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Neurofibromatosis type 1 (NF1) is a genetic disease caused by inherited mutations in the
NF1 gene. NF1 is a cancer predisposition syndrome, and the disease’s hallmark is the
appearance of tumors of the peripheral nervous system called neurofibromas.
Neurofibromas are mainly composed of Schwann cells (SCs) and endoneurial fibroblasts
(eFbs) and also contain infiltrating immune cells and other cell types. Neurofibromas
appear after the complete inactivation of the NF1 gene in SCs or their precursors. Almost
all NF1 patients (>99%) develop cutaneous neurofibromas (cNFs), small benign tumors
that appear in the skin around puberty and continue appearing throughout the patient’s
life. Although cNFs have no risk of becoming malignant, they significantly impact the
quality of life of NF1 patients. The only current treatment is surgical removal. Around 50%
of patients develop plexiform neurofibromas (PNFs). PNFs form during development and
are generally diagnosed either at birth or in early childhood when they grow most rapidly.
Some PNFs can progress towards a malignant peripheral nerve sheath tumor, the leading
cause of death in NF1.

The three main objectives of this thesis were: (i) to develop an imperishable cell-based
model system to study PNFs, (ii) to study the identity of the cells composing PNFs, and
(iii) to study the signaling between SCs and Fb concerning cNF growth.

To establish an imperishable cell-based PNF model system, we generated NF1(-/-) and
NF1(+/-) induced pluripotent stem cell (iPSC) lines from PNF-derived cells. Then, we set
up protocols to differentiate iPSCs into Neural Crest (NC) cells and from them further to
SCs, providing a robust NC-SC in vitro differentiation system. We identified differentially
expressed genes in stages and timepoints along the in vitro NC-SC lineage that were
grouped to establish a NC-SC expression roadmap. Altogether, it provided a framework
for analyzing the role of the NF1 gene during SC differentiation. NF1(-/-) differentiating
SCs in 2D cultures did not constitute an adequate system due to a high proliferation
capacity but poor homogeneous differentiation ability towards SCs. However, using the
natural tendency of NFI(-/-) differentiating SCs to form spheres, different 3D models
were developed in a multiplexed format. The engraftment of heterotypic spheroids,
composed of NF1(-/-) differentiating SC and primary eFbs, represented the most efficient
and consistent way of producing human neurofibroma-like tumors in mice.

In addition to being composed of different cell types, we identified the existence of
different SC subpopulations within PNFs, by using flow cytometry and single-cell RNA-seq
analysis. We characterized at least two distinct SC subpopulations, one expressing
markers appearing early in the NC-SC axis, suggesting a precursor-like identity, and
another subpopulation expressing both early and late markers along the NC-SC lineage,
suggesting a singular committed SC. This heterogeneity may change the current view of
PNF development and progression.

We identified differentially upregulated genes produced by the interaction between cNF-
derived SCs and eFbs, expressed in both cell types. Analyzing these genes, we identified
several enriched signaling pathways potentially participating in SC-Fb crosstalk. Those
involved in the infiltration of immune cells were significantly represented and were
confirmed by a secretion profile analysis of SC-eFb co-cultures.



In conclusion, in the present work, an imperishable iPSC-based in vitro/in vivo PNF model
system has been developed, allowing the generation of human neurofibroma-like tumors
in mice for the first time. We discovered the presence of different subpopulations of SCs
within PNFs that may change the view of how they develop and grow. Finally, we found
different promising signaling pathways triggered by the heterotypic interaction between
SCs and eFbs that could be relevant for cNF growth.









