Identification of Protogenin as a novel surface

marker for early cortical neural stem cells

Dissertation

to obtain the academic degree
Doctor of Philosophy in Natural Science (PhD)

submitted to the Department of Biology, Chemistry, Pharmacy of

Freie Universitat Berlin

by

Ameélia Aragonés Hernéndez

2022



The research work for this dissertation was performed from December 2017 to November
2022 under the supervision of Dr. Yechiel Elkabetz at the Max Planck Institute for
Molecular Genetics in Berlin, Germany. The dissertation was submitted in December
2022 to the Department of Biology, Chemistry and Pharmacy of the Freie Universitéat

Berlin, Germany.

1st Reviewer: Prof. Dr. Katja Nowick

Institute of Biology - Zoology

Freie Universitat Berlin

2nd Reviewer: Prof. Dr. Mathias F. Wernet

Institute of Biology

Freie Universitat Berlin

Date of defense: 27.03.2023

ii



Acknowledgements

I am very grateful to Dr. Yechiel Elkabetz for giving me the opportunity to work on this
amazing project for my doctoral studies, as well as for all his helpful discussions. I am
mostly thankful for the role he had in my professional and personal growth during these

years.

I also wish to express my gratitude towards my TAC committee, Prof. Dr. Katja Nowick

and Dr. Edda Schulz for their valuable suggestions and support throughout this project.

I would like to thank all the people that have made this project possible. I am very
thankful to all the lab members during these years for their friendship, thoughtful
discussions, and guidance through the rough times. I would like to thank Sneha Arora
and Naresh Mutukula for showing me the ropes and Anastasios Balaskas for always
willing to give a helpful hand. A special thanks to Daniel Rosebrock who was crucial for

this work, and essential for creating a fun and enjoyable environment in the lab.

I would like to express my appreciation to all the members of the Meissner department
for helping me in any and every possible way, and most importantly for creating a friendly
atmosphere. I would specially like to thank Abhishek Sampath Kumar for involving me

on his awesome spatial transcriptomics project.

Finally, I would also like to thank all those who have helped me along the way either at

a professional or personal level. A big thank you for being part of my journey!

iii



Declaration of Independence

Herewith I certify that I have prepared and written my thesis independently and that I
have not used any sources and aids other than those indicated by me. Intellectual
property of other authors has been marked accordingly. I also declare that I have not
applied for an examination procedure at any other institution and that I have not

submitted the dissertation in this or any other form to any other faculty as a dissertation.

Date: 05.12.2022

v



Table of Contents

LISt Of f1gUIeS ....u i e viii
List Of £ADLleS ....eniiii e xi
ADDTevIations .....cooouiiiiii e xii
ADSETACT ..o e XV
ZUSaMMENTASSUILG .....ooviiiii e e e e et e e e aa e aaas xvii
1. INtroducCtion .....ooooiiiiii e 19

1.1. The formation of the vertebrate nervous System...........ccoevvviviireriiiiineeiiiinnnnes 19

1.2. Early neural induction: How is the CNS specified?..........cccccviiiiiniiiiininnnnn. 20

1.2.1. First insights into embryonic neural induction: What makes the ectoderm
decide to acquire a neural fate?..........o.coiiiiiiiiii 20

1.2.2. Modern insights: What are the major signaling pathways involved in

embryonic neural iInduction? .........oooiiiiiiii i 21
1.3. Vertebrate telencephalic development .............ocooiiiiiiiiiiiiiiiiiin e 24
1.4. Telencephalic patterning: progressive molecular and cellular specification ...... 25
1.4.1. Patterning along the AP axis ...........cuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiie 25
1.4.2. Patterning along the DV axis ........ccoiiiiiiiiiiiiiiiiii e, 26
1.5. The cerebTal COTTEX ..uoiiiniiiiii et e 28
1.5.1. Composition of the cortical 1ayers .........ccccovvviiiiiiiiiiiiiiniiiie e 30
1.6. How can we study cortical development? .............coveviiiiiiiiiiiiininieiiin e, 32
1.6.1. Stem cell models of cortical development: derivation of neural rosettes....... 32
1.6.2. Derivation and characterization of human cortical NSCs in vitro................ 36
1.6.3. The emergence of induced pluripotent stem cells............cooviiiiiiiiiiiinn 38

