. Progesterone and putrescine as single factor
demonstrated similar effects. The cell morphology at the third day had completely
changed. Compared to control, cells appeared much smaller in size and unipolar in
shape. Transferrin, chosen as the only component of N2, led to a quick degeneration like
observed for complete N2 withdrawal. Transferrin in combination with progesterone
and putrescine resulted in the generation of small clusters, partially with tiny outgrowth.
Despite the promising start at day three, all cells degenerate in the following 24 hours.
Insulin showed the strongest effect on life span extension but was also not sufficient to
induce neuronal differentiation under these conditions. In comparison to transferrin,
supplementation of progesterone and putrescine additionally to insulin did not cause
significant differences. Taken together, except for selenite, all components of the N2
supplement were necessary to facilitate neuronal induction or at least ensure survival
of differentiating cells in the SD method.
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Figure 17: SD medium with varied N2 components. N2 supplement is a mixture of transferrin
(Trans), insulin (Ins), progesterone (Prog), putrescine (Put), and selenite. Besides selenite was
the N2 supplement in the SD medium replaced by varied combinations or by the single
components. The potential to induce neuronal differentiation was reported over five days. Scale
bar, 200 um.

3.1.7 Screen of RA and RAR dependency by application of the SD method

In none of the components of self-prepared SD medium, retinol or retinoic acid was
included. Nevertheless, effects of residual RA or endogenous synthesis could not be
completely excluded, as RA has been reported to be able to induce neuronal
differentiation at subnanomolar levels (Engberg et al., 2010). Engberg et al. claimed that
RA signalling is required to differentiate to neuroectodermal fate in serum-free,
adherent monocultures. Therefore, RA synthesis and signalling was investigated with
three different approaches in this study. The group of Pierre Chambon of the university
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of Strasbourg kindly provided the P19 RAC65 mutant to proof whether the retinoic acid
receptor a (RARa)-dependent RA signalling was involved into neuronal induction by
implementation of the SD method. The RAC65 mutant is supposed to be RA resistant
due to a truncated RARa (Pratt et al, 1990). The dependency of RA regulated
transcription initiation was proven by treatment of the provided RAC65 mutant with
distinct differentiation protocols.

First, the P19 wildtype and RAC65 mutant were treated with the conventional neuronal
differentiation protocol (McBurney et al., 1988). In this case, cells were cultured in full
medium with serum. Differentiation was induced by RA treatment of three-dimensional
organised EBs. Like reported before, a heterogenic culture was generated, probably
including neurons, glial and fibroblast-like cells (Bain et al., 1994; Fraichard et al., 1995;
Stribing et al., 1995). While several cell clusters, derived from the wildtype cells, showed
a certain neuronal phenotype, the RAC65 mutant totally failed to differentiate by
application of the classical protocol (Fig. 18). The mutant cells demonstrated no change
in their morphology, proliferated, and overgrew fast without any evidence of
differentiation. Subsequently, wildtype and mutant were both successfully
differentiated by SD protocol, without sensing any differences. Thus, the SD method
demonstrated to be independent of transcription activation by RARa.

Both cell types were also differentiated by the protocol established by Nakayama et al.
(2014). In this method, differentiation is also induced by RA, but compared to the
conventional approach, the process in this protocol is additionally greatly enhanced by
several enhancers. The RAC65 mutant showed slight differences from the wildtype, but
not as drastic as expected, although RA was used as the actual inducer. Only the
branching pattern proved to be slightly reduced in the mutant. Nevertheless, neuronal
induction was strongly induced under the given conditions.

A crosscheck using the same protocol but without RA supplementation showed that all
supplemented enhancers and the perfectly matched medium compositions were also
likely sufficient to trigger neuronal differentiation, but axonal growth and the integrity
of cell clusters were significantly impaired. And it is noted that the phenotype of WT and
mutant cells was affected by skipping RA under this condition in the same way.
Therefore, RA was shown to affect the differentiation potential of the mutant in this
serum-free monolayer culture and thus in this case likely independent of RARa
activation by RA.

In conclusion, neuronal induction by the SD method is independent of RARa activation
by RA. The new method of Nakayama et al. also proves to be RARa-independent,
reinforced by the observation that here the effect of RA on the WT and the RAC65
mutant was identical. In contrast to these serum-free monolayer cultures, induction by
the classical protocol in serum-containing medium with EB formations failed.
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Figure 18: Neuronal differentiation of P19 WT and RAC65 mutant by usage of various
protocols. Ability of P19 WT and RAC65 mutant cells to differentiate to neurons by usage of the
conventional protocol established by McBurney et al. (1988), the developed SD method, and a
novel protocol set up by Nakayama et al. (2014) with and without RA supplementation. Only
significant differences between WT and RAC65 mutant were discovered by application of the
classical differentiation protocol. Scale bar, 200 um.

The observations, made by differentiating the RAC65 mutant, raised the question of
whether induction by the SD method might be affected by RA signalling in a RARa-
independent manner. To eliminate this uncertainty, diethylamino benzaldehyde (DEAB)
was used. DEAB acts as non-specific inhibitor of aldehyde dehydrogenases (ALDHs).
ALDHs include the RALDH subfamily that catalyse oxidation of retinal to RA in the
cytoplasm (Duester, 1996). DEAB performs as competitive, reversible inhibitor
antagonist that acts as substrate of several retinaldehyde dehydrogenases and
irreversibly inhibits the RALDHs ALDH1A2, ALDH2 and ALDH7A1 (Begemann et al., 2004;
Morgan et al., 2015). To analyse in which concentration range DEAB creates a toxic
effect on the pluripotent P19 cells, native P19 cells were cultured in full medium (DMEM
with 10 % FBS) with 1-20 uM DEAB over ten days (Fig. 19). Below a concentration of
20 uM DEAB, cells were not affected (no change in proliferation rate or shape). Even
with 20 pM, cells just slightly started to partially round up and degenerated after seven
days. Consequently, for the analysis of cells driven to neuronal fate, a concentration up
to 10 uM revealed to be uncritical.

Figure 19: Definition of non-toxic DEAB concentrations on native P19 cells. Native P19 cells
were grown in uncoated cell culture dishes with DMEM supplemented with 10 % FBS and 1-
20 uM DEAB over ten days. Here shown at day seven, when the first evidence of toxicity
appeared by supplementation of 20 uM DEAB. Cells were subdivided every second day and
media was changed on a daily base. Scale bar, 200 pm.
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An effect on cell fate decision was investigated by supplementation of 1-10 uM DEAB to
SD medium during the whole differentiation process (Fig. 20). During differentiation,
cells reacted way more sensitive compared to the undifferentiated state. At the second
day of differentiation protocol, 10 uM DEAB showed already a strong effect, followed
by 1-5 uM, with first indications at day three and four. Beside a strong reduction of the
cell number, finally leading to complete degeneration in higher inhibitor concentration,
the neuronal phenotype was not affected. Thereby, cluster formations and axonal
outgrowth were also detected through the whole tested concentration range.

1d 2d 3d ad sd d

Figure 20: Effect of DEAB on neuronal differentiation of P19 by SD method. P19 cells were
grown in SD medium supplemented with 1-10 uM DEAB in comparison to negative control (NC)
with DMSO. Media was changed daily. Scale bar, 200 um.

Additionally, influence of DEAB on neuronal induction by the protocol established by
Nakayama et al. (2014) was analysed (Fig. 21). In comparison to SD method, DEAB
evoked the same effect. Neuronal induction was not impaired, but the survival was
massively diminished. This observation led to the assumption that cells which passed
the differentiation process might be more sensitive to this toxic inhibitor or that RA was
not essential for the induction but for survival of neuronal cells in serum-free monolayer
cultures.

72



Results

NC

5 pM| B

10 pM

Figure 21: Effect of DEAB on neuronal induction of P19 cell by the protocol of Nakayama et al.
P19 cells were differentiated after the protocol established by Nakayama et al. (2014). The
medium was supplemented with 5 and 10 uM DEAB, respectively or with DMSO in negative
control (NC). Medium was gently changed every day. Scale bar, 200 um.

BMS493 is an inverse pan-retinoic acid receptor (pan-RAR) agonist. Thus, it is a ligand-
dependent transcription factor that is supposed to act on all isoforms of the RAR through
an enhancement of the co-repressor binding to RARs (Germain et al., 2002). Treatment
of P19 cells with BMS493 during neuronal differentiation by application of the SD
method as well as the protocol of Nakayama et al. (2014), highly prevent the neuronal
cell differentiation process and ended up in cell degeneration under the given
circumstances (Fig. 22 A). In contrast to this strong effect, detected through
differentiation conditions, native cells cultured in growth medium stayed totally
unaffected by BMS493 (Fig. 22 B).
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Figure 22: Effect of a pan-RAR antagonist on P19 cells. A: P19 cells were neuronal differentiated
by the protocol of Nakayama et al., 2014 (Nak) or the SD method w/o (negative control) or with
1 uM of the pan-RAR agonist BMS493. B: Undifferentiated P19 cells, cultured in growth medium,
were treated with 1 uM of BMS493. Scale bar, 200 um.

In summary, the truncated RARa of the RAC65 mutant displayed no effect on the
potential to induce neuronal differentiation by application of the SD method and only a
slight effect when the novel approach by Nakayama et al. was used. Therefore, induction
in both cases might be regulated in a RARa-independent manner. Blocking RA synthesis
by DEAB resulted in strong reduction of the cell number that survived the differentiation
process, but this inhibitor appeared to be unable to prevent neuronal induction. The
pan-RAR antagonist BMS493 silenced the activity of all RAR isoforms and caused
complete cell degeneration without showing any evidence of neuronal differentiation.
These observations led to the assumption that neuronal differentiation by both analysed
serum-free approaches might be dependent on RA signalling, probably regulated by
RARB or RARy.

3.1.8 Influence on neuronal differentiation by signalling pathway inhibitors

To provide an insight into the pathways and factors involved in neuronal induction by
implementation of the SD method, the influence of several inhibitors was probed.
Several lipophilic compounds are poorly soluble in water and had to be solved in
dimethyl sulfoxide (DMSO). Beside the function as potent organic solvent, DMSO is an
efficient inducer of differentiation in ESC and ECC (Jacob and Herschler, 1986). Starting
at a concentration of 0.125 % DMSO for ESC and 0.25 % for ECC, gene expression of
pluripotency factors like Oct-4 are downregulated (Adler et al., 2006). Exposure to 1 %
DMSO is usually used for induction of mesodermal differentiation in P19 cells (Jasmin et
al., 2010; McBurney et al., 1982). But RA that is supplemented to induce
neuroectodermal differentiation is commonly solved in DMSO. A high RA level combined
with the treatment of 1 % DMSO was reported to prevent mesodermal differentiation,
while a low RA level enhances skeletal myogenesis (Kennedy et al., 2009; Pratt et al.,
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1998). The SD protocol did not include RA supplementation, resulting in the expectation
that the RA level was not exceeding the subnanomolar range. Consequently, the
influence on the neuronal differentiation potency by supplementation of DMSO as
solvent had to be proven under these conditions (Fig. 23).

3d 5d 7d 10d

Negative control

0.1 % DMSO

0.2 % DMSO

0.5 % DMSO
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Figure 23: Effect of DMSO on neuronal differentiation by SD method. P19 cells were
differentiated by SD method over ten days while treated with 0.1- 1 % DMSO. The SD medium
with or w/o DMSO (negative control) was daily changed. Scale bar, 200 um.

A concentration range of 0.1-1 % DMSO was added over ten days to the SD medium.
During the first days of differentiation, no significant effect was detected up to 0.5 %
DMSO (Fig. 23). Even with 0.5-1 % DMSO, just a slight difference was observed.
Morphological changes caused by DMSO supplementation became clearly noticeable on
the third day of treatment. With increasing DMSO concentration, the number of axons
decreased dramatically while integrity of the cluster formations got lost. Polarised cells
formed just loose clusters that demonstrated a lack of organisation. Neural rosettes
formation appeared to be perturbed. Axons were randomly arranged and did not build
up merged connections between clusters. Even the settled debris on top of cluster
formations decreased. After five days treatment with 0.2 % and 1 % DMSO, cells with
the morphology reminiscent on astrocyte phenotype were detected. Neuronal
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differentiation did not appear to be inhibited by higher DMSO content, but rather
delayed and disrupted. Treatment with 0.1 % DMSO displayed no morphological effect.
To exclude an effect of the solvent, the critical concentration of 0.1 % was never
exceeded in all implemented SD experiments.

Subsequently, the influence of several signalling pathway inhibitors was analysed.
SB431542 is a potent inhibitor of TGF-B1 receptor ALK4, ALK5, and ALK7 (Du et al., 2014).
Thus, TGF-B-mediated activation of SMAD proteins was suppressed. SB431542 in
combination with a BMP inhibitor is included in protocols of dual SMAD inhibition that
induces or promotes neuronal differentiation of human pluripotent stem cells (Kim et
al., 2010; Pauly et al., 2018). On the other hand, SB431542 was recently reported to
partially inhibit RA response to neuronal differentiation of mESC (Du et al., 2014). In this
study, differentiation of P19 cells combined to treatment with SB431542 resulted in a
reduced cell number at the beginning of the SD protocol (Fig. 24 A). While first
connections between cell clusters were established in the negative control after three
days, no evidence of neural induction was detected. Surprisingly, this culture caught up
to the negative control within another three days. Hence, neuronal differentiation was
only shortly impaired in the early SD protocol and not completely prevented by SMAD
inhibition. In addition, SB431542 was added to the growth medium to analyse the
response of undifferentiated P19 cells (Fig. 24 B). Compared to differentiating cells, the
opposite effect was observed. While the cell number was only slightly reduced by day
three, the negative influence increased over time.

Cyclopamine is a hedgehog (Hh) pathway antagonist. Hh signalling is required for the
differentiation of ES cells into neurectoderm (Maye et al., 2004). Inhibition was reported
to prevent response to RA treatment and results in the arrest at primitive ectoderm
stage (Maye et al., 2004). The ability to induce neuronal differentiation by the SD
method appeared to be abolished by cyclopamine treatment (Fig. 24 A).
Supplementation of cyclopamine caused small cluster formations that partially
detached and degenerated. Only a small number survived under these circumstances.
Afterwards, the remaining cluster dissolved and only a few suffering single cells remain.
Consequently, induction of neuronal differentiation was prevented by cyclopamine
mediated Hh inhibition. Native cells were shown to be not affected by cyclopamine
treatment (Fig. 24B).
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Figure 24: Effect of SMAD and Hh inhibition on neural induction by SD method. P19 cells were
treated with 10 uM of the SMAD inhibitor SB431542 and 5 uM of the Hh inhibitor cyclopamine,
supplemented to (A) SD medium and (B) growth medium. Scale bar, 200 um.

Furthermore, the influence of three inhibitors was analysed that are known to have a
promoting effect on neuronal differentiation. XAV939, is a tankyrase inhibitor that
downregulates Wnt/B-catenin signalling. XAV939 was reported to enhance neuronal
differentiation of ESC (Song et al., 2018). DMH1 (dorsomorphin homolog 1), is a selective
activin receptor-like kinase 2 (ALK2) inhibitor that has been used for inhibition of the
bone morphogenetic protein (BMP). This molecule is able to induce neuronal
differentiation of hiPSC (Neely et al., 2012). DAPT is a y-secretase inhibitor and indirectly
inhibits Notch signalling. DAPT is implemented to promote cardiac as well as neuronal
differentiation (Crawford et al., 2007; Liu et al., 2014). DAPT supplementation is also
included in the protocol of Nakayama et al. (2014) because it revealed to be essential
for the neurite development under their established conditions. By application of the SD
method, these three inhibitors showed neither a positive nor a negative effect on
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neuronal induction. In summary, the solvent DMSO displayed a critical concentration of
0.1 % in SD medium. None of the signalling pathway inhibitors presented an enhancing
effect on neuronal differentiation by implementation of the SD method. SB431542
(TGFB inhibition) and cyclopamine (Hh inhibition) had a partially negative effect on
neurogenesis.