Table of contents

ADSTIACE. ...ceiiii ettt e e e e e e e e e e nnnes 1
Table Of CONTENTS......coi e 7
List of Figures and Tables.........ccoovecciiiiiieeee e 13
R = PR 15

2. TABIES e 18
3. Appendixes: figures and tables........cccviiiiiiiiiii 19
ADDIeVIQtioNS .......coiiiiiiiiiiieiiee e e s e e e 21
INErOAUCTION e e e e e 27
1. Neurofibromatosis tYPe 1 .....viiiiiiiii e 29
1.1. Clinical features of Neurofibromatosis type 1 .......ccccovvviiiiiiiiiiiiiiieeeceeee 29
1.1.1. Epidemiology and genetics of Neurofibromatosis type 1..........ccc..oon. 29

1.1.2. Clinical features and diagnostic criteria ..........ccocceeeiviiiiiiiiiiieceie e 29

1.2. Molecular features of Neurofibromatosis type 1 ......cccocvveiviiiiiiiiiiiiieeiiieee 32
1.2, 0. TRE NFL ENE oo 32

1.2.2. NeUrofibromin ..o 33

2. NEUIOTIDIOMAS 1. 34
2.1. Cutaneous NeUrofibromMas ........coiviiiiiiii e 36

2.2. Plexiform neurofibromas.........coovieiiieiii e 37

............................................................................................................................ 38

2.3. Neurofibroma microenvironment .........ccccooviieiiiieiie e 38
3. Schwann cell development: the neural crest-Schwann cell lineage............cc........ 40
3.1 NeUral Crest CEIIS ..o 40
3.1.1. The neural crest development ........cooiiivieieeee e 40
3.1.2. The signaling pathways in neural crest formation ...........ccccoeevviiiiiiiinnnn, 42

3.2. The boundary cap CelIS ..o 42
3.3. Neural crest-Schwann cell differentiation axis: stages and markers ................ 43
3.4. Neurofibroma cell 0f OrigiN..c...uviiiii i, 48
4. Induced Pluripotent Stem Cells as a cellular model to study tumors............c......... 52
4.1. Induced pluripotent stem CellS ....coourrriiiii e 52



4.2. Induced pluripotent stem cells for disease modeling in cancer ........cccc.v......... 53
4.2.1. 3D cellular Models.......uiiiii i 54

4.3. iPSC differentiation protocols towards the neural crest-Schwann cell lineage 54

4.3.1. Neural crest stem cell differentiation protocols ..........cccoccvvveiviiiieiiinn.n. 54

4.3.2. Schwann cell differentiation protocols .........cccceeeiviiiiiiiiiiiieciiecece 56

5. Neurofibromatosis type 1 MOeIS........ccoiiiiiiiiiiiiee e 59
5.1. Primary and immortalization cell lines in 2D and 3D .....ccccveevvviieeiiiiiieecc. 59

5.2. Genetically modified mouse models ..........cooveiiiiiiiiiiiiiecc e 59

5.3. Neurofibromatosis type 1 induced pluripotent stem cell models..................... 60

(0] o =T 11T PP PP P PP PPPPPPP PRSPPI 61
Materials & Methods.........cccociiiiiiiiiii 65
1. Human Samples: plexiform and cutaneous neurofibromas...........cccccceeeviiiiiennnn. 67
2. Primary Cell CUIUIE ..o 67
2.1. Tumor digestion and primary cell culture establishment........c....ccoovviiiiinnn. 67
2,10, TUMOE dIZESTION 1. 67

2.1.2. Schwann Cell CUITUIE ....oiiie e 67

2.1.3. Endoneurial fibroblast CUlture ... 68

2.1.4. Schwann cell and endoneurial fibroblast co-culture experiment ............. 68

3. Induced pluripotent stem cell generation, characterization, and differentiation ... 69

3.1. Induced pluripotent stem cell generation .........cccevvvvieeeeiiieiiciiiee e 69
3.2. Standard induced pluripotent stem cell characterization .........ccccccccoeeiviinnnnn. 69
3.3. Pluripotent stem Cell CULUIE ...vviiiiiiiii e 70
3.4. Neurofibromin Western blot analysis...........eoooieiiiiiiiiiiieeecceeee e 70
3.5. Cell differentiation ProtoCOIS........coiii i 71
3.5.1. Neural crest differentiation.........ccoceeeiiiiiiiiie e 71
3.5.2. Schwann cell differentiation from neural crest cells..........ccccoovveiiinnnnen. 72
3.5.3. Peripheral neuronal differentiation from neural crest cells...................... 73
3.5.4. Melanocyte differentiation from neural crest cells .........cccoovviiiiiiiiiiiinnn, 73
3.6, FUNCEIONAT @SSAYS uviviiiiiiee it 73
3.6.1. Proliferation @SSaV........coiiiiciriiiiiee e 73
3.6.2. MIZIatioN @SSAY ..eivviviiiiiiieei it 74
3.6.3. MYElINAION @SSAYS ..iiiiiiieiiiitiiie e 74