1.7. Single-cell RNA sequencing technology: unprecedented insight into human

embryonic develoPIEnt. ... ... oiiiiiiiiiiii e 38
2. IVLAIIL GIITL oo 41
3. Materials and methods ........cooooiiiiii e 42

3.1 REAZEIIES o 42



3.2. Equipment and inStriments .........ooovuuiriiiei e 43

3.3 Cell CUIBUTE vt e 45
323,10 RIPSC HNE e 45
3.3.2. Cell Propagation . .... iieiiui i e 45
3.3.3. Passaging hiPSOs . ..coouiiiiiiiiiiiii e 45
3.3.4. Freezing MIPSOS ..oiioiiiiiiiiii i 45
3.4. Neural iInduction media .........ccooiiiiiiiiiiniieeiiiiiii e 46
3.4. 1. KSR Meditmi ... 46
3.4.2. N2 MEIUIML ettt e e e 46
3.4.3. Neurobasal meditl .........oeeiiiiiiiiiiiiiiii e 46
3.5. Neural induction protocCols ........c.iiiiiiiiiiiiiee e 47
3.5.1. Monolayer neural differentiation...........cccccouviiiiiiiiii 47
3.5.2. Generation of neural organoids............coeiiiiiiiiiiiiniiiiiiiiiiii 48
3.6. Immunofluorescence and confocal MIiCTOSCOPY..cvvvniiiiiriniiiiiiiiiiiiiiiiieiiieeeeee, 48
3.7. Fluorescence-activated cell sorting of live cells ..........ccccvviiiiiniiiiiiiinn e 51
3.8, RINA @XBTACTION ..t 53
3.9. CDNA SYNERESIS .. eeeei e e 53
3.10. Real-time quantitative PCR.....c..oooviiiiiiiii e 54
3.11. Preparation of RNA-seq libraries.........co.uveveviiiiiiiiiiieieiee e 56
3.11.1. Purification and fragmentation of mRNA ...........cccoooiiiiiiiiiii e, 56
3.11.2. Synthesis of the first strand of cDNA ..o 57
3.11.3. Synthesis of the second strand of cDNA ... 57
B T I R B ) 0T B <) o 1= 1 PSPPSR a7
3.11.5. 3'-ends adenylation ..........coeeeiiiiiiiiie e 58
3.11.6. Adapters HEation ...oooeeeeeeeeee e 58
3.11.7. Enrich DNA Fragments.......oooooooooioioeieieeeeeeee e 58
3.12. RNA-Seq processing and analysis .........ceevereiiuiiiiineeeee i 59
3.13. Single cell RNA SEqUENCING ...covvviiiiiiiiiiee e 59
3.13.1. Sample PrepParation........cceeeieeeeeriiieee it ettt e e e et e e et e e e eri e e eaae e eeanens 59
3.13.2. Library CONnStIUCEION ....uuviiiiiiiiiiiiin et 60
3.13.3. GEM generation and barcoding .............ceveviirirerriiiineeiiiineeeeiiiee e e eeeeies 60
3.13.4. Post GEM-RT cleanup and cDNA amplification..........cccoeevvviieeiiiiinnnnnnnnn, 60

vi



3.13.5. 3 %dene expression library construction..........covevviviiiieiiiiininniiiiineeriiineeeeeans 62

3.13.6. Sample indexing PCOR . ....ooiiiiiiiiiie e 64
3.13.7. Single cell RNA sequencing data proCesSing..........ceeveevvuuuisieeeeeeeeiiiiiinaeanns 65
4. ReSUIES oo e 67
4.1. Characterization of hiPSCs-derived cortical progenitors by scRNA-seq.......... 67
4.2. Identification of potential surface markers for early cortical NSCs ................. 73