3.1.9 The ROS level influenced the potential to induce neuronal differentiation

Several studies demonstrated that the intrinsic ROS level and therefore the regulation
of oxidative stress response has a strong impact on the potential to differentiate to
neuronal fate (Bell et al., 2015; Hu et al., 2017; Oswald et al., 2018). Recently, it has been
shown that lowering ROS levels by antioxidants has neuroprotective effects in neurons
while delaying or inhibiting the neuronal differentiation process (Bell et al., 2015;
Chiarotto et al., 2014, Shaban et al., 2017; Velusamy et al., 2017). In this study, the effect
of an increased and decreased ROS level on neuronal differentiation of the P19 cells by
implementation of the SD method was investigated. Initially, the ROS level was
attenuated by supplementation of the antioxidants tiron (1,2-dihydroxybenzene-3,5-
disulfonate) and tempol (4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl). Tiron, a
vitamin E analogue, acts as a direct hydroxyl radical and superoxide scavenger (Krishna
et al., 1992). Lately, an upregulation of the Nrf2 pathway by tiron was reported (Khaled
et al., 2020; Mohamed et al., 2020). Tempol, a nitroxide that, like tiron, functions as
superoxide scavenger, is characterised by neuroprotective properties (Chiarotto et al.,
2014). The antioxidants tiron and tempol were mixed in SD medium and freshly added
every day. The effect of both antioxidants seemed to be equal but in a different dose-
dependent manner (tiron presented a stronger effect at the same concentration). In
high concentrations (> 1 mM), cells just round up and die within hours. Also, treatment
with a concentration of 500 uM caused reduced cell sizes, resulting in degeneration of
all cells within 48 h. By decreasing the concentration to 50 uM tempol and 100 uM tiron,
the shape and cell size appeared to be affected (Fig. 25). The size of cells was reduced
and cells presented a round or unipolar morphology after 24 h of treatment. The
proliferation of the cells until the third day was not affected by the antioxidants but the
switch to a neuronal phenotype totally failed and cells started to degenerate
completely. In lower concentrations (10 uM tempol and 50 uM tiron), a significant
difference to negative control was observed from the fifth day of differentiation. In this
concentration range, the neuronal differentiation event was not prevented by
antioxidant exposure, but the cluster size decreased due to a reduced number of cells
that survived the differentiation process. Furthermore, the branching pattern appeared
strongly attenuated.
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Figure 25: Influence of antioxidants on neuronal differentiation of P19 cells treated by SD
method. SD medium was supplemented with the antioxidants tiron (50-100 uM) or tempol (10-
50 uM) and changed on a daily base. Scale bar, 200 um.

A crosscheck with P19 cells in the undifferentiated state showed that survival and
proliferation of these pluripotent cells was also diminished by a high antioxidant
concentration (Fig. 26). Altogether, high antioxidant concentrations affected cell survival
of undifferentiated as well as P19 cells that are treated by the SD method. Neuronal
differentiation appeared to be impaired by antioxidant exposure in a dose-dependent
manner.
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Figure 26: Influence of antioxidants on the proliferation of undifferentiated P19 cells. Growth
medium was supplemented with 100 pM tiron or 50 uM tempol. The growth medium,
supplemented with these antioxidants, was daily changed and cells were passaged at day four.
Scale bar, 200 um.
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Furthermore, the influence of an increased ROS level was investigated by the generation
of a Nrf2 knockout mutant. NRF2 is a transcription factor that regulates oxidative stress
defence and drug detoxification (He et al,, 2020). A Nrf2 knockdown in hESC was
reported to promote spontaneous neuronal differentiation (Hu et al., 2017). This fits to
the observation that Nrf2 expression is constantly decreased during neuronal
differentiation process (Olguin-Albuerne and Moran, 2018). In this study, a Nrf2
knockout was implemented in P19 cells by usage of the CRISPR/Cas9-System. Deletion
of three sequences of the Nrf2 gene were achieved. Initially, success was controlled by
sequencing. For each deletion, approximately 500 bp surrounding the targeted gRNA
sequences were amplified and subsequently sequenced. Six picked clones were
analysed by sequencing but none of them showed complete deletion of all three gRNA
sequences. Subsequently, four of the most promising candidates were analysed by
immunoblotting to prove whether Nrf2 expression was inhibited (Fig. 27 B). The signal,
detected with the usage of NRF2 antibodies was quite weak in WT. But no signal was
detected for the two knockout mutants C3 and C4. Despite the similarities at the
expression level, the sequencing results of clone 3 and 4 showed a completely different
pattern (Fig. 27 A). While only several base pairs got deleted or replaced in the gRNA3
sequence of clone 4, this sequence in clone 3 was not affected. However, with the
addition that the gRNA1 sequence was completely deleted and gRNA2 was partially
eliminated in clone 3. The differences in the results of sequencing and immunoblotting
highlighted the significance of knockout verification on protein and DNA level as well as
the analysis of more than one verified clone. In conjunction with the sequencing results,
it was assumed that the expression of the transcription factor was supressed in both
clones or that NRF2 was dysfunctional and degraded.
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Figure 27: Verification of P19 Nrf2 knockout mutant. A Nrf2 knockout was implemented by
deletion of three gRNA sequences within the Nrf2 gene by usage of the CRISPR/Cas9-System. A:
Verification of several picked clones of the ANrf2 knockout mutant on DNA level was
implemented by amplification and sequencing of approximately 500 bp around the gRNA
sequences. The complete gRNA1 sequence was deleted and several single bp were affected in
gRNA2, for clone 3. Clone 4 showed only deletions of several bp in gRNA3. B: Immunoblotting
with NRF2-antibodies was implemented to verify both clones (C3 and C4) on protein level by
loss of the signal. Detection of GAPDH was used as loading control.

Initially, both verified Nrf2 knockout mutants were culture in growth medium. The
morphological phenotype of the knockout mutant displayed no significant differences
to WT cells under these circumstances (Fig. 28 A). No evidence of spontaneous neuronal
differentiation of the Nrf2 knockout (KO) mutant was noted. In contrast to this
observation, the influence of the Nrf2 KO on neuronal differentiation by usage of the SD
method clearly was pronounced (Fig. 28 B). Remarkably, the analysed mutants showed
an inconsistent neuronal development that differs in both cases significantly from WT.
While proliferation of the progenitor cells appeared to be reduced for C3, it was shown
to be enhanced in C4. Both investigated clones did not lose their ability to switch to
neuronal fate even if cell survival during differentiation process was promoted or
attenuated through the knockout of Nrf2. In contrast to this observation, the survival of
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mature neurons seemed to be negatively affected in both cases, as first signs of
neurodegeneration appeared already after two weeks.

A C3 c4 WT
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Figure 28: Neuronal induction in the generated ANrf2 knockout mutant. Two verified clones of
the generated ANrf2 knockdown mutant (C3 and C4) were analysed in comparison to wildtype
(WT) P19 cells. A: Cells were cultured in growth medium. B: Neuronal differentiation was
induced by treatment with the SD protocol. Scale bar, 200 uM

Overall, these observations suggest that neuronal differentiation of P19 cells using the
SD method, as well as survival of mature neurons, was dependent on ROS level.
Supplementation of high antioxidant concentrations resulted in reduced cell survival
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and prevented induction of neuronal differentiation while potential and branching
growth was attenuated in lower dose. Nrf2 knockdown was found to have no negative
effect on neuronal induction but to affect survival during the process as well as in mature
neurons. Spontaneous neuronal differentiation in growth medium was not observed for
the mutant. Verification on DNA and protein level as well as the investigation of more
than one clone appeared to be highly recommended since the behaviour of these clones
was highly variable. Beside the well-known issue with off-targets, further unwanted
events were recently revealed that result in deletion of large DNA sequences besides
the targeted fragments (Adikusuma et al., 2018). This might explain the differences in
characteristics of the analysed clones.

3.2 Neuronal differentiation of mESC by implementation of the SD method

Induction of neuronal differentiation by the SD method revealed to be highly efficient in
P19 embryonal carcinoma cells. To prove whether a successful neuronal induction by
this method was limited on this carcinoma cell line or neuronal fate decision was caused
by a common mechanism, the SD method was applied on mouse ESC.

3.2.1 Neuronal differentiation of mESC was induced in an improved SD medium

Compared to P19 cells, pluripotent ESC require higher media standards. The same was
observed for neuronal differentiation using the SD method. The ESC were not able to
proliferate and started to fully degenerate in SD medium within two days. It was figured
out that survival of the ESC was dependent on distinct supplements that were then
included in the used growth medium. B-mercaptoethanol, bovine serum albumin (BSA)
and non-essential amino acids (NEAA) were additionally supplemented to SD medium.
B-mercaptoethanol is a reducing agent that displays a slight toxic effect. Thus, B-
mercaptoethanol has to be combined with BSA to buffer this effect (Chen et al. 2011).
NEAA likewise demonstrated a positive effect on cell survival. Furthermore, these cells
demonstrated a high preference to rhVTN over PLL or any other coating substrate. In
addition, an increased DMEM/F12+ (including the N2 supplement) ratio in SD medium
revealed to be necessary. Due to the limited ESC resources in this work, the perfect ratio
of these two media connections was not examined. To ensure survival of the ESC, a high
ratio of eight parts DMEM/F12+ to two parts EBSS was chosen. In any case, treatment
with the adapted SD medium was shown to induce neuronal differentiation in ESC quite
efficiently (Fig. 29; supplemental movie S4).
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Figure 29: Pluripotent mESC differentiate to neurons by implementation of the SD method.
mESC were differentiated on rhVTN coated culture dishes with an adapted SD medium. Imaging
by confocal microscopy (10x objective) over the first 5 days with the Zeiss Observer Z1
microscope was followed by usage of the Nikon ECLIPSE TS 100 microscope until day 25. Imaging
started 24 h after cell seeding (1 d). Scale bar, 200 um.

ESCs, treated with the SD method, showed morphologically the same course as
observed for P19 cells. This means the appearance of cluster formations and cell
polarisation accompanied by a high degeneration level followed by neural rosette stage
and the generation of neuronal networks with strong branching pattern. Furthermore,
like for ECC, the ESC-derived neurons appeared to be stable for at least 25 days after
induction. Size and shape of the generated cell cluster varied slightly compared to the
mainly round arranged cluster formations of the carcinoma cells. In the ESC-derived
neuronal culture, partially patches with morphologically distinct cells beneath the
neurons were detected. A lack of purity in this neuronal culture was probably attributed
to a high DMEM/F12+ level, because P19 cells were showing a quite comparable effect
under this condition (chapter 4.1.2). Recording of the neuronal differentiation process
in ESC showed further deviations from the observations of P19 cells. In some cases,
individual cells appeared that differed in size and behaviour. These cells exhibited a
much larger cells size and a cell shape reminiscent of astrocytes and revealed to be very
mobile, switching between neuronal cell cluster. Another effect restricted to ESC-
derived neuronal cultures was the creation of cavities probably beneath the cell clusters
in a few instances (see movie S4). The volume of the cavity extended until it finally
collapsed, and the process started again. Function or reason of this unexpected
observation remained unclear. In conclusion, the SD protocol had to be slightly adapted
on the demands of ESC to ensure cell survival during the differentiation process.
Decreased purity of the culture is probably caused by the high DMEM/F12+ ratio and
has to be adjusted for ESC in future. Anyway, ESC treated by SD method presented
morphologically the same development of a neuronal phenotype as observed in P19
cells. Accordingly, neuronal induction by SD method without the requirement of RA
supplementation or EB formation, demonstrated to be also highly efficient in ESC. Thus,
this approach most likely reflects not a unique effect of the ECC line P19 but rather a
general mechanism in pluripotent cells.

84



Results

3.2.2 Immunofluorescence staining of neuronal marker in mESC-derived neurons

To verify the identity of ESC-derived neurons, pro-neuronal molecular markers were
detected by immunofluorescence staining after application of the SD method over two
weeks (Fig. 30). Analysis included the same markers as the one used for P19-derived
cells (chapter 3.1.5). The markers NeuroD, Neurogenin2, ASCL1, Nestin and acetylated
a-tubulin were expressed in ESC-derived neurons. Majority of the ESC ended up in
neuronal fate. In some cases, however, patches of thin cell layers were observed in the
background which were hardly detectable by this approach (see Fig. 30 A: NeuroD; 10x
objective). These cells displayed a divergent morphology and arrangement compared to
native as well as neuronal differentiated cells in this culture. Astrocytes were detected
sporadically by GFAP at the edge of some neuronal cluster formations. This confirmed
the observation that cells with a phenotype reminiscent of astrocytes occasionally
appeared in this culture (chapter 3.2.1). Like mentioned above, the generation of non-
neuron cells was probably caused by a high DMEM/F12+ level in the used SD medium
for ESC.
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Figure 30: Immunofluorescence staining of ESC-derived neurons. A: The expressed neuronal
markers NeuroD, Neurogenin2, ASCL1, Nestin, and acetylated a-tubulin were stained and
imaged (10x and 20x objective). Scale bar, 100-200 um. B: GFAP is an astrocyte marker.
Comparison to brightfield (BF) view (40x objective) shows that astrocytes were sporadically
detected. Scale bar, 50 um.

The staining of neuronal expressed proteins strengthens the perception from
morphological development of a neuronal culture derived from ESC. Therefore, the
mechanism of neuronal induction by implementation of the SD method could besides
the ECC line P19 also be verified in ESC. Consequently, the hypothesis that the SD
method covers a common mechanism of neuronal induction in pluripotent cells
appeared more likely.
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3.3 Cell death in neuronal development

In mammalian development, about half of the postmitotic neurons and mitotic neuronal
precursor cells die (Buss et al., 2006; Kuan et al., 2000; Oppenheim, 1991; Sadoul,1998).
The neuronal cell death is thereby restricted in time and to distinct sites in the
developing CNS (Kuan et al., 2000). In this study, neuronal differentiation process,
induced in vitro, was also shaped by a high degeneration level, independent on the
applied differentiation protocol. By usage of the SD differentiation protocol, developed
in this work, a high degeneration level was observed, especially between the third to
sixth day. SD medium had to be changed every 24 hours to prevent degeneration of the
whole culture. Thereby, the main part of cell debris was removed. In brain, cell debris,
generated through an injury, is cleared by microglial cells to prevent the induction of
secondary neuronal cell death (Herzog et al., 2019; Nimmerjahn et al., 2005). No glial
cells were detected by usage of the SD method. Therefore, it would be possible that
produced cell debris could promote cell death of the remaining cells. The mechanism
behind and which type of cell death these cells underwent was investigated in several
experimental procedures to get a closer insight into the influence on neuronal
differentiation process.

3.3.1 Deposit on neuronal cluster was identified as dead cells

Neuronal differentiation of P19 cells using the SD method resulted in a period of high
degeneration level. During the first 48 hours, the culture remained stable due to a low
degree of degeneration. Subsequently, cell death appeared to be highly induced,
resulting in accumulating cell debris. Despite daily medium change, accumulated dead
cells and cell debris in the differentiation medium could only be partially removed.
Visually, it looked like the dead cells were deposited on the neuronal clusters. This
assumption was reinforced by the observation that the deposition became significantly
condensed on clusters in the middle of dish, where cells debris tended to accumulate.
By aging of neuronal cultures, clusters increased in size through fusion of several ones,
while the dense layer on top of this formations expanded vertically. The deposits began
to appear yellowish in places and became darker over time. After it had settled, it could
not be dissolved even by digestion with trypsin. To verify the assumption that dead cells
deposit on top of remaining neuronal cluster formations, a neuronal culture was treated
with trypan blue (Fig. 31). Trypan blue labels dead cells exclusively.
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Figure 31: Trypan blue staining of neuronal cluster formations. A two-week-old neuronal
culture, derived from P19 cells by application of the SD method, was treated with trypan blue.
After the excess dye was washed out, dead cells that had taken up the blue dye were imaged.
Scale bar, 200 um.

The result clearly showed high amounts of death cells that have settled on neuronal
cluster formations (Fig. 31). Cause or function of this occurrence remained obscure. In
further experiments was investigated which form of cell death these cells underwent
and the influence on neuronal differentiation process.

3.3.2 Monitoring of apoptotic and necrotic cell death in neuronal development

After demonstrating that dead cells were deposited on neuronal clusters, the form of
cell death that these cells underwent was analysed. To discriminate between apoptotic
and necrotic cell death and healthy cells, living cultures were stained at distinct time
points of the neuronal differentiation protocol, from cell polarisation and cluster
formation at the third day, over development to mature neurons, organised in neuronal
networks, and finally to aged neurons 28 days after induction (Fig. 32). Whereas it
should be noted, that necrotic as well as cells in a late apoptosis state were labelled by
the green dye (7-AAD) because in both cases the loss of plasma membrane integrity
allows the nucleus to be labelled. As previously noted during this work, the degeneration
level increases abruptly on day three of SD protocol. The signal of apoptotic/necrotic
cells at the third day was broadly distributed, with significant accumulation at clustered
neuronal progenitors. Over time, the signal clearly concentrated on areas with vital cells.
Monitoring the number of cells that underwent apoptotic or necrotic cell death showed
a continuous increase over time while also the number of vital cells increased by
proliferation. The denser and larger clusters appeared at age, the darker they appeared
in the brightfield image and the larger the apoptotic/necrotic core became. Merging of
the detected apoptotic and necrotic signals showed a complete match.
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Figure 32: Apoptotic and necrotic cell death during neuronal differentiation. P19 cells were
differentiated by applying the SD protocol. The increase in vital cells (blue) compared with cells
that underwent apoptotic (red) or necrotic (green) cell death at several differentiation points
was observed. The brightfield (BF) and fluorescence imaging was finally merged. The Cells were
stained by usage of the Apoptosis/Necrosis Detection Kit (ab176750). Scale bar, 200 um.