4. Molecular biology tEChNIGUES .....vvvviiieeeee e 74



4.1. DNA extraction from tumors and CellIS ... eiiieee e 74

4.2. RNA extraction from tumors and cells.........ccoooiiiiiiiiiiice 74
4.3. Germline and somatic NFI mutation analysis .......ccccoevvviieiiiiiiiieiiiiiee e 75
4.3.1. Sanger SEQUENCING «.ceeiiiiiieee ittt 75
4.3.2. Microsatellite Multiplex PCR ANalysis .....cccovviiiiiieiiiiiiiieeeeeeeeeiiee e 75

4.4, GENOMIC ANAIYSIS 1ottt e e e e e eaaee e e 75
AA.1 SNP QITAY oo 75
44,2, EXOME SEQUENCINEG «.uieeeeeietiii e e e e e ettt e e e e e e e et e e e e e e eeaassa e s aeeeeeanssennns 76
4.4.3. Analysis of coding variation..........cccccooeiiiiiiiiiii e 76

A5 RT-0PCR ettt 76
4D, RN A S B ettt 78
4.6.1. Differential gene expression analysiS......coovvvveeeeeiiiiiiiiiiiieceeeecceie e, 78
4.6.2. Selection of timepoint specific markers........ccoceeevviiiiiiiiiii e, 78
4.6.3. Virtual co-cultures versus real Co-CUltUres........cccovvveiiiieeiiieeie e 78

4.7. SINGIE-CEII RNA-SEQ ...ttt 79
4.7.1. Sample Preparation..........ccoieii e 79
B.7.2. ANAIYSIS oo 79

S FIOW CY T OMBI Y e 79
5.1. Flow cytometry of p75 and HnKd. ..o, 79
5.2. Flow cytometry of p75 and S100B in neurofibromas .........cccoeevvvveeeeeeeeeiinnnnnn. 80
5.3. Flow cytometry of p75 in single cNF-derived cultures and co-cultures............ 80
B. IMMUNOCNEMISTIY 1ttt 80
6.1.1. Fluorescent immunocytochemistry of cells .......cccovvviiiiiiiiiiiiiiie, 80
6.1.2. Fluorescent immunocytochemistry of spheroids............ccccoeevvvviieiiinnns 80
6.1.3. Fluorescent immunohistochemistry of S100B for paraffin samples ......... 81
6.1.4. Fluorescent immunohistochemistry of hNu for OCT samples .................. 81

7. Luminex XMAP teChNOIOZY ... 82
8. 1N VIVO EXPEITMENTS ittt e et e e e e e et et e e e e e e e e e b e as 83
B VI ettt 83
8. 1.1 ENGraftment 1. 83
8.1.2. ENGraftmeEnt 2 ..o 83
RESUITS .ttt ettt ettt e e e s s e e e s anree e e s esanreeeesesan 85
1. Development of an iPSC-based cellular model for neurofibromas ........ccc..cooooen. 87



10

1.1. Generation of NF1(-/-) iPSC lines by reprogramming PNFs .........cccccccccevuverenn. 87

1.1.2. iPSC characCterization .......oee i 90
1.1.1.1. Standard iPSC characterization ........ooooeeieieeeeeeee e, 90
1.1.1.2. Functional and genomic iPSC characterization ...........cccocceeeviiiiieenn. 93