4.3. FACS analysis confirms early expression of PRTG and MCAM following neural
11016 1 (o1 (o) s PPN 81
4.4. PRTG sorting on day 12 enriches for early cortical NSCs.......cccooovviiiiinniinn. 82

4.5. Characterization of sorted populations further confirms PRTG validity as an

early cortical MATKET ......couuiiii e e e 87
4.6. PRTG expression emerges after four days of cortical neural induction........... 94
4.7. Sorting for PRTG at day 5 enriches for anterior telencephalic identity .......... 95

4.8. PRTG demarcates early specification of anterior identity and prospectively

isolates distinct telencephalic subpopulations.........c.cooviviiiiiiiiiiiiiii e 100
5. DISCUSSION. .oiiiiiiiiii e 108
6. BIibliographiy ......o.ooiiiiiiii e 116
7. List of publications ... 128

vii



List of figures

Figure 1.1. Scanning electron microscopy (SEM) of neurulation in chick embryos............. 19

Figure 1.2. SEM of medial sagittal views of mouse embryos depicting the brain vesicles....20

Figure 1.3. The TGFB/BMP signaling pathway..........ccccccccviiiiiiiii 22
Figure 1.4. The canonical WNT signaling pathway ...........ccovveiiiiiiiiiiiiiiniiiiinceeene 23
Figure 1.5. Embryonic vertebrate telencephalomn. ...........coooeiiiiiiiiiiiiiiini 25
Figure 1.6. Early telencephalic patterning........c.ooceuviieiniiiniiiiiiiiieiineeie e 28
Figure 1.7. The developing human COTtex .........ooviiiiiiiiiiiiiiii e 28
Figure 1.8. Cortical radial glia potential ..........ccoooeiiiiiiiiiiiiii e, 30
Figure 1.9. Cortical NEUTOZEIESIS .. .vvvunieii et ettt et e ettt e e e e e e eeees 31
Figure 1.10. Rosette formation as a readout to measure cortical specification.................... 33
Figure 1.11. Seminal neural induction protocols ..........c.oeeeueviiiiiiiiniiiiniiiine e 34

Figure 1.12. Triple-i protocol to derive neural lineages from stem cells promotes cortical

2 <t S PO PP PP PP PPIN 35
Figure 1.13. Progression of NSC states throughout cortical differentiation in vitro............ 37
Figure 1.14. Droplet-based single-cell SEqUENCING .. ...uvvvniiuniiriiiiiiniieieee e 39
Figure 4.1. Schematic overview of the neural induction protocol ............cccceevviiiiiiiiinnnn.n. 67
Figure 4.2. scRNA-seq analysis of day 12 hiPSC-derived neural progenitors...................... 69
Figure 4.3. scRNA-seq analysis of day 35 hiPSC-derived neural progenitors...................... 71
Figure 4.4. scRNA-seq analysis of day 50 hiPSC-derived neural progenitors...................... 72

Figure 4.5. scRNA-seq merged data depicting main clusters and cell compositions of the

Aifferent time POIMES ....iieiie i e e et e e et e et e e e et e e e e eat e et e et e e aea e e e aaeaaanas 73

Figure 4.6. Stage-specific gene signature of neural stem cells and derivates..............c........ 74

viii



Figure 4.7. Selected potential candidates for early cortical NSCs........cooveiiiiiniiiiiiinniiinnnnn.. 76

Figure 4.8. Expression of candidate surface markers through 2D differentiation ................ 78
Figure 4.9. Expression of PRTG and MCAM throughout 3D differentiation..................... 79
Figure 4.10. PRTG and MCAM expression during human corticogenesis................ccc....... 80
Figure 4.11. Surface markers expression profiles in neural cell types.......ccccooeeviiiiiiiinien. 82
Figure 4.12. FACS analysis average cell frequencies of PRTG and MCAM ....................... 82
Figure 4.13. Gating strategy followed to sort and collect samples for RNA-seq ................. 83
Figure 4.14. Correlation matrix of RNA-Seq datasets obtained from sorted cells............... 84

Figure 4.15. RNA-seq analysis identifies specific gene expression profiles based on PRTG

sorting

ix











































































































































































































































































































































