The clusters of healthy progenitor cells and neurons got tightly covered by an increasing
layer of dead cells that deposit on these clusters. The complete overlap of the signals of
apoptotic and necrotic cells indicated that necrosis was probably detected as an
endpoint state of apoptotic cells that could not be removed. In vivo apoptotic bodies
would be phagocytosed to clear the environment and prevent an inflammation (D’Arcy,
2019). Pure neuronal in vitro cultures are not able to free themselves from the cell
debris. However, why cell debris accumulate and settle on neuronal clusters and how
this influences the neurons, has remained relatively unnoticed in the field until now.
Besides the detection of an increased level of apoptotic cells during the neuronal
differentiation process, was furthermore the influence of the interplay between
apoptosis and autophagy analysed (chapter 3.4.4 and 3.4.5).
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3.3.3 Autophagy detection by LC3 immunofluorescence staining

The microtubule-associated protein 1A/1B-light chain 3 (MAP-LC3a/B), hereafter
referred as LC3, is essential for autophagy and associated to the autophagosome
membranes (Tanida et al., 2008). Immunofluorescence staining was implemented to
monitor autophagy by tracing LC3pB in neuronal development (SD method). Signals from
neuronal progenitor cells (3d) to mature neurons (14 d) were detected. At the beginning,
the signal was quite moderate, slightly increasing from day seven onward (Fig. 33).
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Figure 33: Immunofluorescence staining of LC3. Neuronal differentiation of P19 cells was
implemented by the SD method. LC3 was detected by immunofluorescence staining in 3-14
day old neuronal cultures. Scale bar, 100-200 um.

Interestingly, an inhomogeneous spread of the signal inside the clusters was detected.
This was particularly visible at the fifth and seventh day, where the signal ran through
the clusters like a knotted string of pearls. Strong signals were partially detected in the
junctions. This reflects probably the transport of the autophagosomes from the distal
axon towards the cell body (Ariosa and Klionsky, 2016). It could be possible that the
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increase in signal strength was due to an accumulation of axons and dendrites within
neuronal cluster formations. Signal strength appeared to increase only because of
increasing cluster size. Monitoring of autophagy levels indicated a moderate increase
over time but no sudden or tremendous changes during neuronal development. This
result showed no significant increase at the stage of the highest degeneration level (3-
6 d of the SD protocol), leading to the suggestion that apoptotic death may be
predominantly responsible for the degeneration of cells in the differentiation process.
In contrast to the observation that the autophagy level increases during neuronal
differentiation (Zeng and Zhou, 2008), no significant alterations of the LC3 level were
determined by this approach. But the LC3 level could be quantified in a further
experimental procedure. Additionally, the impact of alterations of the autophagy level
during neuronal differentiation was analysed in further studies.

3.4 Impact of altered autophagy levels on neuronal development

Several evidences suggest that autophagy plays a crucial role in neuronal development
by regulating signalling pathways that are involved in the switch from pluripotent cells
to neurons (Ban et al., 2013; Fimia et al., 2007). Some studies have reported that
autophagy is upregulated during the initial period of neuronal differentiation and that
its suppression, as well as further enhancement by mTOR inhibition, impairs it (Morgado
et al., 2015; Zeng and Zhou, 2008). In this study, the impact on neuronal differentiation
of P19 cells by the SD method was proven with several autophagy inhibitors, enhancers
and the generation and analysis of knockout mutants that lack the expression of
autophagy relevant genes.

3.4.1 Treatment with autophagy inhibitors during early neuronal differentiation

P19 cells were treated with five different autophagy inhibitors during neuronal
differentiation by SD protocol. 3-methyladenine (3-MA) inhibits the class | and Il PI3K in
different temporal pattern, while inhibition is limited of class | PI3K by treatment with
LY294002 (Wu et al., 2010). Aktl is downstream of PI3K and is inhibited by A-674563,
while it was reported that it also supresses the cyclin-dependent kinase 2 (CDK2)
(Chorner and Moorehead, 2018). Chloroquine inhibits the autophagic flux by decreasing
autophagosome-lysosome fusion (Mauthe et al, 2018). STF-62247 accumulates in
lysosomes and is a potent blocker of late stages of autophagy (Bouhamdani et al., 2019).
In this study, appropriate inhibitor concentrations were initially titrated. The inhibitors
were supplemented over the whole experimental unit of two weeks (here not shown).
In this case, it terminated in a complete degeneration of all cells after 10-14 days. This
observation was independent of the chosen inhibitor. By limiting the inhibitor treatment
on day two to four, the evoked phenotype during differentiation was still present, while
early degeneration could be prevented. Treatment with any of the chosen autophagy
inhibitors during early differentiation caused prematurely generation of neurites after
already three days of the differentiation protocol that was followed by an axonal
overgrowth, distinctly visible at day five (Fig. 34). But despite this large number of
branches produced early, the neurites presented a lack of strength and organisation.
After seven days, it came to an equalization to the negative control, in both cases, with
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and without further inhibitor treatment after day five. Thenceforth, the generated
neuronal networks were not significantly affected by the autophagy inhibition, while
later on, all neurons degenerated by continuous inhibitor treatment.
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Figure 34: Autophagy inhibitor treatment during neuronal differentiation. P19 cells were
differentiated by implementation of the SD protocol. Except for the control, the autophagy
inhibitors 3-methyladenine (3-MA), chloroquine (CQ), LY294002 (LY), A-674563 (A-67), and STF-
62247 (STF) were supplemented over three days (2-4 d). Scale bar, 200 um.

In summary, no morphological differences were detected during the first two days of
the differentiation protocol (w/ or w/o inhibitor), while an enhanced branching pattern
was observed between the third and fifth day, until the phenotype of the control was
nearly restored after seven days (w/ or w/o inhibitor). Therefore, neuronal
differentiation was not impaired by autophagy inhibition and resulted in a period of an
unorganised axonal overgrowth. The survival of mature neurons appeared to be strongly
affected by autophagy inhibition. Hence, continuous inhibitor treatment resulted in
early neuronal degeneration.

91



Results

3-MA
500 UM

ca S
100 nM | FESEEEES

Ly
500 nM

STF
10 nM

A-67 | Lol
100 nM | &

200 pmy;
it

Figure 35: The effect of autophagy inhibitors on native P19 cells. Native P19 cells were grown
in growth medium supplemented with the autophagy inhibitors 3-methyladenine (3-MA),
chloroquine (CQ), LY294002 (LY), A-674563 (A-67), and STF-62247 (STF) over seven days. Cells
were subdivided in between. Scale bar, 200 um.

As usual, the chosen inhibitor concentration was used to prove whether it presents an
effect on native P19 cells (Fig. 35). Cells were treated with the autophagy inhibitors over
a whole week, while cells were subdivided in between. The cell morphology was not
affected and beside a slightly increased degeneration level, no significant effect was
detected.

3.4.2 Analysis of autophagy gene CRISPR knockout mutants

Another approach to investigate influence of autophagy inhibition in neurogenesis was
the deletion of the autophagy genes p62, Becll, Atg7, and Atg9a by usage of the
CRISPR/Cas9 system. The cell morphology of the generated deletion mutants showed
no significant differences compared to WT P19 cells (Fig. 36 A). For each gene knockout,
several clones were picked and subsequently analysed on DNA and protein level for
verification. For that reason, fragments with a size of about 500 bp that covers the
targeted deletion sequence, were amplified and sequenced. The sequencing showed
quite mixed results (Fig. 36 C).
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Figure 36: Verification of the generated autophagy gene CRISPR knockout mutants. For each
gene knockout was one clone picked for further analysis that was verified by immunoblotting
and sequencing (Ap62 C2; ABecl1 C12; AAtg7 C13; AAtg9a C1). A: The selected mutants and the
wildtype (WT) P19 cells were cultivated in growth medium without any significant differences in
the expression of the phenotypes. Scale bar, 200 um. B: Several knockout mutants were
analysed by immunoblotting. GAPDH was used as loading control. C: The sequencing results of
the selected mutants were depictured. The unicoloured areas described the adjacent sequence
while the gRNA sequences were multicoloured illustrated.
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It has to be noted that in none of all analysed clones, all three targeted gRNA sequences
were sharply deleted like predicted. In some clones, one or two of the three gRNA
sequences and sometimes even the regions around or between two targeted areas got
deleted. In some cases, only some bases within these sequences were missing or
replaced. The clones that revealed as the most promising were investigated by
immunoblotting to preclude expression of an intact version of the targeted proteins (Fig.
36 B). Remarkably, clones with an identical DNA profile showed partially different
profiles by immunoblotting and not always the most promising candidate from
sequencing was verified on protein level. It clearly showed that a verification of CRISPR
knockout mutants on protein level is crucial. For each gene knockout, the phenotype of
three verified clones were analysed in native state and through the neuronal
differentiation process. Because there was no significant difference between clones of
a gene knockout mutant, one clone was selected in each case to compare morphology
with WT cells (Fig. 37).
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Figure 37: Neuronal differentiation of the generated autophagy gene CRISPR knockout
mutants. The verified P19 knockout mutants Ap62 C2, ABecl1 C12, AAtg7 C13, AAtg9a C1, and
wildtype (WT) cells were differentiated to neurons by implementation of the SD protocol. The
knockout mutants showed an enhanced axonal branching after five days and early degeneration
evidence after 10 days. Scale bar, 200 um.

All autophagy genes knockout mutants (Ap62, ABecl1, AAtg7, and AAtg9a) manifested a
similar phenotype compared to WT that were treated with autophagy inhibitors over
the whole differentiation process (see chapter 4.4.1). Prematurely branching started
already after three days and led to the generation of a neuronal network within five days
with a highly increased number of axons for this time point. At day seven of SD protocol,
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it came to an alignment of the phenotypes of deletion mutants and WT. But while WT
cells manifested a neuronal network, clusters of the knockout mutants started to lose
their integrity and showed first signs of degeneration after ten days, followed by an early
neuronal death caused by the lack of autophagy.

In conclusion, suppression of autophagy by inhibitors or by depletion of autophagy
genes did not prevent neruonal differentiation. This observation fits to the recent
reports that autophagy negatively regulates early axon growth by degradation of
cytoskeletal components (Ban et al., 2013; Chen et al.,, 2013). Therefore, the loss of
autophagy caused growth of longer axons but the accumulation of dysfunctional
organelles and protein aggregates was probably leading to oxidative damage and finally
to apoptotic cascades (Komatsu et al., 2006; Maday, 2016). In contrast, the results in
this study contradict with the report that suppression of autophagy impaired neuronal
differentiation, while the process was delayed by knocking down Becl1 (Zeng and Zhou).
To get a deeper insight, further analysis of the impact of altered autophagy levels was
realized by proteome analysis.

3.4.3 Treatment with autophagy enhancers during early neuronal differentiation

Autophagy was enhanced by inhibiting mTOR with drugs such as rapamycin or torin2
(Rubinsztein et al., 2007). Low concentrations of rapamycin (0.5-100 nM) target
mTORC1, while higher concentrations (0.2—20 uM) also inhibit mTORC2 (Foster and
Toschi, 2009). Consequently, concentrations in both ranges were analysed (50 nM and
500 nM). Torin2 is a selective and very potent mTORC1 inhibitor and with an 800-fold
less selectivity, it also inhibits PI3K (Liu et al., 2011). Additionally, it was reported to
inhibit proteins of the phosphatidylinositol-3 kinase—like kinase (PIKK) family (Liu et al.,
2013). As with autophagy inhibitors, autophagy enhancers were supplemented both
throughout the differentiation process and during a limited period (day two to four),
presenting the same phenotype in both cases. Treatment with both chosen rapamycin
concentrations (50 nM and 500 nM) or high concentrations of 5-20 nM torin2 negatively
affected survival during neuronal differentiation of P19 cells (Fig. 38). The impact of both
inhibitors in this concentration range was quite similar. Evidence of induction of
neuronal differentiation were observed but these cells barely survived the
differentiation process and completely degenerated after cells passed the first week of
the differentiation protocol (Fig. 38). Even limitation of inhibitor treatment on day two
to four could not prevent an early cell death. After three days of treatment with 500 nM
rapamycin, only strongly polarised single cells were left while at least some small
clusters were generated by lower rapamycin doses. If mMTORC2 was supressed by higher
rapamycin concentrations under these conditions remained elusive. Remarkably, the
impact of torin2 in a low concentration of 0.5 nM was more comparable to the effect of
the autophagy inhibitors. Derived neurons under this circumstance showed an
enhanced axonal outgrowth at day five, followed by an early degeneration evidence.
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Figure 38: Autophagy enhancer treatment during neuronal differentiation. P19 cells were
differentiated by application of the SD protocol. Except for negative control, the autophagy
enhancers rapamycin (50 and 500 nM) and torin2 (0.5 and 10 nM) were supplemented over
three days (2-4 d). Scale bar, 200 um.

As always, the influence of these inhibitors on native cells was proven (Fig. 39).
Rapamycin and torin2 slightly increased the degeneration level of undifferentiated cells
but was not preventing the maintenance of a growing culture.

3d 5d 7d

Figure 39: The effect of autophagy enhancers on native P19 cells. Native P19 cells were cultured
in growth medium supplemented with the autophagy enhancers rapamycin and torin2 over
seven days. Cells were subdivided in between. Scale bar, 200 um.
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Beforehand, it was reported that mTOR signalling is downregulated through the
neuronal differentiation process and that further downregulation in N2a cells impairs
neuronal differentiation (Zeng and Zhou, 2008). In contrast, the autophagy enhancer
seemed not to prevent the induction of neuronal differentiation of P19 cells in this
experiment, while it negatively affected survival of cells that underwent neuronal cell
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fate decision. Other reports claimed that activation of the autophagy pathway with
rapamycin results in shorter neurites (Ban et al., 2013; Chen et al., 2013). This could be
confirmed for the generated cluster formations under inhibitor treatment but there
were also single cells with long neurites detected.

3.4.4 Analysis of a BirC6 CRISPR knockout mutant

In addition to the mTOR inhibitors rapamycin and Torin2, another approach was taken
to increase autophagy levels. BIRC6 negatively regulates autophagy. Therefore,
depletion of BirCé6 is supposed to rise the autophagy activity by increasing the level of
cytosolic LC3B-1 (Jia and Bonifacino, 2019). A BirC6 knockout was generated using the
CRISPR/Cas9 System. The BirCé6 deletion was verified on DNA level by sequencing and
on protein level by immunoblotting (Fig. 40). The clones 3 and 5 (C3 and C5), were
confirmed through a lack of BIRC6 detection by immunoblotting, while presenting totally
different sequencing results. In C5, the sequences of gRNA1 and gRNA3 were completely
deleted, while for C3 only some base in the gRNA1 sequence were missing. Proliferation
in growth medium appeared to be reduced for both clones. While C3 displayed a
divergent cell morphology with increased cell size and partially multipolar shape, C5
presented like WT a more bipolar shape. On the other hand, the cell arrangement of C5
showed a lack of cohesion.
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Figure 40: Verification of the generated BirC6 CRISPR knockout mutant. Two clones of the
ABirC6 mutant (C3 and C5) that were picked for further analysis were verified by immunoblotting
and sequencing. A: The selected ABirC6 clones and P19 WT cells were cultivated in growth
medium. The phenotype of the mutants appeared affected, and the proliferation rate
significantly reduced. Scale bar, 200 um. B: The knockout in C3 and C5 was verified by
immunoblotting of several ABirC6 clones. GAPDH was used as loading control. C: The sequencing
results of the two selected mutants are depicted. The unicoloured areas described the adjacent
sequence while the gRNA sequences were multicoloured.

Furthermore, both analysed clones shared common features as well as varieties when
treated by SD protocol. Compared to WT, the neuronal differentiation process was
diminished and retarded (Fig. 41). ABirC6 clone 3 generated cell clusters that were
characterised by multitude pseudopodia. Phenotype and cell number did not notably
change over the first six days of protocol. Suddenly, cells appeared polarised and
generated partially big cluster with hints to rosette-like formations, while cells appeared
loosely arranged in other parts of the dish. C5 presented an earlier switch to a polarised
cell morphology, characterised by an increased degeneration level that resulted in a
strong accumulation of cell debris. Besides occasional formation of cell clusters with lost
integrity, hardly any neurites were detected in both clones and especially not in clone 3.
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Figure 41: Neuronal differentiation of the generated BirC6 CRISPR knockout mutant. The
verified P19 BirCé6 knockout mutant clones 3, 5, and wildtype (WT) cells were treated with the
SD protocol. While neuronal differentiation was induced in the WT cells, it failed for both
analysed clones. Scale bar, 200 pm.