1.2. Establishment of in vitro neural crest-Schwann cell differentiation protocols
O TP S CS ettt 96

1.2.1. Establishment of an in vitro neural crest differentiation protocol............ 96

1.2.1.1. Set up of a protocol for the generation of neural crest cells from

INFL(H/4) TPSCS ettt et 96
1.2.1.2. Characterization of neural crest lineage markers in differentiating
NF1(+/+) pluripotent stem Cells ........ccooviiiiiiiiiiiiiece e, 96
1.2.1.3. Functional assays for neural crest characterization.............cccceveeenn. 99
1.2.2. NF1(-/-) iPSC properly differentiate into neural crest.........c..ccceeeeenee.. 101
1.2.3. Establishment of an in vitro Schwann cell differentiation protocol ........ 102

1.2.3.1. Set up a protocol for the generation of Schwann cells from NFI1(+/+)

NEUTAl CrESt COIIS uvviiiiiiiiie e 102
1.2.3.2. Characterization of Schwann cell stage-specific markers................ 102
1.2.3.3. Functional assay for Schwann cell characterization......................... 104

1.2.4. iPSC-derived differentiating NFI(-/-) Schwann cells maintain a high
PFOTEIAtION AL c.eieiiiiieee e 106

1.2.4.1. Characterization of Schwann cell-specific markers and functional assays

1.2.4.2. iPSC-derived NF1(-/-) differentiating Schwann cells exhibit a natural
tendency to form spheroids that recapitulate the expression pattern of PNF-
derived primary SChwann Cells ........uvviiiiiiiii e 107

1.3. Generation of an expression roadmap of the neural crest-Schwann cell
differentiation axis with control NFI(+/+) cells ...oooiiiiiiiiiiiiii e, 109

1.3.1. A gene expression road-map of the in vitro NF1(+/+) NC-SC differentiation
IOCESS ettt et e e ettt et e et e e e e e e e e e e e et e e e e e et 109

1.3.2. NF1(-/-) differentiating Schwann cells in 2D cultures switch from a neural
crest- Schwann cell axis to a neural crest-mesenchymal cell axis..................... 111

1.4. Generation of a 3D Schwann cell differentiation model using a multiplex system:

homotypic and heterotypic SPheroids......cccvvvvieeiiii oo 117
1.4.1. Set up of differentiating Schwann cell 3D cultures .......ccccovvveeviieiiiinnnn.. 117
1.4.2. 3D model characterization . .......coocuuiiiiiiii e, 118

1.4.3. NF1(-/-) heterotypic spheroids recapitulate the neural crest-Schwann cell
roadmap expression signature at 30 days of Schwann cell differentiation ...... 121



1.5. Engraftment of heterotypic spheroids generate human neurofibroma-like
TUMOTS IN NUAE MICE...ii it 124

2. Neurofibroma cell composition: heterogeneity of the Schwann cell component 131

2.1. PNF-derived Schwann cells express markers from different stages along the NC-
SCin vitro differentiation .. ..c...eiiciicccee e 131

2.2. P75 and S1008B are differentially expressed along the neural crest-Schwann cell

LM BAEE ittt 133
2.3. Plexiform neurofibroma-derived Schwann cells heterogeneously express p75
AN STO0B ... 134
2.4. Heterogeneity of the Schwann cell component of PNFs revealed by scRNAseq
............................................................................................................................... 137
2.5. Heterogeneity of the endoneurial fibroblast component of PNFs ................. 140
3. Study of intracellular signaling in cutaneous neurofibroma........ccccccccccoeiiiinnnl. 141

3.1. Experimental design to study intercellular signaling between Schwann cells and

FIDrOBIASTS TN CNFS...eiiiiiiiie et eee e 141
3.2. NF1 germline and somatic mutation characterization of cNFs and selection of
(o AN TP 143
3.3, CO-CUUrE EXPEIMENT...iiiiiiiiiie ettt 147

3.4. Analysis of cell type-specific changes in gene expression due to heterotypic
interactions between Schwann cell and endoneurial fibroblasts..............ccccuue.. 152

3.4.1. Identification of signaling pathways..........cccccvviiiiiiiii i 155

3.5. Analysis of co-culture supernatants: cytokines, chemokines, and other analytes

3.6. Differentially upregulated genes in real co-cultures were mostly expressed in
iPSC derived heterotypic spheroid 3D model .........coovvviiiiiiiiiiiieeeee 161

3.6.1. Endoneurial fibroblast cultures derived from cNFs and PNFs exhibit a high
EXPresSiON SIMILAIITY oo 161

3.6.2. Expression analysis of differentially upregulated genes in cNF Schwann cell-

endoneurial fibroblast co-cultures in the heterotypic PNF model.................... 162
DISCUSSION....etttiiiiiieieeieteeeeeeeeteeeeeeeeerereeeeereee e eerr e e eeeeeeeeeeeeeeeeeeeeees 165
1. Generation of an iPSC-based model..........ccoiiiiiiiiii 167
1.1. Why using iPSCas amodel? ... 167

1.2. The efficiency of reprogramming plexiform neurofibromacells.................... 167

2. Establishment of a neural crest-Schwann cell in vitro differentiation system and
generation of an expression roadmap SigNAtUIre .........cccoiiviiiiiiiiiieececceee e, 169

3. Role of NF1 in induced pluripotent stem cells, neural crest cells, and differentiating
SCRWANN COIIS ..t 170



4. Comparing 2D and 3D MOAEIS.....cuuiiriiiieiii e 172

5. PNF Cell OF OFIZIN ittt 173

6. Improvements and uses of the iPSC-based in vitro/in vivo human 3D plexiform
Neurofibroma MOodel ..o 174
6.1. Potential uses of the iPSC-based 3D plexiform neurofibroma model............. 174
6.1.1. Neurofibromagenesis and tumor microenvironment...........ccc.ccooenne... 175

6.1.2. Modeling neurofibroma progression towards malignancy..................... 175

6.1.3. Plexiform neurofibroma drug development platform ..........cccceeevnnen. 175

7. Role and importance of endoneurial fibroblasts in neurofibromas ...................... 176
8. Heterogeneity of the Schwann cell component of plexiform neurofibromas....... 178
CONCIUSIONS ....veiiiiiiiiee ettt ettt et e e s e s e are e e e e s snneeeas 181
23] o T T=4 =T o] o1 185
FAY o o1=Y o Vo [0t A 208
1. Generation of a NF1(-/-) iPSC line using CRISPR/Cas9 technology .............cc........ 209
1.1. Editing strategy and NF1(-/-) iPSC clone generation ........cccccccveevieeeiineeeennn.. 209

1.2. NF1(-/-) edited iPSC line characterization.........ccocueivioeiee e 210

1.3. NF1(-/-) edited iPSC line differentiation towards neural crest cells................ 210

1.4. NF1(-/-) edited iPSC line differentiation towards Schwann cells in 2D........... 211

FAY o] 0 1=] Vo L1 PR 214
1. ADITIONAl FESUITS. ..ot 215
JAY o] 01T g Lo 31 SRR SRRR 238
1. Paper: Carrid et al. 2009 .. 239
JAY o] 01T Lo [ U 240
1. Review: Mazuelas €t al., 2020 ... 241
APPENAIX S et ————— 242
1. DIrECEOIS FEP O . ittt et e e 243

12



List of Figures and Tables

13



14



1. Figures

Figure 11. Pigmentary manifestations and skeletal abnormalities characteristic of NF1
patients

Figure 12. Clinical features of NF1 have different onsets.
Figure 13. Cutaneous and plexiform neurofibromas have different onsets.

Figure 14. Neurofibromas arise through the double inactivation of the NF1 gene in
Schwann cells or their precursors.

Figure 15. Morphological and histological appearance of cutaneous neurofibromas.

Figure 16. Hematoxylin & eosin staining of three independents plexiform neurofibromas
showing heterogeneity among them.

Figure 17. The neural crest cells are formed while the neural tube is closing.
Figure 18. Scheme of the Krox20- and Prss56- expressing boundary cap cell fates.
Figure 19. Schematic representation of in vivo Schwann cell differentiation in mice.

Figure 110. Schematic representation of the main features and molecular markers during
in vivo Schwann cell differentiation.

Figure 111. Schematic representation outlining the several stages of Schwann cell
differentiation and the defined periods of the Nf1 Cre-mediated recombination in several
neurofibroma models.