In summary, autophagy induction through rapamycin ended up in early cell
degeneration but could not prevent the neuronal differentiation event, while BirCé
deletion resulted in a strongly reduced potential or at least to a deficiency of axonal
outgrowth. A deeper insight in cell fate decision and the influence of altered autophagy
on molecular level, was provided by mass spectrometry analysis of the generated
knockout mutant as well as the inhibitor treated wildtype.
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3.4.5 Proteome analysis of early neuronal differentiation with altered autophagy level

Up to this point, the influence of altered autophagy levels on cell morphology has been
extensively studied. To provide an insight on the molecular level and to search for a
connection between neuronal autophagy and signalling pathways, known to be involved
in the differentiation process, the proteome of P19 cells was analysed. Since the effect
of an altered autophagy level through the differentiation process revealed to be
morphologically the strongest at the fifth day, WT cells as well as the knockout mutants
ABecll and ABirC6 in native state, and after five days treatment with the SD
differentiation protocol, were examined. Each condition was analysed in biological
triplicates. The samples had to be divided on two mass spectrometry runs. For a
comparative purpose, WT cells (Becl1/BirC6_WT_CTRL/ND) were included in both runs.
To compare the effect of the knockouts with the influence of inhibitor treatment, 3-MA
or rapamycin (Rap) was supplemented to WT cell cultures on day two to four of the SD
protocol. All conditions studied are listed below and all conditions where cells were
treated with the neuronal differentiation protocol are highlighted in red:

1%t run 2" run

Becll_WT_CTRL BirC6_WT_CTRL CTRL= control (native cells)

Becll_WT_ND BirC6_WT_ND ND= neuronal differentiation

Becll_ WT_3MA BirC6_WT_Rap (5t day of SD protocol)
Becl1_KO_CTRL BirC6_KO_CTRL WT= wildtype

Becll_KO_ND BirC6_KO_ND KO= knockout mutant (ABecl/1, ABirC6)

In each run, about 6000 proteins were quantified, while 5508 of the quantified proteins
were detected in all samples. Between the conditions, still 5260 proteins provided an
ANOVA sigificance. Analysis of the proteome data demonstrated a high similarity of the
profiles between the three biological replicates of each condition, illustrated in a
heatmap and a principal component analysis (PCA) (Fig. 42 A,B). It is also clearly detected
that the induction of neuronal differentiation by the SD method resulted in a shift of the
expression pattern, while the profile of the ABirC6 mutant distinctly differed from the
others, especially when treated by SD protocol. This confirmed the previous observation
that the ABirC6 cells in growth and SD medium exhibited a different cell morphology and
neuronal induction failed in contrast to the other tested conditions. The proteome of
the ABirC6 mutant treated by the SD protocol significantly differed from the other native
and neuronal differentiated cells. This suggested the derivation to a different cell fate.
The profile of the ABecll mutant in native state and after neuronal induction also
differed from WT, while the influence of the inhibitor rapamycin and 3-MA appeared
less pronounced, well demonstrated in the PCA (Fig. 42 B). In contrast to the ABirCé6
mutant, the ABec/1 mutant derived neurons demonstrated a pattern that was closer to
WT.
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Figure 42: Comparative overview of the proteomic profiles. The expression pattern of P19
wildtype (WT), ABecl1 and ABirC6 mutant (KO) in native state (CTRL) or after 5 days treatment
by SD protocol (ND) was illustrated. Additionally, WT was treated by the inhibitor 3-MA and
rapamycin (Rapa) during neuronal differentiation. A: Data were z-score transformed to generate
a heatmap of all quantified proteins, illustrated for each replicate. B: Principal component
analysis with two of three main component groups. Similarities in the relative expression pattern
of proteins in this component groups presented a clear distinction between native cells (CTRL),
neuronal differentiated (ND), and the SD treated ABirC6 mutant cells (BirC6_KO_ND). C: Multi
scatter plot analysis of average groups of the triplicates. Profiles were labeled with the Pearson
correlation (blue). In the first row, WT cells were compared with the other undifferentiated
cultures and the neuronal WT differentiation profile was analysed. Below, neuronal
differentiated WT cells were compared to the other differentiated cultures.

Average groups that were based on the median of the triplicates were generated for the
multi scatter plot analysis (SPA) and the investigation of specific protein groups by usage
of heatmaps. The SPA provided an overview about the similarities in the expression
patterns under the given conditions, while the declared Pearson correlation (PC)
supplied an indication about the consensus of the proteomes (Fig. 42 C). The WT of the
first sample run in native state (Bec/l_WT_CTRL) was compared with the WT of the
second run (BirC6_WT_CTRL) and the knockout mutants in native state (Bec/1_KO_CTRL,
BirC6_KO_CTRL). With a PC of 0.994, the WT samples of both runs showed the greatest
consensus in the expression profile, while the similarity was significantly reduced in
comparison with the ABirC6 mutant (PC = 0.987). With a correlation of 0.956, the
deviation from WT cells in native to differentiated state was the largest. In addition, the
differentiated WT cells were compared with all other conditions in which the cells were
treated with the SD protocol. It was presented that the deviation caused by 3-MA
treatment was quite low (PC = 0.997), while the SD treated ABirCé6 cells stands out due
to the largest deviation (PC = 0.98). Several proteins of interest that showed a significant
variation, were pooled from the data, and grouped in heatmaps (Fig. 43). The expression
of thousands of proteins was affected through neuronal differentiation and alterations
of the autophagy level by knockouts or inhibitor treatment. It was tried to select proteins
that were implemented in the neuronal differentiation process and dependent on
autophagy level. The study of crosstalk between autophagy and other signalling
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pathways through the neuronal differentiation process was achieved. The first protein
group included the NSC marker NES, SOX2, and LIN28a as well as the neuronal markers
CAMSAP3, KLC1, DCX, MAP2, and TUBB3. Expression of these markers was recently
reported to be upregulated during differentiation of hiPSC (Lindhout et al, 2020;
Varderidou-Minasian et al., 2020). In all cases, except for the ABirC6 mutant, induction
through SD treatment caused an increase in the expression level of all these markers.
An effect from the Becl1 knockout or the inhibitors 3-MA or rapamycin appeared less
pronounced. This result confirmed the suggestion that knockout of BirCé6 was the only
condition tested that prevented neuronal differentiation. The expression profile of the
selected axon markers BASP1, GAP43, KIF5¢c, and NCAM1 revealed an increase through
neuronal induction, like reported before by Lindhout et al. (2020). In comparison to the
other samples, expression of NCAM1 was significantly lower in the native state and
increased stronger during differentiation of the ABec/l1 mutant. Expression of these
axonal markers was shown to be upregulated for the ABirC6 mutant after induction of
differentiation, nevertheless the protein level appeared slightly reduced compared to
the successfully neuronal differentiated probes. ARPC2 and ARPC4 are subunits of the
actin related protein 2/3 (ARP 2/3) and were identified as potential effectors of NCAM1
(Frese et al., 2017). In contrast to the other axon markers, these subunits appeared to
be slightly downregulated through neuronal induction of WT cultures. Expression of
ARPC2 and ARPC4 in both knockout mutants, in native state and especially after
treatment by the SD method, revealed to be higher.

The regulation of autophagy was illustrated by the expression profile of several proteins
involved in this process, such as MAP1LC3a and MAP1LC3p. Both isoforms revealed to
be upregulated through neuronal induction in WT and ABec/1 cells. In contrast, the
ABirCé6 mutant demonstrated in undifferentiated control conditions already a higher LC3
level. The ATG7 and ATG12 level was shown to increase through treatment by the SD
method, even for the non-neuronal ABirC6 cells. The ATG12 amount appeared
significantly reduced through the Bec/1 knockout, while ATG7 demonstrated to be not
affected. The expression profile of ATG16l1 was shown to be less unambiguous with the
highest expression level of the SD treated ABirC6 mutant. The regulation of GABARAP
appeared quite volatile between the condition. Also, from ATG4b and ATG3 was no
significant gradation between the conditions detected (not shown here). AMBRA and
p62 (SQSTM1) presented to be significantly downregulated, five days after neuronal
induction. Certainly, this was not the case for p62 in the ABecl/1 mutant, while rapamycin
treatment leaded to an even lower p62 level. BECL1 was not detected in the second but
in the first sample run. Therefore, the knockout in the ABec/1 mutant could be clearly
verified (Fig. 43-lowest row).
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Figure 43: Profiling of the expression pattern of distinct protein groups. The expression pattern
of P19 wildtype (WT), ABecl1 and ABirC6 mutant (KO) in native state (CTRL) or after 5 days
treatment by SD protocol (ND) was illustrated. Additionally, WT was treated by the inhibitor 3-
MA and rapamycin (Rapa) during neuronal differentiation. Data was z-score transformed and
triplicates were fused to average groups, based on the median. Several proteins of interest that
showed significant variations, were pooled from the data, and grouped in heatmaps,
characterised by their topic.

Apoptosis was examined, among others, by investigation of the caspases 3, 6, and 9.
While the regulation of CASP9 emerged as less apparent, except for the ABirC6 mutant,
the CASP3 and CASP6 level was clearly upregulated through neuronal differentiation.
The same tendency was shown for SEPTIN4 and APAF1. The BIRC5 protein level was
shown to be slightly decrease in all SD method treated samples, while illustrating the
BIRC6 profile distinctly verified the BirC6 knockout. For the pro-apoptotic Bcl-2 family
proteins BAX and BAK1 was no clear differences between the conditions detected. The
pro-apoptotic BH3-only protein BID as well as the anti-apoptotic MCL-1 presented to be
downregulated in the developing neurons. While the pro-apoptotic BCL2L1 was slightly
upregulated by neuronal induction, it was already shown to be increased in the ABirCé6
mutant.
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Remarkably, all selected elements of the mTOR/PI3K/AKT signalling pathway displayed
only a week shift in the expression profile. Some protein levels presented to be slightly
increased through differentiation but a clear statement regarding the different
conditions could not be provided for most of the pooled proteins of this category. Even
the regulation of mTOR by rapamycin or any other condition was not detectable by this
approach. AKT1, RICTOR, mLSTS8, PIK3R4, and MAPK3 (ERK1) demonstrated a slight
increase in the protein level through differentiation. Investigation of the involvement of
RA signalling proved to be more accessible. RARs (RARa/B/y) were not detected in the
second sample run, while RARa could be analysed in the first run (Fig. 43-lowest row).
Here, RARa level was shown to be slightly decreased through neuronal differentiation
of the WT (+/- 3-MA) but not in ABecl1 cells. RXRB could be detected under all conditions
but did not show strong variations except for a slightly increased level in the native
condition and a reduced level after neuronal induction of the ABec/l mutant. The
RALDHs ALDH1B1, ALDH16A1, and ALDH3A2 were examined. ALDH3A2 was significantly
upregulated through neuronal differentiation, while the opposite effect was observed
for ALDH1B1. Additionally, significant higher ALDH1B1 levels in both knockout mutants
in undifferentiated state were presented. In contrast, ALDH16A1 varied only
insignificantly between conditions. It should be noted that of the three RALDHs
analysed, ALDH1B1 is so far the only form known to metabolize all-trans-retinaldehyde
(Jackson et al., 2014). The cellular RA binding proteins CRABP1 and CRABP2 were both
upregulated in the derived neuronal precursor cells while both knockout mutants
revealed a reduced CRABP2 level. Overall, cellular RA binding proteins that mediate
cellular RA transport presented to be upregulated after neuronal induction, while the
expression of the RA synthesising enzyme ALDH1B1 and RARa was downregulated.

The cyclin-dependent kinases CDK2, CDK4, and CDK5 were pooled while only CDK5
evoked to be upregulated through treatment by SD method. MYC, a direct target of the
Wnt pathway, was shown to be downregulated through differentiation, while the Wnt
promoting tankyrase binding protein TNKS1BP1, and the glycogen synthase kinase
GSK3B, that gets inhibited by Wnt signalling, demonstrated to be upregulated. Factors
that are involved in the Notch pathway like SBNO1, NLE1l, and NOTCH2 were
downregulated through neuronal induction while NUMB, a Notch inhibitor stayed
mostly unaffected, besides a little decrease in the differentiated knockout mutants. The
SMAD proteins SMAD2 and SMAD4, revealed an opposing regulation through neuronal
induction. The kinesin family members KIF3a was reported to regulate ciliogenesis in
response to Hh signalling (Hoang-Minh et al., 2016) and presented to be upregulated in
neuronal cultures but not in SD treated ABirCé6 cells. The zinc finger protein GLI3 could
be captured only in the first sample run (Fig. 43 -last row). GLI3, an effector of Hh
signalling, was upregulated through neuronal differentiation of the WT (+/- 3-MA) and
the ABec/1 mutant. Compared to WT, the Gli3 level in pluripotent and differentiated
ABecl1 cells was reduced.

Finally, the antioxidant activity through the differentiation process was analysed. The
apolipoprotein E (APOE) and superoxide dismutase 2 (SOD2) showed increased protein
levels, after neuronal differentiation was induced. The glutamate cysteine ligase
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catalytic (GCLc) or modifier (GCLm) protein and the glutathione reductase (GSR)
demonstrated an opposing effect. KEAP1 could be only detected in the first sample run
and presented to be downregulated through neuronal induction. Remarkably, ASCL2, a
transcription factor that highly promotes neuronal differentiation, revealed to be
downregulated after neuronal induction of the WT. In contrast, the ASCL2 concentration
remained in native and differentiated state on high levels in the ABec/1 mutant.

In summary, most of the morphological observations in this study were confirmed by
proteomic analysis at the quantitative level. Neuronal differentiation of WT and ABec/1
cells was verified by an increased expression of neuronal markers. The influence of the
inhibitor rapamycin and 3-MA appeared very subtle in the profile of all as well as the
selected proteins for analysis. Like assumed from morphology, data suggested that the
ABirCé6 mutant was not able to differentiate into neurons under the given conditions but
also highly differed from the phenotype of undifferentiated WT cells. The expression
profile of the ABirC6 mutant deviated for many of the examined proteins. But the
regulation of several protein levels revealed to be affected by the Bec/1 knockout as
well. Neuronal differentiation by SD method presented to impact various signalling
pathways such as Notch, Wnt, Hh, mTOR/PI3K/AKT, RA signalling and the antioxidant
activity, autophagy, and apoptosis in different ways. It has been shown that the
regulation of protein levels after neuronal induction is dependent on autophagy for
proteins such as NCAM1, ASCL2, MYC, GLI3, and APOE.
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4. Discussion

4.1 A novel one-step approach to efficiently induce neuronal differentiation

In recent years, several neuronal differentiation protocols developed that circumvent
the requirement of EB formation under serum-deprivation and simplified medium
conditions (Morii et al., 2020; Nakayama et al., 2014; Pauly et al., 2018; Yamazoe et al.,
2006). In this study, a novel approach to induce neuronal differentiation in vitro was
developed and established. Like for several other novel protocols, neither the formation
of free-floating aggregates nor supplementation of serum was implemented.
Circumvention of EB formation by the establishment of a serum-free monolayer culture
was shown to shortens the length of the neuralization process considerably (Azari and
Reynolds, 2020). Commonly, induction in this system can be implemented by co-cultures
with stromal cells (Kawasaki et al., 2000; Vazin et al., 2008) or supplementation of
several effectors that induce or enhance neuronal fate decision, while the list of
supplemented factors is sometimes quite long (e.g. see protocols listed in Compagnucci
et al., 2014; Nakayama et al., 2014). In contrast to the so far developed neuronal
differentiation protocols, no co-culture or supplementation of growth factors or known
inducers were necessary to generate a reliable, homogenic and pure neuronal culture in
this study. Therefore, this method provides several advantages such as the possibility to
generate stable pure neuronal cultures by a fast, simple, and highly reproducible one-
step induction under defined medium conditions with a minimum of exogen effectors.
The treatment with a simple, nutrition-poor medium mixture that is based on a dilution
of DMEM/F12+N2 medium, proved to be sufficient to efficiently induce neuronal
differentiation. A neuronal network was generated within one week and the cultures
were shown to stay stable at least for three weeks. The life span of the generated
neurons was significantly longer than for example in the protocol of Nakayama et al.
(2014).