Figure R1. Schematic representation of the two different strategies used to generate
isogenic iPSC from plexiform neurofibromas.

Figure R2. Standard characterization of plexiform neurofibromas-derived iPSC lines.
Figure R3. Functional and genomic characterization of iPSC lines.
Figure R4. Neural crest differentiation from pluripotent stem cells.

Figure R5. Functional characterization of neural crest cells differentiated from control and
plexiform neurofibromas-derived iPSCs.

Figure R6. Schwann cell differentiation from neural crest cells.
Figure R7. Functional Schwann cell characterization through a myelination assay.

Figure R8. NF1(-/-) differentiating Schwann cells exhibited a continuous high proliferation
rate.

Figure R9. NF1(-/-) PNFiPS-derived sphere-forming Schwann cells recapitulate the
expression pattern of their plexiform neurofibroma-derived Schwann cell counterparts.

15



Figure R10. Generation of a robust expression roadmap of the neural crest Schwann cell
differentiation axis using NF1(+/+) cells.

Figure R11. NF1(-/-) differentiating Schwann cells did not follow the neural crest-Schwann
cell expression roadmap defined by NF1(+/+) cells.

Figure R12. NF1(-/-) differentiating Schwann cells in 2D cultures switched from a neural
crest-Schwann cell axis to a neural crest-mesenchymal axis

Figure R13. Engraftment of NFI(-/-) differentiating Schwann cells at 14 days formed
mesenchymal tumors.

Figure R14. Schematic representation of spheroid generation.

Figure R15. p75 and S100B characterization in homotypic and heterotypic spheroids at
14 days of Schwann cell differentiation in 3D.

Figure R16. Characterization of some markers in spheroids through RT-qPCR at 14 days
of Schwann cell differentiation.

Figure R17. NF1(-/-) heterotypic spheroids recapitulate the neural crest-Schwann cell
roadmap expression signature at 30 days of Schwann cell differentiation.

Figure R18. The expression roadmap of NFI(-/-) heterotypic spheroids of NF1_B and
NF1_C closely resembles the one of NF1(+/+) heterotypic spheroids.

Figure R19. Schematic representation of the spheroid engraftment experimental design.

Figure R20. Engrafted spheroids generated human neurofibroma-like tumors that grew
independently or inside the gastrocnemius muscle.

Figure R21. Hematoxylin and eosin staining of different homotypic and heterotypic
neurofibroma-like tumors.

Figure R22. Neurofibroma-like tumors from heterotypic spheroids showed diffuse and
focal S100B staining patterns

Figure R23. Plexiform neurofibroma-derived Schwann cells expressed markers from
different stages of the neural crest-Schwann cell in vitro model.

Figure R24. Differential expression patterns of NGFR and S100B along with the neural
crest-Schwann cell in vitro differentiation process.

Figure R25. p75 and S100B double staining evidenced cell heterogeneity in plexiform
neurofibroma-derived Schwann cell cultures.

Figure R26. P75 and S100B double staining uncovered cell heterogeneity of the Schwann
cell component within plexiform neurofibromas.

Figure R27. Decomposing cell types within plexiform neurofibromas using scRNAseq
analysis.

16



Figure R28. Schwann cell component of plexiform neurofibromas is composed of two
different Schwann cell subpopulations.

Figure R29. Different fibroblast subpopulations were identified.

Figure R30. Schematic representation of the experimental design to study heterotypic
signaling between Schwann cells and endoneurial fibroblasts from cutaneous
neurofibromas.

Figure R31. Loss of heterozygosity in the NF1 gene can be seen as the loss of one of the
alleles in specific microsatellites in chromosome 17.

Figure R32. Summary of the results from the Multiplex Microsatellite PCR Amplification
technique in 9 independents cutaneous neurofibromas.

Figure R33. Schematic representation of the co-culture experimental conditions.

Figure R34. Seeding 70% Schwann cell- 30% endoneurial fibroblast co-culture is enough
to obtain a percentage of cells at 72 hours, closely resembling cutaneous neurofibroma
composition.

Figure R35. Schwann cells preferentially located on top of endoneurial fibroblasts in
Schwann cell-endoneurial fibroblast co-cultures

Figure R36. Schematic representation of the co-culture experimental design.

Figure R37 Flow cytometry analysis of single Schwann cell and endoneurial fibroblast
cultures and Schwann cell-endoneurial fibroblast co-cultures.

Figure R38. Schematic representation of the in silico co-culture approach to generate
virtual co-cultures.

Figure R39. Gene expression analysis comparison of Schwann cell and endoneurial
fibroblast single cultures, real and virtual Schwann cell-endoneurial fibroblast co-cultures,
and cutaneous neurofibromas.

Figure R40. Graphical representation of the biological processes captured by the
differential upregulated genes in real vs. virtual co-cultures.

Figure R41. Correlation between differential expression and secretion analysis of three
upregulated genes (CCL11, CCL5, and VEGFA) in real vs. virtual co-cultures.
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displayed similar expression profiles.

Figure R44. iPSC-derived heterotypic spheroids express most genes upregulated in
cutaneous neurofibroma Schwann cell — endoneurial fibroblast co-cultures.
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Figure D1. Schematic representation of the potential uses of the iPSC-based 3D plexiform
neurofibroma model.
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2D two dimensional

3D three dimensional

ADHD attention-deficit/hyperactivity disorder
aNF(s) atypical neurofibroma(s)

ASD autism spectrum disorder

ATP adenosine triphosphate

BC Boundary Cap

BMP bone morphogenetic protein

BSA Bovine Serum Albumin

CA(s) Choroidal abnormalities(s)

CALMs café-au-lait macules

cAMP cyclic adenosine monophosphate

Cas9 CRISPR associated protein 9

CMRB Centre de Medicina Regenerativa de Barcelona
CN copy neutral

CNAG Centre Nacional d’Analisis Genomics
cNF(s) Cutaneous neurofibroma(s)

CN-LOH copy neutral loss of heterozygosity
CNS central nervous system

CREB cAMP-response element binding protein

CRISPR clustered regularly interspaced short palindromic repeats

DEG differentially expressed genes
dpc days post conception

DRG dorsal root ganglia

ECM extracellular matrix

EDTA Ethylenediaminetetraacetic acid
eFb(s) endoneurial fibroblast(s)

EGF epidermal growth factor

EMT epithelial-mesenchymal transition
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ES4 Embryonic stem cell 4

ESC(s) embryonic stem cell(s)

FACS Fluorescent Activated Cell Sorting

Fb(s) fibroblast(s)

FGF fibroblast growth factor

FiPS fibroblast induced pluripotent stem cells
GAP GTPase activating protein

GC Gastrocnemius muscle

GDP guanosine diphosphate

GEMMs genetically engineered mouse models
GIST gastrointestinal stromal tumors

GO Gene Ontology

GPCR G protein-coupled receptor

GRD GAP related domain

gRNA guided RNA

GTEx Genotype-Tissue Expression

GTP Guanosine 5' triphosphate

H&E Hematoxylin & Eosin

HDAC histone deacetylases

HFF human foreskin fibroblasts

HUGTP Hospital Universitari Germans Trias i Pujol
ICC: immunocytochemistry

ICO Institut Catala d’Oncologia

IDIBELL Institut d’Investivacio Biomedica de Bellvitge
IGTP Research Institute Germans Trias i Pujol
IHC: immunohistochemistry

iPSC(s) Induced pluripotent stem cell(s)

IQ intelligence quotient

iSC(s) immature Schwann cell(s)
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LOH loss of heterozygosity

MAPK mitogen-activated protein kinase
MPNSTs Malignant peripheral nerve sheath tumors
MRI magnetic resonance image

mSC myelinating Schwann cells

mMTOR mammalian target of the rapamaycin
NC Neural crest

NC-SC Neural crest- Schwann cell

NF1 Neurofibromatosis type 1

NGFR nerve growth factor receptor

NIH National Institutes of Health

nmSC non-myelinating Schwann cells
NPC(s) neural progenitor cell(s)