The self-developed SD method was established by using the murine embryonal
carcinoma cell line P19 and could be transferred to murine ESC. The protocol had to be
slightly adapted on the special demands of ESC to ensure cell survival during the
differentiation process. In further studies, the dilution factor of the DMEM/F12+N2
medium has to be adjusted to optimize culture conditions and consequently increase
the purity of the neuronal culture to a maximum. The applicability of this method could
cover a common mechanism of neuronal induction in pluripotent cells and thus could
be transferable to all pluripotent cell sources and neuronal progenitor cells. Neurons
generated by applying the SD method showed a morphologically distinct phenotype and
the formation of neuronal rosettes. Neural rosettes, also observed by in vitro
differentiation of hESCs, are reminiscent of secondary neurulation during neural tube
formation (Fedorova et al., 2019). This study revealed a characteristic acetylated a-
tubulin cytoskeleton arrangement of rosette formations (Curchoe et al., 2013). The
molecular process of this formation is barely understood but it was discovered that cells
which are arranged in neural rosettes have the potential to differentiate into distinct
region-specific neurons and glial cells (Harding et al., 2014; Li et al., 2011). Definition of
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the neuronal subtype generated in this study is still pending, but expression of neuronal
markers was detected by immunofluorescence staining and mass spectrometry analysis.
The pro-neural markers Nestin, NeuroD, Neurogenin2, ASCL1 were highly expressed in
two-week-old neuronal cultures, derived from P19 cells and ESC. The astrocyte marker
GFAP was only detected for ESC, probably due to an insufficient dilution of
DMEM/F12+N2 with the salt solution. Proteome analysis of P19 cells treated for five
days with the SD method presented an upregulation of the NSC marker NES, SOX2, and
LIN28a as well as the neuron marker CAMSAP3, KLC1, DCX, MAP2, and TUBB3,
confirming the neuronal cell fate decision. Recently, it was reported that the expression
of these markers is also upregulated during differentiation of hiPSC (Lindhout et al.,
2020; Varderidou-Minasian et al., 2020). ASCL2, a transcription factor that reduces
proliferation and highly promotes neuronal differentiation (Liu et al., 2019), revealed to
be downregulated after neuronal induction in the present study. The reason for the
unexpected downregulation remained unclear, but as discussed later, ASCL2 levels
showed autophagy dependence.

In agreement with the morphological identified outgrowth, the level of the axon
markers BASP1, GAP43, KIF5¢c, and NCAM1 were increased. Furthermore, functionality
of the synapses of the P19-derived neurons was shown by detection of calcium activity.
The morphological development can be easily observed in the supplemental movies.
Thereby, innumerable particles were observed that got continuously absorbed and
released by the neuronal clusters. These are presumably extracellular vesicles like
microvesicles, apoptotic blebs or exosomes, released by cells into the extracellular space
(Caruso Bavisotto et al., 2019). Several in vitro studies demonstrated an inter-neuronal
communication by released exosomes, retaken by other neurons to provide an activity-
dependent synaptic growth (Korkut et al., 2013). However, identification and function
of the particles observed in this setting, remained unclear. Axonal ablation in the
generated neuronal cultures demonstrated a strong tension of the connections within
the generated neuronal networks. Regrowth started immediately after axonal ablation,
revealing a strong regeneration potential under the given conditions. The molecular
mechanism that regulates axonal regrowth is not completely understood yet (Qian and
Zhou, 2020; Yaniv et al., 2012). But P19 cells were shown to be a suitable model to study
axonal regeneration with a minimum of external influences. In total, the established SD
method proved to be a useful tool to investigate the molecular background of neuronal
differentiation as well as for high throughput screenings. Application of this method
provides a fast, simple, and highly reproducible approach to efficiently induce neuronal
differentiation, supplying a pure and stable culture of active neurons. The method is
characterised by defined and steady medium conditions that makes the investigation of
specific cell requirements during differentiation accessible. Since the method could be
transferred from the ECC to the ESC, there is the possibility that this is a generally valid
mechanism.

4.2 Neuronal differentiation is induced by a metabolically defined environment

At the time the SD protocol was developed, it was suspected that starvation conditions
might cause neuronal induction. This assumption was based on the previous reports that
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fasting induces or enhances neurogenesis in vivo (Gomes et al., 2016; Lee et al., 2002).
In a pure salt solution (EBSS), cells died within 24 h. Therefore, a strong dilution of
DMEM/F12+N2 with EBSS was implemented that resulted in a nutrition-poor
environment. DMEM with the nutrient mixture F12 is a widely used basal medium that
is declared to support the growth of many different mammalian cells such as glial cells,
fibroblasts, human endothelial cells, and rat fibroblasts. It is implemented in several
protocols that describe neuronal induction under serum deprivation (e.g. Bibel et al.,
2007; Nakayama et al., 2014; Pachernik et al., 2005). The N2 supplement is based on
Bottenstein’s prominent N1-formulation, developed to maintain neuroblastoma cells in
culture (Bottenstein and Sato, 1979). Defined as nutrition mixture, N2 is provided to
ensure survival of neuroblastomas and post-mitotic neurons in primary cultures and is
used to replace serum in DMEM(/F12) or Neurobasal medium. The provider claims that
the N2 supplement selectively supports the growth of neuronal cells. In this study, the
F12 nutritional mixture and the N2 supplement were shown to support the survival of
neuronal differentiated cells. Supplementation of N2 revealed to be essential for the
induction of neuronal fate or to ensure survival of neuronal precursor cells.
Morphologically, neuronal differentiation was identified in undiluted DMEM/F12+N2
medium, but proliferating cells overgrew the culture within five days, eventually leading
to culture degeneration. Whether this was caused by a high proliferation rate of
neuronal progenitor cells or other cell types could not be clearly defined morphologically
due to the high cell density. This is consistent with the phenotype of P19 cells in
undiluted DMEM/F12+N2 observed in this study. Therefore, the suggestion that the cells
likely differentiate to a neuroectodermal fate by forming proliferating progenitor cells
in pure DMEM/F12+N2 strengthened. In this study, the phenotype of mature post-
mitotic neurons, arising within a week, was elicited only when the medium was heavily
diluted with a salt solution. Previously, P19 cells were reported to express
neuroectodermal and no endodermal marker genes under comparable conditions,
although no neurites were identified (Pachernik et al., 2005). Anyway, strong dilution of
the DMEM/F12+N2 medium (1:9) and therefore a strong nutrition decrease appeared
to be essential to diminish proliferation and to simultaneously increase the ratio of post-
mitotic neurons, resulting in a homogeneous neuronal culture.

Examination of individual components of N2 supplementation did not lead to the
identification of an actual inducer. Insulin showed the strongest effect on lifespan
extension, but in the absence of the components transferrin, putrescine, and
progesterone, it was not sufficient to induce neuronal differentiation or to ensure the
survival of neuronal differentiated cells. Only the mixture of all N2 components (except
selenite) provided the necessary medium conditions to ensure survival of the
differentiating cells. Overall, the observation of variations in SD medium composition
strongly suggests that only cells that have undergone neuroectodermal fate decision can
survive under the created conditions, resulting in a pure neuronal culture. Serum
deprivation and strong dilution of DMEM/F12+N2 medium caused a nutrient-poor
environment in which the influence of growth factors and inducers was minimized.
Referring to the proposed default neuronal fate, initiated in the absence of extrinsic
signals (Lenka and Ramasamy, 2007; Smukler et al., 2006; Tropepe et al., 2001), the
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method could provide a feasible protocol for the neuronal default model. Whether such
a default neural mechanism exist and how this is implemented across a broad spectrum
of cell source, is currently addressed in several studies and still controversely discussed
(Smukler et al., 2006; Stern, 2006; Marchal et al., 2009; Mufioz-Sanjuan and Brivanlou,
2002; Vallier et al., 2006).

Recent studies reported that ESC, grown at low density and in the absence of exogenous

factors or feeder layers, either die or attain neural identity as indicated by expression of
the neural marker Nestin (Smukler et al., 2006; Tropepe et al., 2001). This default cell
fate is presumably achieved by eliminating extracellular inhibitors of neuroectodermal
fate and suppressing cell-cell signalling through limited cell density (Lenka and
Ramasamy, 2007). But cells die after 24 hours under these minimal conditions (Smukler
et al., 2006; Tropepe et al., 2001). Consistent with my observations, was recently
reported that P19 cells survive and differentiate in serum-free DMEM/F12 medium
containing transferrin, insulin, and selenite (Pachernik et al., 2005). According to these
reports, it was hypothesized that the SD medium, developed in this study, creates a
metabolically defined environment that is free of extrinsic signals that prevent neuronal
fate decision. In wildtype cells, these conditions allowed only the expression of a
neuronal phenotype and ensured survival of most of the generated neurons over a long
period. It is suggested that the metabolic composition of the medium only ensures the
survival of neuronally differentiated cells and thus forces the cells to undergo neuronal
differentiation.

Neuronal induction through inhibition of mesoderm and endoderm promoting signals,
such as Wnts, Nodal, BMPs, and Notch signalling offers an opportunity to enhance or
induce neuronal fate decision in vitro (Azari and Reynolds, 2020; Crawford and Roelink,
2007; Levine and Brivanlou, 2007). It was assumed that inducers of these signalling
pathways were not present under the established medium conditions in this study.
Therefore, my results suggest that the absence of mesoderm and endoderm promoting
signals makes the addition of the corresponding inhibitors unnecessary. In summary, SD
medium provides metabolically defined and steady conditions with a minimum of
extrinsic factor that selectively promote the survival of neurons. While no actual inducer
was detected, specific cell requirements of neuronally differentiated cells in SD medium
were found to be covered and to drive the switch from pluripotent carcinoma cells to
neurons.

4.3 The neuronal default mechanism is dependent on RA signalling

RA plays an essential role in cell signalling during embryogenesis and efficiently induces
neuronal differentiation in vitro in a concentration dependent manner (Bain et al., 1996;
Blumberg, 1997; Okada et al., 2004; Ross et al., 2000). This morphogen promotes
neuroectodermal and represses mesodermal gene expression (Bain et al., 1996;
Boudjelal et al., 1997). EB formation as well as the supplementation of RA was shown to
be essential to induce efficient neural differentiation of pluripotent cells in serum-
containing cultures (Bain et al., 1995, 1996; Jones-Villeneuve et al., 1982; Glaser and
Briistle, 2005; Rohwedel et al., 1999). In monolayer cultures treated with medium that
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contains serum and RA, cells differentiate to endoderm like cells (Jones-Villeneuve et
al., 1982; Mummery et al., 1990, Rochette-Egly and Chambon, 2001; Pachernik et al.,
2005). A recent study has shown that RA supplementation to monolayer cultures
induces the expression of neuroectodermal and endodermal marker genes in P19 cells,
irrespective of the presence or absence of serum in the medium (Pachernik et al., 2005).
In contrast, in serum- and RA-free medium only the expression of neuroectodermal
marker was induced, while neurite outgrowth appeared diminished (Pachernik et al.,
2005). Anyway, according to the declared formulations of the SD medium components,
the medium was expected to be free of RA or any precursor like retinol or carotenoids.
RA is reported to be rapidly degraded, resulting in a short half-life of about one hour
(Pennimpede et al., 2010). Therefore, no cellular RA content was expected during
neuronal differentiation. Nevertheless, Engberg et al. (2010) claimed that RA signalling
is required to suppress spontaneous mesendodermal development in serum-free,
adherent monocultures. We cannot exclude that the neuronal default mechanism in the
absence of extrinsic signals observed in my study is guided by subnanomolar
concentrations of RA or precursors from residual serum components, caused by a
culturing in serum-containing medium prior to the experiments (Engberg et al., 2010).

Here, the P19 cells were cultured in medium with 10 % FBS prior to the neuronal
induction in serum-free SD medium. The composition of each batch of FBS is in fact
extremely variable but it is assumed that the retinol concentration is roughly about
30 nM in medium containing 10 % FBS (Arigony et al., 2013; Bryan et al., 2011). To proof
or disproof the RA dependency in the neuronal differentiation process by application of
the SD method, RA signalling was challenged by several approaches. First, RA synthesis
was blocked by DEAB, a competitive, reversible inhibitor antagonist that acts as
substrate of several retinaldehyde dehydrogenases and irreversibly inhibits the RALDHs
ALDH1A2, ALDH2 and ALDH7A1 (Begemann et al., 2004; Morgan et al., 2015). Blocking
RA synthesis by DEAB resulted in a strong reduction of the cell number that survived the
differentiation process but did not prevent neuronal induction. Therefore, the increased
cell degeneration could result from a toxic effect of DEAB. In undifferentiated cells,
toxicity was observed from a higher concentration range, possibly buffered by serum in
the growth medium. The proteome analysis captured the RALDHs ALDH1B1, ALDH16A1,
and ALDH3A2. ALDH3A2, primarily involved in the oxidation of medium- and long-chain
aliphatic and aromatic aldehydes (Vasiliou and Nebert, 2005), was significantly
upregulated through neuronal differentiation. Interestingly, ALDH1B1, which
metabolizes nitroglycerin and all-trans-retinaldehyde (Jackson et al., 2014), was
decreased by neuronal induction. ALDH16A1, that revealed no regelation, was recently
discovered and the function is still unknown (Vasiliou and Nebert, 2005).

In contrast, the protein level of both cellular RA binding proteins (CRABP1 and CRABP2)
appeared increased after neuronal induction with the SD medium. CRABP1 was also
reported to be involved in the non-canonical, cytoplasmic RA signalling (Persaud et al.,
2013). This pathway is RAR-independent and includes the RA-mediated activation of the
extracellular signal-regulated kinase 1/2 (ERK1/2) that results in the disruption of
pluripotency and proliferation, was shown to be essential for early neural differentiation
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(Gupta et al., 2008; Li et al., 2006; Orford and Scadden, 2008; Persaud et al., 2013; Wei,
2013). In addition to CRABP1, MAPK3 (ERK1) levels also showed an increase, indicating
the involvement of non-canonical RA signalling in the neuronal differentiation process
when the SD method was used. Moreover, a further non-canonical and the canonical RA
signalling exist that involve RARs (Rhinn and Dollé, 2012; Wei, 2013). The RAC65 mutant
is characterised by a truncated RARa and probably a further mutation that caused a
downregulation of the CRABP gene through RA treatment (Jones-Villeneuve et al., 1982;
Maly and Draber, 1992; Pratt et al., 1990). This mutant displayed no effect on the
potential to induce neuronal differentiation by application of the SD method.

The neuronal differentiation protocol of Nakayama et al. (2014) was also shown to
function independently of RARa in this study. In their protocol, in addition to several
enhancers that promote neuronal differentiation, RA is added as an actual inducer.
Interestingly, application of this protocol showed that both, P19 WT and the RAC65
mutant cells, could differentiate into neurons in the absence of RA, but axonal growth
and cell cluster integrity were significantly impaired. The fact that the phenotype of both
WT and RAC65 mutant cells was equally rescued by RA supplementation under this
condition suggests that RA promotes the differentiation process in a RARa-independent
manner. Alternatively, it is conceivable that the truncated RARa in the RAC65 mutant
was functionally substituted by the subtypes RARB and RARy (Koide et al., 2001; Mark
et al.,, 1999; Taneja et al., 1995). Consequently, the RAC65 mutant was proved not to be
RA resistant in serum-free monolayer cultures. In contrast, by application of the
conventional differentiation protocol (McBurney et al., 1988), the RAC65 mutant cells
were incapable to differentiate and kept the undifferentiated phenotype, as predicted
(Jones-Villeneuve et al., 1982; Pratt et al., 1990). This observation might be explained by
the influence of serum on the neuronal differentiation potency of RA (Magalingam et
al., 2020).

It has been reported that under serum deprivation and without RA in the medium, a
concentration of 1 nM RA or more (residual from previous medium) is sufficient to
induce neuronal differentiation (Engberg et al., 2010; Pachernik et al., 2005). In contrast,
when RA is supplemented to EB in standard serum-containing media, a concentration of
50-500 nM RA is necessary for neuronal induction (Bain et al., 1994). Under these
conditions, a RA concentration of 10 nM or lower was reported to result in a myogenic
cell fate (Edward and McBurney, 1983, Rohwedel et al., 1999). In any case, 500 nM RA
was added for both methods that were used for comparative purposes in this study
(McBurney et al., 1988; Nakayama et al, 2014). It was assumed that the RA
concentration would be significantly higher through supplementation of serum in the
conventional protocol. However, it was probably not sufficient to compensate for the
inhibitory effect of the serum and the truncated RARa at the same time. Therefore, a
high RA concentration is likely required to supress the complex signalling from serum
factors that supress the neuroectodermal fate. This hypothesis was reinforced by the
observation that DMSO had a negative influence on neuronal differentiation by
implementation of the SD method in a concentration-dependent manner. Indeed,
exposure to 1 % DMSO is commonly used for induction of mesodermal differentiation
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in P19 cells, and DMSO is also applied as RA solvent in neuronal differentiation protocols
(Jasmin et al., 2010; McBurney et al., 1982). A high RA level combined with the
treatment of 1 % DMSO was reported to prevent mesodermal differentiation, while a
low RA level enhances skeletal myogenesis (Kennedy et al., 2009; Pratt et al., 1998). The
SD protocol did not include RA supplementation, resulting in the expectation that the
RA level was not exceeding the subnanomolar range. Consequently, the negative effect
of DMSO on axonal growth and the neural rosette formation was likely caused by a low
cellular RA level that was insufficient to supress the mesodermal promoting signal from
DMSO concentrations higher than 0.1 %. The possibility that neuronal induction by
implementation of the SD method is dependent on a low physiological RA level, was
confirmed by application of the pan-RAR antagonist BMS493 that silenced the activity
of all RAR subtypes. BMS493 prevented neuronal induction, resulting in a fast
degeneration of all cells in the SD medium. This observation was in agreement with the
report that suppression of all RAR subtypes in a serum- and RA-free culture blocks
neuroectodermal differentiation of mESC (Engberg et al., 2010). A simultaneous
knockout of all RAR subtypes was reported to completely repress transcriptional
response to RA (Laursen and Gudas, 2018). Indeed, knockdown of RARy in ESC has been
shown to be sufficient to suppress neuronal differentiation (Al Tanoury et al., 2014).
Whereas it was reported that RA-induced neuronal differentiation in P19 cell aggregates
resulted in a rapid increase of RARa and RARP mRNA, RARy appeared to be strongly
repressed (Bain et al.,, 1994; Jonk et al., 1992). In Addition, in P19 monolayer cultures,
the maximal RARa level appeared to be even higher (Bain et al., 1994). In this study, the
opposing effect was detected. By proteome analysis, only RARa and RXRB were
detected. While RXRB demonstrated no significant regulation, RARa was slightly
decreased through neuronal induction by application of the SD method. These findings
together with the observation that neuronal differentiation was independent of RARa
only in serum-free medium, indicate that the complexity of the serum is critical for RA
signalling. A deeper insight into the regulation of different RAR subtypes in dependence
on serum addition is therefore of greatest interest.

To sum up, the present work reinforces the thesis of Engberg et al. (2010) that neuronal
induction in serum-free monolayer cultures is dependent on little amounts of residual
RA or precursor. RA signalling through neuronal induction by SD method suggests being
regulated by RARB or RARYy, since (i) RARa was slightly downregulated after induction,
(ii) the truncated receptor had no influence on the induction efficiency in serum-free
monolayer cultures, and (iii) a pan-RAR inhibitor supressed neuronal differentiation.
Although no RA or precursor was present in SD medium, cellular RA-binding proteins
that mediate cellular RA transport and are involved in non-canonical RA signalling were
shown to be upregulated after neuronal induction. In contrast, the RA-synthesizing
enzyme ALDH1B1 and RARa were downregulated after replacement of growth with SD
medium, probably because of the decrease in retinoid concentration. This study
suggests that supplementation of high RA concentrations is only required to supress
signals from supplemented components like serum or DMSO (> 0.1 %). Since these
components are not included in the SD medium, neuronal induction is probably driven
by subnanomolar RA concentrations in an environment that is free of disruptive
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inhibitors. The present study confirmed that canonical and non-canonical RA signalling
is involved and crucial for neuronal induction.

4.4 Regulation of signalling pathways involved in cell fate decision

The patterning of the neural tube during embryogenesis and the differentiation toward
distinct neural subtypes is primarily mediated by RA, BMP, Hh, Wnt and FGF signalling
(Kudoh et al., 2002; Lara-Ramirez et al., 2013; Le Dreau and Marti, 2012). Inhibition of
mesoderm and endoderm-promoting signals, such as Wnts (via Dkk1), Nodal (via
cerberus and lefty), BMPs (via chordin, noggin, and follistatin), and Notch (via DAPT)
offers an opportunity to enhance or induce neuronal fate decision in vitro (Azari and
Reynolds, 2020; Crawford and Roelink, 2007; Levine and Brivanlou, 2007). In the
developed SD differentiation medium, the content of growth factors and inducers was
reduced to a minimum. The regulation of several signalling pathways in neuronal cell
fate decision by application of the established method was accessed by inhibitor
supplementation through the differentiation process and proteome analysis before and
five days after neuronal induction.

Several studies have suggested that the neuronal default mechanism is a consequence
of a lack of BMP signalling, preventing formation of neural tissue (Levine and Brivanlou,
2007; Muiioz-Sanjuan and Brivanlou, 2002). SMAD proteins are responsible for the
intracellular transduction of signals from growth factors of the TGF-B superfamily, such
as Activin, Nodal and BMP (Chen and Meng, 2004). In this study, the influence of the
SMAD inhibitor SB431542 (ALK4, ALK5 and ALK7 inhibitor) and DMH1 (ALK2 inhibitor)
on neuronal induction by implementation of the SD method was tested. Recently, it was
shown that both inhibitors are appropriate to induce or promote neuronal
differentiation in vitro (Kim et al., 2010; Neely et al., 2012; Pauly et al., 2018). ALK2,
ALK3, and ALK6 function as BMP receptor (Miyazawa et al., 2002). In the established SD
method, supplementation of the ALK2 inhibitor revealed no enhancing effect. The
activin receptor-like kinases ALK4, ALK5, and ALK7 are activated by activin and nodal
signal, stimulating SMAD2/3 in turn (Miyazawa et al., 2002). In this study, the SMAD2/3
inhibitor SB431542 had a negative effect that occurred exclusively during the early
differentiation process. Accordingly, proteome analysis demonstrated a slight increase
of SMAD?2 during early differentiation. These findings reinforced the suggestion that
BMP inhibition is required only as a late step during neural induction (Linker and Stern,
2004). The inhibitory effect of SB431542 on early neuronal differentiation under the
given conditions might also be caused by an evoked inhibition of RA response, recently
observed in mESC (Du et al., 2014). While the proteins SMAD1, SMADS5, and SMADS that
are characterised as substrates for BMP-activated receptors (Miyazawa et al., 2002)
were not captured by the proteome analysis, a slight downregulation of the SMAD4 level
after neuronal induction was shown. SMAD4 is a key player and forms complexes with
activated SMAD proteins to enter the nucleus and regulate expression of target genes
(Chen and Meng, 2004). Additionally, SMAD4 was reported to control CDK4 expression
(Ueberham et al., 2012). However, the protein level of CDK4 revealed no regulation
through neuronal induction in this study. Several groups reported a tight correlation
between inhibition of CDK activity and neuronal differentiation, showing for example
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that overexpression of CDK4 delays neurogenesis and inhibition of CDK2 and/or CDK4
expressions induces neuronal differentiation in neural stem cells (Lange et al., 2009; Lim
and Kaldis, 2012). Surprisingly, CDK2 and CDK4 revealed a high expression level without
significant regulation mediated by neuronal induction. Hence, it was hypothesised that
downregulation of these cell cycle regulators occurs later when neuronal progenitor
cells stop proliferation. CDK5 demonstrated a distinctly increased protein level after five
days treatment by the SD method. CDK5 activity is found almost exclusively in
postmitotic neurons and was reported to be essential for cell cycle arrest to facilitate
neuronal differentiation (Cicero and Herrup, 2005).

The glycogen synthase kinase GSK3B antagonizes the canonical Wnt pathway and
therefore plays a central role in the neuronal differentiation process (Valvezan and Klein,
2012). In this study, the increase of GSK3[ after neuronal induction by application of the
SD method suggests a repression of the Wnt signalling pathway. Further downregulation
of the Wnt signalling by supplementation of the tankyrase inhibitor XAV939, that is
supposed to downregulate Wnt/B-catenin signalling, thereby enhancing neuronal
differentiation of ESC (Song et al., 2018), presented no effect on P19 differentiation in
this study. While tankyrase promotes Wnt signalling, the tankyrase binding protein
TNKS1BP1 was reported to have several functions such as regulation of the actin
cytoskeleton rearrangement (Ohishi et al.,, 2017; Zou et al., 2015). This might explain
that TNKS1BP1 was upregulated after neuronal induction while the GSK3 level indicate
a repression of Wnt signalling. Accordingly, MYC, a direct target of the Wnt pathway (He
et al., 1998), was downregulated during early differentiation in this study. MYC was
reported to be critical for the maintenance of ES cell self-renewal and an upregulation
in P19 cells was shown to promote cell proliferation (Varlakhanova et al., 2010; Zhang
etal, 2012).

A previous study revealed that MYC promotes neuronal differentiation in the neural
tube caused by an increased cell division of neuronal precursors and the inhibition of
Notch signalling (Zinin et al., 2014). The Notch signalling pathway was shown to promote
glial differentiation while it supresses neuronal differentiation (Artavanis-Tsakonas et
al., 1999; Lutolf et al., 2002). Accordingly, on protein level, several members of the
Notch pathway, were downregulated during early neuronal differentiation in this study.
This includes the strawberry notch homolog 1 (SBNO1) that was reported to play an
important role during development of the vertebrate CNS (Takano et al., 2010), the
protein Notchless (NLE) that depending on the context, either negatively or positively
regulates the Notch pathway (Cormier et al., 2006; Royet et al., 1998), and the Notch
receptor NOTCH2 that was reported to inhibit differentiation of cerebellar granule
neuron precursors by maintaining proliferation (Solecki et al., 2001). Numb, an inhibitor
that antagonizes Notch signalling, promotes cell cycle arrest and neuronal
differentiation (Li et al., 2003; Spana et al.,1996). However, NUMB, stayed mostly
unaffected in this study. DAPT is a y-secretase inhibitor and indirectly an inhibitor of
Notch signalling and promotes cardiac as well as neuronal differentiation (Crawford et
al., 2007; Liu et al., 2014). DAPT supplementation is also included in the protocol of
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Nakayama et al. (2014) but had no effect on the neuronal differentiation by usage of the
established SD medium.

A significant upregulation of two factors KIF3a and GLI3, involved in Hh signalling, were
identified in the proteome analysis. The kinesin family member KIF3a was reported to
regulate ciliogenesis in response to Hh signalling (Hoang-Minh et al., 2016). The activity
of GLI3, a zinc finger protein that acts as an effector of Hh signalling, is regulated through
the primary cilium and thereby mediates cell cycle exit and the initiation of cortical
neurogenesis (Hasenpusch-Theil et al., 2018; Wilson et al., 2012). But GLI3 has a dual
function as transcriptional activator and repressor of the Hh pathway, depending on the
form (Matissek and Elsawa, 2020; Sasaki et al., 1999). The requirement of Hh signalling
during early neuronal differentiation under the established conditions was elucidated
by usage of the inhibitor cyclopamine. Inhibition of the Hh signalling pathway was
reported to prevent the response to RA treatment and results in the arrest at the
primitive ectoderm stage (Maye et al., 2004). Accordingly, the ability to induce neuronal
differentiation by the SD method appeared to be abolished through cyclopamine
supplementation.

Overall, the established SD method was shown to regulate multiple effectors that
mediate signalling pathways affecting neuronal differentiation. While SMAD and BMP
inhibition revealed mixed results, Wnt and Notch signalling were downregulated in the
early neuronal differentiation. Further inhibition of Wnt, Notch or BMP by
supplementation of inhibitors that were applied in several protocols to promote
differentiation, revealed to have no effect on the differentiation by application of the
SD method. Since these signalling pathways were already downregulated without the
addition of effectors, these inhibitors appeared to be redundant for the established
method. In turn, proteome analysis suggests an activation of the Hh pathway. The
requirement for activated Hh signalling was confirmed in this study by the suppressive
effect of an Hh inhibitor on neuronal induction. The present results showed that the
regulation was independent of exogenous factors except possible residual RA. The
regulation of diverse signalling pathways, required for neuronal differentiation, suggests
that no exogenous factors are necessary to mediate the switch from a pluripotent cell
to a neuron.

4.5 Antioxidant defence and ROS signalling mediate the switch to neurons

ROS are involved in cell signalling and act as second messengers involved in the
regulation of various cellular processes such as proliferation and cell survival (Bae et al.,
2009). The ROS level revealed to be critical for redox sensitive signalling pathways that
mediate early neuronal development (Hu et al., 2017). Here, the effect of decreasing
ROS levels by antioxidant treatment and increasing ROS levels by knocking down NRF2
in P19 cells during neuronal differentiation was tested using the established SD method.

Previously was reported that a decrease of the ROS level by antioxidants have
neuroprotective effects in neurons, but the neuronal differentiation process is retarded
or inhibited (Bell et al., 2015; Chiarotto et al., 2014, Shaban et al., 2017; Velusamy et al.,
2017). Also, it is known that pathways, important for dendritic and synaptic
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development, are enhanced by mild ROS exposure (Budnik et al., 2011; Rharass et al.,
2014; Rosso et al., 2005). Moreover, excessive oxidative stress can lead to synapse
overgrowth (Milton et al., 2011). Here, a decreased ROS level through treatment with
the antioxidants tiron and trolox appeared to impair neuronal differentiation in a dose-
dependent manner. High antioxidant concentrations resulted in a reduced cell survival
and prevented the induction of neuronal differentiation while differentiation potential
and axonal growth was attenuated in lower dose. Thus, as expected, the absence of mild
ROS exposure from antioxidant treatment negatively affects axonal growth to
differentiation process.

In turn, to investigate an increased ROS level, a P19 Nrf2 knockdown mutant was
generated. NRF2 is a transcription factor that controls the expression of several
antioxidant and detoxifying genes (Bell et al., 2015). It was suggested that a steady
decrease of NRF2 expression, provides a more flexible redox environment to mediate
redox-sensitive signalling pathways during neuronal differentiation (Bell et al., 2015;
Olguin-Albuerne and Mordn, 2018). For hESC, it has also been reported that knockdown
of Nrf2 promotes exit from the stem cell state and spontaneous neuronal differentiation
(Hu et al., 2017). However, spontaneous neuronal differentiation in the growth medium
was not observed in the P19 Nrf2 knockout mutants generated. Knockout of the Nrf2
gene showed no effect on neuronal induction potential, but it should be noted that one
of the verified knockout mutants showed delayed differentiation with reduced cell
survival, whereas the other clone showed an increased proliferation rate. However,
common to both clones was that the drastic reduction in antioxidant defence by Nrf2
knockout likely led to high oxidative stress resulting in premature cell death.

Previous studies have observed that autophagy is involved in the regulation of ROS levels
during neuronal development, for example, through mitophagy and the inactivation of
NRF2 (Boya et al., 2018; Jang et al., 2016). Therefore, the level of several NRF2-ARE-
controlled proteins and, KEAP1 und p62, the two effectors of NRF2, was investigated by
mass spectrometry analysis in WT and ABec/1 mutant cells. The protein level of the
studied enzymes, involved in antioxidant defence and known to be regulated by NRF2-
ARE, showed a various regulation through neuronal induction. The apolipoprotein E
(APOE) and the superoxide dismutase 2 (SOD2) showed an increased protein level after
neuronal induction. The APOE expression level was reported to reflect the degree of
cellular differentiation during neural induction and to be highest at the earliest stage of
neuronal differentiation, followed by dramatical decrease as the cells become more
differentiated (Lee et al., 2020). In previous studies, it was shown that the APOE €4 allele
plays an important role in antioxidant status (Miyata and Smith, 1996; Zappasodi et al.,
2008). The APOE4 isoform is also suspected interfere with the autophagic process
(Parcon et al., 2018). However, the isoform could not be determined in the proteome
analysis. A special requirement of SOD2 for early neural specification in mESC was
described (Bhaskar et al., 2020). Accordingly, the highest SOD2 level was detected in the
CNS during early neuronal development in mice (Yon et al., 2011). An increased SOD2
level during this developmental state could also be confirmed for P19 cells in my work.
The glutamate cysteine ligase catalytic (GCLc) or modifier (GCLm) protein and the
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glutathione reductase (GSR) demonstrated an opposite effect and were downregulated
during early neuronal differentiation. The glutamate cysteine ligase, composed of GCLc
and GCLm, is the rate limiting enzyme in the synthesis of glutathione, an important
endogenous antioxidant (Mani et al., 2013). Transcriptional regulation of GSR by NRF2
was also found to be critical for modulating the glutathione redox state (Harvey et al.,
2009). Surprisingly, the ABecl1 and the ABirC6 mutant demonstrated some common
regulations of these enzymes that differ to WT cells. The antioxidant APOE, GCLc, and
GSR appeared to be more increased in both differentiated mutants compared to WT. In
the ABecl1, enhanced antioxidant defence through upregulation of these enzymes could
compensate for the blocked regulatory function of autophagy, whereas no explanation
was found for the ABirCé6.

NRF2 itself presented a low concentration by immunoblotting and was not captured by
proteome analysis. The assumption that the NRF2 level became restricted through
neuronal induction was reinforced by the observation that the p62 protein level
appeared to be reduced. Besides the function as cargo receptor for autophagic
degradation of ubiquitinated targets, p62 is reported to be upregulated in response to
oxidative stress (Mathew et al., 2009; Zaffagnini and Martens, 2016). The promotor of
p62 contains an ARE and therefore its expression is also induced by NRF2 (Jain et al.,
2010). p62 itself stimulates the NRF2 activity by binding to the NRF2 inhibitor KEAP1,
resulting in an autophagic degradation of the repressor, creating a feedback-loop in the
KEAP1/NRF2-pathway (Jain et al., 2010). Accordingly, p62 and KEAP1 levels were
downregulated in P19 WT cells during early neuronal differentiation, also suggesting an
accompanied downregulation of NRF2. While the p62 got reduced after neuronal
induction in WT was this not the case for the ABec/1 mutant, while it experienced an
even stronger downregulation caused by rapamycin treatment. This indicated a tight
control of p62 by autophagy, likely indirectly by limiting the NRF2 concentration.

Altogether, ROS are known to be critical in the mediation of autophagy, apoptosis and
diverse pathways that are involved in the switch from pluripotent, proliferating cells to
postmitotic neurons. In this study, lowering ROS levels by antioxidant treatment
attenuated axonal growth and the potential to induce neuronal differentiation, whereas
increasing ROS levels by knocking down NRF2 negatively affected the survival of mature
neurons. KEAP and p62, involved in the NRF2-pathway feedback-loop, were
downregulated after neuronal induction, likely accompanied by a NRF2 restriction. NRF2
regulated enzymes demonstrated a varied regulation triggered by neuronal induction.
The analysed glutathione modifying enzymes GCLc, GCLm, and GSR were
downregulated, and SOD2 as well as APOE were upregulated during early neuronal
differentiation. The differential regulation of different NRF2-controlled enzymes leads
to the assumption that they have different importance in the weak intrinsic antioxidant
defence that ensures tight regulation of redox-sensitive signalling pathways during early
neuronal differentiation. Moreover, downregulation of p62, APOE, GCLc, and GSR after
neuronal induction appeared to be dependent on autophagy levels.
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4.6 Autophagy in the regulation of neurogenesis and early axonal growth

The mTOR/PI3K/AKT survival pathway is critical for the regulation of autophagy. mTOR
is a downstream component of PI3K/AKT and ERK1/2 signalling (Switon et al., 2017).
PI13K/AKT signalling stimulates activity of the autophagy inhibitor mTORC1 that functions
as a sensor of cellular nutrient level and is suppressed in the absence of growth factors,
resulting in the activation of autophagy (Bar-Peled and Sabatini, 2014). Regulation of the
PI3K/AKT pathway, and thus regulation of autophagy during neuronal differentiation,
yielded conflicting results (Lopez-Carballo et al., 2002; Magalingam et al., 2020;
Morgado et al., 2015; Zeng and Zhou, 2008). The controversial findings of previous
studies regarding the regulation of autophagy during neuronal differentiation could be
explained by a time-dependent control. This assumption was reinforced by the
observation that RA-induced neuronal differentiation of F9 cells follows a biphasic
regulation of the PI3K/AKT pathway, with early activation followed by inhibition (Bastien
et al., 2006). The mTOR/AKT/PI3K signalling pathway is a key player of autophagy and of
neuronal development (Sanchez-Alegria et al., 2018). Therefore, manipulation of
autophagy regulation was performed by interfering with this pathway or by direct
targeting of autophagy related proteins. Remarkably, autophagy inhibition with 3-MA,
LY294002, A-674563, chloroquine, or STF-62247 as well as the knockout of Becl1, p62,
Atg7, or Atg9a that address autophagy at different stages, demonstrated to cause a
similar morphological phenotype during the neuronal differentiation process. Since the
disruption of the autophagic process at each level showed the same effect during
neuronal differentiation, this strongly suggests that the phenotype is caused by a lack of
autophagy and is not an effect of individual links in the process associated with further
cellular functions.

Inhibition of autophagy caused an axonal overgrowth during early neuronal
differentiation and premature cell death of mature neurons. Although, it was originally
reported that disruption of autophagy impairs neuronal differentiation and causes
axonal retraction (Zeng and Zhou, 2008). However, consistent with the results of this
study, it was observed in later studies that depletion of ATG7 in murine neurons causes
the growth of longer axons, whereas activation of the autophagy pathway with
rapamycin results in shorter neurites (Ban et al., 2013; Chen et al., 2013). Accordingly,
the mTOR inhibitors rapamycin and torin2 showed the opposite effect to the autophagy
inhibitors and caused a shortening of neurite length. Autophagosomes generated at the
tips of actively elongating axons contain membrane and cytoskeletal components
(Hollenbeck and Bray, 1987; Maday et al., 2012). Induction of autophagy results in
degradation of cytoskeletal components and consequently to an inhibition of neurite
outgrowth (Chen et al., 2013; Stavoe et al., 2016).

The expression profile of the selected axon markers BASP1, GAP43, KIF5¢c, and NCAM1
showed an increase after neuronal induction in this study, as previously reported for
iPSC by Lindhout et al. (2020). ARPC2 and ARPC4 are subunits of the actin related protein
2/3 (ARP 2/3), that was suggested to be required at various stages of development in
the nervous system and is essential for the formation of lamellipodia and filopodia, axon
guidance, and growth cone motility (Chou and Wang, 2016; Korobova and Svitkina,
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2008). The subunits of the ARP 2/3 complex were identified as potential effectors of
NCAM1 (Frese et al., 2017). However, in contrast to NCAM1 and the other axon markers
studied, the subunits ARPC2 and ARPC4 showed reduced protein levels after neuronal
induction in WT cells but not in the knockout mutants ABec/1 and ABirC6. In contrast,
the significantly higher NCAM1 level was restricted to the neuronal differentiated Becl/1
knockout mutant. The neural cell adhesion molecule 1 (NCAM1) is one of the most
abundant neuronal adhesion proteins and promotes the actin filament growth at the
dendritic growth cone where the protein is highly enriched during the early neuronal
development (Frese et al., 2017; Sharma et al., 2015). During later neuronal
differentiation, NCAM1 was found diffusely distributed over the dendritic plasma
membrane (Frese et al., 2017). These findings, together with the observations in this
study, suggest that downregulation of NCAM1 levels is mediated by autophagy, possibly
even by direct degradation. Increased NCAM1 levels resulting from the lack of
autophagy could cause axonal overgrowth during early differentiation that likely
disappears with the redistribution of NCAM1 from the growth cone to the cell soma and
would consequently explain why the effect of axonal overgrowth in the ABec/1 mutant
is limited to early neuronal development.

Besides the function of mMTOR/PI3K/AKT in the regulation of autophagy, it was reported
that PI3K facilitates microtubule-dependent membrane transport for neuronal growth
cone guidance (Akiyama and Kamiguchi, 2010). However, since axonal overgrowth
occurred regardless of whether autophagy was inhibited via the PI3K complex or by
directly addressing ATGs, it is more likely that the phenotype is directly influenced by
autophagy level. By proteome analysis, mTOR/PI3K/AKT signalling was in part enhanced
during early neuronal differentiation in SD medium. mTOR and mLST8 are both parts of
the mTORC1 and mTORC2 complex. While mTOR revealed no significant regulation in
the analysed conditions, the mLST8 scaffolding component slightly increased after
neuronal induction was initiated. Recently, it was suggested that this protein is only
critical for mTORC2 assembly and function, while being dispensable for mTORC1 (Hwang
et al., 2019). Even though the regulatory associated protein of mTOR-mTORC1
(RAPTOR/RPTOR) demonstrated a higher protein level than the rapamycin-insensitive
companion of mTOR-mTORC2 (RICTOR), both levels showed an upregulation by SD
treatment.

mMTORC2 activates AKT which in turn phosphorylates a variety of substrates that are
involved in processes such as cell survival, growth, and proliferation (Cheng et al., 2013).
While AKT1 is essential in the CNS, it is not clear whether it inhibits or promotes neuronal
differentiation and mediates Notch-regulated neuronal differentiation (Bang et al.,,
2001; Cheng et al., 2013; Vojtek et al., 2003). In this study, AKT1 was increased in the
early neuronal differentiation. The regulation of PIK3C3 (VPS34) and PIK3R4 (VSP15) is
less clear pronounced but a slight increased protein level in the differentiated P19 WT
cells was observed. PIK3C3 and PIK3R4 are both components of an autophagy specific
complex which is required for the initiation of autophagy (Itakura et al, 2008). The
protein level of MAPK (ERK1) also demonstrated an increase through neuronal induction
by implementation of the SD method. The MAPK-ERK1/2 signalling pathway regulates a
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broad variety of cellular processes and promotes early neuronal differentiation in
murine ESCs by the release from the self-renewal program (Kosaka et al., 2006; Kunath
et al., 2007; Li et al., 2006). ERK1/2 is activated through non-canonical RA signalling
mediated phosphorylation and the ERK1/2 signalling is suspected to be involved in the
induction of neuronal differentiation by oxidative stress (Gupta et al., 2008; Hu et al.,
2017; Persaud et al., 2013).

Besides the regulation of autophagy by the mTOR/PI3K/AKT signalling pathway, the level
of proteins that are directly involved in the autophagic degradation was analysed. An
upregulation of Atg9a, Atg7, Becll, Ambral expression and the LC3-II/LC3-I ratio was
described during neurogenesis of olfactory bulb derived NSCs and in the mouse cerebral
cortex during the initial period of neuronal differentiation (Lv et al., 2014; Morgado et
al., 2015, Vazquez et al., 2012). In this study, autophagy was expected to be upregulated
under established conditions because autophagy is known to be upregulated under
nutrient-rich conditions and during neuronal differentiation, and here both conditions
are present simultaneously. Indeed, LC3 (a/B), ATG7, ATG12 were upregulated
indicating an increased autophagy level. In turn, the activating molecule in Becll
regulated autophagy protein 1 (AMBRA1), BECL1 itself, and p62 (SQSTM1) presented a
reduced protein level during early neuronal differentiation. This is possibly due to their
dual cellular function. ATG5, ATG12, AMBRA1 and BECL1 are important factors that
mediates the crosstalk between autophagy and apoptosis (Booth et al., 2014; Sun,
2016). Besides the function as autophagic cargo receptor, p62 is known to be involved
in the response to oxidative stress (Mathew et al., 2009; Zaffagnini and Martens, 2016).
In the ABecll mutant, upregulation of ATG12 failed due to blockage of autophagy.
Additionally, the Wnt target MYC was not regulated through neuronal induction. This
suggest that regulation or direct degradation of MYC was dependent on autophagy or
that Wnt signalling was not downregulated in contrast to WT. The levels of GLI3, an
effector of HH signalling, and ASCL2, a transcription factor that reduces proliferation and
strongly promotes neuronal differentiation (Liu et al., 2019), were affected in the ABec/1
mutant under both conditions analysed, suggesting that a basal autophagy level is
required to regulate their expression. However, while GLI3 exhibits a reduced level,
ASCL2 level is significantly increased in the ABecl/1 mutant in both conditions compared
to the WT.

In a previous study, depletion of BirC6 showed to enhance autophagy in non-neuronal
cells as well as in neurons (Jia and Bonifacino, 2019). BIRC6 functions as Ub-conjugating
enzyme (E2/E3) that negatively regulate autophagy. It is involved in mono-
ubiquitination of LC3B, marking it for degradation by the proteasome. Hence, knockout
of BirC6 demonstrated to facilitate the clearance of protein aggregates by increasing the
level of cytosolic LC3B-1 (Jia and Bonifacino, 2019). In addition to the regulative function
in autophagy, BIRC6 has an anti-apoptotic function and is required for the control of the
final stages of cytokinesis (Lamers et al., 2012; Pohl and Jentsch, 2008). But multiple
binding partners and different functional domains of BIRC6 suggest a multifunctionality
of this protein (Bartke et al., 2004; Pohl and Jentsch, 2008). In this study, the phenotype
of the BirC6 knockout mutant was completely different from that of the rapamycin
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treated WT during neuronal induction. Therefore, it was hypothesized that the lack of
ability of the ABirC6 mutant to promote neuronal differentiate under the given
conditions was caused either by a greater increase in autophagic flux than mediated by
rapamycin treatment or by the absence of other BIRC6 function. The ABirC6 mutant
showed significant differences in morphology and protein profile in growth and SD
medium compared to the WT. Even though the morphology and the absence of the
neuronal marker indicated that neuronal differentiation had failed, the mutant also
showed a shift in expression profile caused by the switch to SD medium. Therefore, it
was hypothesized that the ABirC6 mutant differentiates, but in which direction remains
unclear.

Although the expression profile does not indicate neuronal differentiation and barely
any neurites could be detected, an increase of axon markers NCAM1, BASP1, and GAP43
was determined in SD medium. But it has to be noted that both KIF5c and KIF3c that
were confirmed to be enriched in the neurons, were not upregulated in BirCé6 knockout
mutant. The kinesin superfamily (KIF) mediate cargo transport along microtubules. KIF5c
is enriched in neuronal cells to mediate the transport to nerve terminals while KIF3a
regulate ciliogenesis in response to Hh signalling (Hirokawa et al., 2010; Hoang-Minh et
al., 2016). In contrast, the culture treated with rapamycin induced by neuronal induction
showed the strongest KIF5c increase, highlighting the different cell fates under the two
conditions. The regulation of factors involved in the execution of apoptosis presented
to be less pronounced for the ABirC6 mutant in SD medium (further discussed below).
In addition, the factors NLE and SBNO1 showed no downregulation in the mutant,
suggesting that downregulation of the Notch signalling pathway, which is important for
neuronal differentiation, was absent.

In a few cases, the ABec/1 and the ABirC6 share common regulations that differ from
WT. Before neuronal induction was applied, the RA synthesizing enzyme ALDH1B1 was
increased while CRABP2 was decreased in both mutants compared to WT. Furthermore,
no regulation of CRABP2 in the ABirC6 mutant was detected, while it appeared to be
upregulated in all other conditions through neuronal induction. Additionally, the
antioxidant APOE, GCLc, and GSR appeared to be stronger increased in both
differentiated mutants in SD medium. Underlying mechanisms that caused the shared
behaviour of both mutants to effect RA signalling and the antioxidant defence remain
unclear. In neurons, pharmacological mTOR inhibition by rapamycin or torinl revealed
to be insufficient to upregulate autophagy (Maday and Holzbaur, 2016). Therefore, the
response to rapamycin at day five of the differentiation protocol may already be reduced
at the molecular level and explains the weak effect on the expression profile. From the
investigated proteins only NOTCH2, TNKSBP1B1, and p62/SQSTM1 presented a
significantly varied regulation compared to untreated WT cells. The effect of 3-MA
treatment demonstrated to be even less pronounced on the proteome profile.

In summary, autophagy blocked by different approaches resulted in the same
phenotype during differentiation, indicating that this effect is caused by a lack of
autophagy in general. The controversially discussed role of autophagy was clearly solved
for the conditions in this study. Autophagy inhibition did not impair neuronal
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differentiation and causes independently on the application axonal overgrowth during
early neuronal differentiation and premature cell death of mature neurons, while the
mMTOR inhibitors rapamycin and torin2 that enhance autophagy demonstrated the
opposing effect and caused a shortens of the neurite length. Because of a highly
increased NCAM1 level in the ABecl/1 mutant, is assumed that the limitation of NCAM1
prevents axonal overgrowth and is dependent on autophagy. Thus, a lack of autophagy
could cause axonal overgrowth during early differentiation that disappears probably
with the redistribution of NCAM1 from the growth cone to cell soma and would
consequently explain why the effect in the ABec/1 mutant is limited on early neuronal
development. Moreover, the regulation of ASCL2, MYC, and GLI3 and some factors
involved in the antioxidant defence and RA signalling revealed to be affected by the
Becl1 knockout. Nevertheless, successful neuronal differentiation of the ABec/1 mutant
could be clearly verified morphologically, by an increase of neuronal and axonal markers
and a similar signalling pathway regulation as shown for differentiating WT cells, such
as the necessary Notch downregulation. Therefore, the present data suggest that
autophagy is upregulated but not essential for neuronal differentiation but is crucial for
axonal development and the survival of mature neurons. The BirC6 knockout mutant
strongly deviate in morphology and protein profile from WT as well as ABec/1 mutant
cells, even if they showed some regulations in common. Neuronal marker revealed to
stay downregulated also the different regulation of signalling pathways indicated a non-
neuronal cell fate. Furthermore, neither the PI3K/AKT survival pathway nor pro-
apoptotic factors or KIF proteins revealed an upregulation through induction of
differentiation in these cells. Moreover, the downregulation of the Notch pathway,
crucial for neuronal differentiation, failed. If the differences between the BirCé6 knockout
mutant and the WT treated with rapamycin are explained by the multifunctionality of
BIRC6 is pending. It is likely that the ABirC6 phenotype was caused by a higher
effectiveness to increase the autophagic flux or the loss of another function of this
protein.

4.7 A decreased threshold to induce apoptosis during early neuronal differentiation

It was reported that half of the produced neurons are degraded by neuronal death
during development of the nervous system (Oppenheim, 1991). Neuronal progenitors
and neurons are selectively eliminated by apoptosis (Nijhawan et al., 2000; Opferman
and Korsmeyer, 2003). To ensure long-term survival of neurons in the mature nervous
system, the threshold required to induce apoptosis becomes elevated during neuronal
differentiation and maturation (Polster et al., 2003). Application of the established SD
method demonstrated a period of high cell death during early neuronal differentiation
(3-6 d of the SD protocol). This subsequently led to an accumulation of cellular debris.
In vivo, apoptotic bodies would be phagocytosed to clean the environment and prevent
inflammation (D’Arcy, 2019; Elmore, 2007). Pure neuronal in vitro cultures are not able
to free themselves from the cell debris. It was observed that if the cellular debris was
not removed daily by media exchange during this period, this resulted in degeneration
of the remaining cells in the culture. It was hypothesized that apoptotic bodies release
their cellular components if not removed, inducing secondary necrosis (Kurosaka et al.,
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2003; Savill and Fadok, 2000). In this study, it was shown that it is impossible to
completely remove cell debris by media exchange. Tracking the cells through the
differentiation process showed that cell debris was deposited on the neuronal clusters
generated and increased in size during aging. This assumption was confirmed by staining
the layer of (late) apoptotic/necrotic cells that increased simultaneously to cluster size
of healthy neurons during neuronal development. Morphologically, the derived neural
clusters by using the SD method did not differ from generated neural clusters by other
protocols such as the method of Nakayama et al. (2014). Nevertheless, this observation
and the underlying mechanism have not been addressed previously. Also in this study,
the function and effect on the underlying neurons remains unclear.

The assessment that decreased or increased autophagy levels had a drastic effect on
neurite development but not on differentiation potential, and that the amount of dying
cells did not differ when autophagy was blocked, suggests that autophagic cell death
was not involved during neuronal differentiation. The early cell death of mature neurons
with blocked autophagy was probably caused by an accumulation of dysfunctional
proteins during aging. In turn, an increased autophagy level triggered by rapamycin or
torin2 treatment resulted in fewer cells surviving the differentiation process. Under
these conditions, massive autophagy could have led to an autophagic cell death or to an
enhanced apoptosis level induced through the crosstalk of autophagy and apoptosis.
However, the proteomic profile shows that neither treatment with 3-MA, rapamycin,
nor Becll knockout leads to a massive increase in autophagy or exhibits drastic
abnormalities in the regulation of apoptotic proteins.

Between autophagy and apoptosis exists an extensive crosstalk because both pathways
share some common signals and regulatory components that mediate the molecular
switch between both processes (Maiuri et al., 2007; Wu et al., 2014). A previous study
showed that AKT inhibition induces autophagy and apoptosis, while induction is limited
on autophagy by direct mTOR inhibition (Muilenburg et al., 2014). Therefore, while
mTOR signalling is restricted to the control of autophagy, PI3K/AKT regulates autophagy
and apoptosis in divergent signalling pathways (Muilenburg et al., 2014). Besides
PI3K/AKT signalling, the MEK/ERK survival pathway was also recently reported to be
involved in the restriction of the apoptotic pathway in neurons (Hollville et al., 2019).
The analysed proteome profile indicated an increased PI3K/AKT and MAPK/ERK
signalling after neuronal induction of the treated and untreated WT cells and the ABec/1
mutant. Nevertheless, detection of several important factors involved in autophagy and
apoptosis, suggest an upregulation of both processes during early neuronal
differentiation under the given conditions.

It is assumed that the molar ratio between pro-apoptotic and anti-apoptotic proteins
gives information about the responsiveness to apoptotic signals (Raisova et al., 2001).
In this study, the proteome profile of the P19 cells after five days treatment with the SD
method was analysed. During this early differentiation step, neurons just derived from
neuronal precursor cells and further differentiated to mature postmitotic neurons
during the following days. The protein profile of the WT and ABec/1 mutant cells
suggests an increased potential to induce apoptosis during early neuronal
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differentiation. Pro-apoptotic proteins such as the CASP3, CASP6, APAF1, and SEPT4
were shown to be upregulated, while simultaneously anti-apoptotic proteins such as
MCL-1, BIRC5, BECL1 and AMBRA1 were downregulated. AMBRA1-BECL1 interactions
promote autophagy, while it is supressed by AMBRA1-BCL-2 and BECL1-BCL-2 or BECL1-
BCL-xL interaction (Kang et al., 2011; Ravikumar et al., 2009; Sun, 2016). Besides the
suppression of autophagy initiation through binding with the anti-apoptotic proteins of
the Bcl-2- family, BECI1 is reported to be cleaved by the caspase-3-, 7- and 8, generating
N- and C-terminal fragments that lose the ability to induce autophagy. The C-terminal
fragment translocate to mitochondria, where it sensitizes cells to apoptotic signals
(Djavaheri-Mergny et al., 2010). In contrast to the other anti-apoptotic proteins
detected, BCL2L1 (BCL-X) was as upregulated. BCL2L1 was reported to have a critical role
during neuronal development and to promote neuronal survival (Harder et al., 2012;
Nakamura et al., 2016). To prevent cell death in neurons, this anti-apoptotic protein
inhibits BAX activation (Harder et al., 2012). Anyway, protein levels of the pro-apoptotic
Bcl-2 family proteins BAX and BAK1 were unaffected by neuronal induction, whereas the
BAX level generally appeared significantly higher than BAK1 level. While neuronal
progenitor cells still express BAK, an alternatively spliced form of BAK (N-BAK) is only
present in post-mitotic neurons (Deckwerth et al., 1996). A pro-apoptotic or
neuroprotective function of this form is still controversial (Fannjiang et al., 2003; Sun et
al., 2001; Uo et al., 2005). The level of the pro-apoptotic Bcl2-family protein BAX
decrease in the brain postnatally but is maintained at low levels (Krajewska et al., 2002;
Vekrellis et al., 1997). Thus, regulation of these factors might be observed in a later
neuronal differentiation state than analysed in this study.

The upregulation of several proteins with pro-apoptotic functions observed in this study
is probably restricted to early neuronal differentiation. Expression of several caspases,
including CASP3, and pro-apoptotic Bcl-2 or BH3-only family members were reported to
be downregulated in mature neurons to reduce the responsiveness to apoptotic signals
(Hollville et al., 2019; Kumar et al., 1992). But during early neuronal differentiation,
CASP3 was reported to have a non-apoptotic function as a regulatory molecule in
neurogenesis and synaptic activity, facilitating neurogenesis of neuronal progenitors
(D'Amelio et al., 2010). The level of APAF-1, the main scaffold protein of the apoptosome
complex was reported to decreases during neuronal differentiation until expression is
completely shut down in mature neurons (Wright et al., 2007; Yakovlev et al., 2001). In
contrast to this finding, an increased APAF1 level was observed in this study after the
switch from the pluripotent cells to early neurons, probably decreasing later during
differentiation. SEPT4 is an inhibitor of apoptosis protein (IAP) antagonist that binds to
IAPs, therefore presenting a pro-apoptotic function (Larisch et al., 2000).

Due to the upregulation of the IAP antagonist SEPT4, the baculoviral IAP repeat
containing (BirC) proteins BIRC5 showed a slight downregulation after neuronal
induction. BIRC5 (Survivin) and BIRC6 (Bruce) suppress apoptosis through the
inactivation of caspases and pro-apoptotic proteins through binding and/or cleavage or
ubiquitin-dependent degradation (Low et al., 2013; Lamers et al., 2011; Verhagen et al.,
2001). In addition to their anti-apoptotic function, BIRC5 and BIRC6 are also involved in
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the regulation of autophagy. BIRC5 negatively modulates the protein stability of ATG7
and physically binds to ATG12-ATG5 (Lin et al., 2020). BIRC6 is involved in mono-
ubiquitination of LC3B in cooperation with UBA6, marking it for degradation by the
proteasome. Thus, knockout of BirCé6 has been shown to facilitate clearance of protein
aggregates by increasing the level of cytosolic LC3B-I (Jia and Bonifacino, 2019). Unlike
other cells, autophagy in neurons is not induced by either starvation or pharmacological
mTOR inhibition with rapamycin or torinl (Ariosa and Klionsky, 2016; Maday and
Holzbaur, 2016). But recently, it has been reported that depletion of BIRC6 or UBA6
enhances autophagy in both non-neuronal cells and neurons (Jia and Bonifacino, 2019).
From the proteomic profile, no clear conclusion could be drawn about the effect of the
BirC6 knockout on autophagic flux. For the analysed proteins involved in apoptosis
execution or prevention, a clear separation of the ABirC6 mutant from the wild type was
shown. The ABirC6 cells revealed no (up)regulation of the pro-apoptotic CASP3, CASPS6,
APAF1, and SEPT4 in SD medium, while the anti-apoptotic proteins MCL-1, BIRC5, and
AMBRA1 were downregulated simultaneous to WT cells. Thus, this suggests a decreased
responsiveness to apoptotic signals in the ABirC6 mutant compared to WT and ABecl1
cells in SD medium. It is conceivable that increased levels of pro-apoptotic proteins are
related to the neuronal differentiation that failed in this mutant. Anti-apoptotic BCL2L1
(BCL-X) was shown to be upregulated in the ABirC6 mutant in both analysed conditions.
Therefore, BCL-X was a potential candidate to compensate for the loss of anti-apoptotic
BIRC6 function, regardless of media conditions. Furthermore, no regulation of the
PI3K/AKT or MAPK/ERK signalling by detection of AKT1, PIK3C3, PIK3R4, and MAPK3 was
discovered by the switch of the ABirC6 mutant from growth to SD medium.
Consequently, the shift in the proteome profile of the ABirC6 mutant cells regarding the
survival pathways was less pronounced.

Overall, early neuronal differentiation was characterized by a period of highly increased
cell death due to apoptosis rather than autophagic cell death. It was shown that blocked
autophagy only had an impact on the survival of mature neurons since dysfunctional
proteins probably accumulated in the cell. In differentiating P19 WT and ABec/1 mutant
cells, an increased level of several pro-apoptotic proteins was detected. In contrast,
except for the anti-apoptotic BCL-X, other anti-apoptotic proteins were downregulated
after neuronal differentiation was induced. This highly suggests an increased
responsiveness to apoptotic signals during early neuronal differentiation. It has been
hypothesized that the increased BCL-X level and associated upregulation of PI3K/AKT
and MAPK/ERK pathway limits apoptotic signalling and protects cells from cell death
during early neuronal differentiation. Hence, the proteome profile indicated a tight
regulation of cell death that was adjusted through neuronal differentiation with a
decreased threshold to induce apoptosis. To ensure long-term survival of neurons in the
mature nervous system, the apoptotic pathway becomes increasingly restricted during
neuronal differentiation and maturation (Kole et al., 2013). This probably occurs from
the seventh day of the SD protocol, when the period of high cell death is rapidly
terminated, and neuronal networks begin to establish. In contrast to WT and ABecl1
cells, the ABirC6 mutant failed to differentiate to neurons and revealed neither an
upregulation of the PI3K/AKT or MAPK/ERK signalling nor of pro-apoptotic proteins.
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However, the downregulation of the anti-apoptotic proteins studied occurred
simultaneously to the neuronally differentiated WT cells. Only the anti-apoptotic BCL-X
was upregulated in the ABirC6 mutant, suggesting a potential candidate that
compensate for the loss of the anti-apoptotic BIRC6 function. The differences in the
regulation of apoptotic factors in WT and ABecl/1 compared to ABirC6 when switching
from growth to SD medium were attributed to the different cell fate decisions.

4.8 Future perspective

As this study covers a wide range of topics, it also offers many opportunities to follow
up on and deepen individual topics. The proteomic data alone promise many more
insights into the regulation of, for example, the cytoskeleton or other processes involved
in the differentiation process. Also, the proteins identified to be involved in the
regulation during neuronal differentiation, partially evoked to be controlled by
autophagy, provides a rich source to augment the understanding of specific molecular
mechanisms involved in neurodevelopment and offers a good starting point for future
analysis. Since the proteomic data in this study cover only a snapshot in the early
neuronal differentiation and the regulation of several pathways is known to be critical
dependent on different time periods during neuronal differentiation, it would be
interesting to expand the proteomic data to more time points.

The cell fate of the BirCé6 knockout mutant and the influence on autophagy has to be
addressed in further analysis to understand the deviating phenotype of the mutant. In
addition, a comparative analysis of the proteome profile of the generated p62 or Nrf2
knockdown mutants under varied autophagy levels as well as several knockdowns in
combination could shed more light on the ROS mediated autophagy during neuronal
development. Since NCAM1 was identified as potential candidate that causes axonal
overgrowth in cells with blocked autophagy, this has to be further proven. It could be
implemented for example by a simultaneous BECL1 and NCAM1 knockout. If depletion
of NCAM1 rescues the phenotype of the ABec/l mutant, this would confirm the
assumption that NCAM1 degradation is dependent on autophagy to prevent axonal
overgrowth. Furthermore, definition of the generated neuronal subtype and the
neurotransmitter phenotype is pending. Thereby, investigation of functionality of
synapses in autophagy mutant cells would be of interest.

This study also confirmed that RA signalling is involved in the differentiation process
even if no RA was supplemented in the established SD method. Determination of the
exact cellular content of RA or precursors during the differentiation process is still
pending. Furthermore, it would be interesting to find out whether the addition of
different RA concentrations to the SD medium has an influence on differentiation, life
span of neurons, or regeneration capacity of ablated axons. Additionally, a dependence
on RARP or RARy in neuronal differentiation was suggested exclusively for serum-free
monolayer cultures in this study. A deeper insight into regulation of different RAR
subtypes in dependence of serum addition in monolayer cultures is therefore of greatest
interest.
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Discussion

The establishment of a general protocol to allow comparability of different studies is still
pending. Whether the SD method is transferable to any cell source remains to be
verified. In this case, the SD method would provide a general approach to generate pure
neuronal cultures under conditions that make investigations of specific cell
requirements during differentiation accessible. In addition, the SD method provides a
viable approach for applications such as the study of therapeutic and high throughput
screenings. So far, the method has already been applied for the analysis of active
substances in the group of Prof. Dr. Stefan Knapp (under revision in J Med Chem).
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8. Supplemental data

Movie S1: Neuronal differentiation of P19 cells (5x). P19 cell were neuronal
differentiated by application of the SD method. Cells were traced over 14 d by imaging
with a 5x objective. The movie was compiled with 100 frames per second (FPS).

Movie S2: Neuronal differentiation of P19 cells (10x). P19 cell were neuronal
differentiated by application of the SD method. Cells were traced over 21 d by imaging
with a 10x objective. The movie was compiled with 50 FPS.

Movie S3: Laser ablation in a P19 derived neuronal culture. P19 cell were neuronal
differentiated by application of the SD method over 14 days before several
connections between neuronal cluster formations were laser ablated. Axonal regrowth
was traced by imaging with a 10x objective. The movie was compiled with 100 FPS.

Movie S4: Neuronal differentiation of ESC. mESC were neuronal differentiated by
application of the SD method. Cells were traced over 14 d by imaging with a 10x
objective. The movie was compiled with 50 FPS.
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9. Abbreviations
ADH/RDH
Apaf-1
ASC
Atg
BMP
°C
CDK
CNS
CRABP
CRBP
CYP26
DMEM
DMSO
e.g.

EB
EBSS
ECC
ERK
ESC
F12
FBS
FGF
FPS

FSC

GABA

ICM

Abbreviations

Alcohol or retinol dehydrogenases
Apoptotic protease-activating factor 1
Adult stem cells

Autophagy-related genes

Bone morphogenic proteins

Degree Celsius

Cyclin-dependent kinase

Central nervous system

Cellular retinoic acid binding protein
Cellular retinol binding protein
Cytochrome p450 subfamily 26
Dulbecco's modified eagle medium
Dimethyl sulfoxide

For example (latin: exempli gratia)
Embryoid body

Earles balanced salt solution
Embryonal carcinoma cell
Extracellular signal-regulated kinase
Embryonal stem cell

Ham's F-12 Nutrient Mixture

Fetal Bovine Serum

Fibroblast growth factors

Frames per second

Fetal stem cell

Gravitational constant
y-aminobutyric acid

Hour

Inner cell mass
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iPSC

kDa
Keapl

m

M
MAP1LC3
mESC/hESC
min
MOMP
mTOR
Nrf2(Nfe2l2)
NSC

PCR

PI3K

PLL

RA
RALDH
RAR
RARE

RBP

ROS

Rpm

RT

RXR

Shh
TGFB
Wnt

WT

Abbreviations

Induced pluripotent stem cell

Kilo Dalton

Kelch-like ECH-associated protein 1

Meter

Molar

Microtubule-associated protein 1A/1B-light chain 3
Mouse/human ESC

Minute

Mitochondrial outer membrane permeabilization
Mechanistic target of rapamycin

Nuclear factor erythroid 2—related factor 2
Neural stem cell

Polymerase chain reaction
Phosphoinositide 3-kinase

Poly-L-lysine

Retinoic acid

Retinaldehyde dehydrogenases

Retinoic acid receptor

Retinoic acid response element

Retinol binding protein

Reactive oxygen species

Revolutions per minute

Room temperature

Retinoid X receptor

Second

Sonic hedgehog

Transforming growth factor
Wingless-related integration site

Wildtype
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