NRE normalized relative expression
NRG1 neuregulin 1

OCT optimal cutting temperature

OPC optic pathway glioma

PAM protospacer adjacent motif

PBS phosphate buffered saline

PC Principal Component

PCA Principal Component Analysis

PET positron emission tomography

PFA paraformaldehyde

PNFs Plexiform neurofibromas

PNS peripheral nervous system

PRC2 polycomb repressive complex 2
PSC(s) pluripotent stem cell(s)

Qol quality of life

RA retinoic acid
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RNP ribonucleoprotein

RT-gPCR qualitative reverse transcription polymerase chain reaction
SC(s) Schwann cell(s)

SCP(s) Schwann cell precursor(s)
SNP Single Nucleotide Polymorphism
SNV single nucleotide variant

SOX10 SRY box 10

SRY sex determining region Y

SUV standardized uptake values
TFAP2a transcription factor AP2a
TGFB transforming growth factor
UPL Universal Probe Library

WES Whole exome sequencing

WT wild type
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Neurofibromatosis type 1 (NF1) is a genetic disease caused by inherited mutations in the
NF1 tumor suppressor gene. NF1 is a cancer predisposition syndrome since people
suffering from this disease have a much higher risk than the general population to
develop tumors. In particular, the disease’s hallmark is the appearance of tumors of the
peripheral nervous system, like cutaneous and plexiform neurofibromas. This
introduction focuses on this type of tumors; in the cells composing them, like Schwann
cells, their development, and differentiation; in the cells originating neurofibromas; in the
different models; and in particular, in induced pluripotent stem cells (iPSCs) as a model
system.

1. Neurofibromatosis type 1

1.1. Clinical features of Neurofibromatosis type 1

1.1.1. Epidemiology and genetics of Neurofibromatosis type 1

Neurofibromatosis type 1 (NF1) is an autosomal dominant genetic condition (OMIM
162200, https://www.omim.org/entry/162200). NF1 is caused by the inheritance of a
pathogenic variant in the NF1 gene, located on chromosome 17. Almost 50% of cases are
familial and 50% as a result of de novo mutations (DeBella, Szudek, and Friedman 2000).
The penetrance is almost 100% at 8 years of age. The main feature of NF1 is the
appearance of benign tumors of the peripheral nervous system (PNS) called
neurofibromas.

Different epidemiological studies estimated the prevalence between 1/3,000 to 1/6,000
and the birth incidence between 1/2,558 to1/4,436 (Huson et al. 1989; Poyhonent,
Kytola, and Leisti 2000; Lammert et al. 2005; and Evans et al. 2010). Recent studies in the
Finnish population have estimated the prevalence in 1:4,000 (Kallionpaa et al. 2018) and
the birth incidence around 1:2,000 (Uusitalo et al. 2015), a little higher than previously
reported. Nevertheless, despite the little differences in the birth incidence reported in
different studies, NF1 is still one of the most common inherited conditions.

1.1.2. Clinical features and diagnostic criteria

NF1 is a highly heterogeneous disease affecting different tissues and showing a high
phenotypic variability among NF1 patients; even affected individuals from the same
family may present different manifestations. Skin, bones, central, and peripheral nervous
system are the main tissues implicated.

NF1 patients might present cutaneous signs as the café-au-lait macules (CALMs), Lisch
nodules (iris hamartomas), and axillary or inguinal freckling (skin-fold freckling) (Figure
11). These patients may also have skeletal and structural abnormalities like tibial dysplasia
or scoliosis (Figure 11). Some neurological manifestations have also been reported as
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learning and cognitive deficits, a higher incidence of attention-deficit/hyperactivity
disorder (ADHD), or autism spectrum disorder (ASD).

Skin-fold freckling Lisch nodules

Café-audait macules Tibial dysplasia Scoliosis

Figure 11. Pigmentary manifestations and skeletal abnormalities characteristic of NF1 patients. In
purple, pigmentary manifestations are shown as skin-fold freckling extracted from (Gutmann et
al. 2017), Lisch nodules extracted from (Costa, Tojal, and Valverde 2012), and café-au-lait macules
extracted from (Hernandez-Martin and Duat-Rodriguez 2016). In blue, skeletal abnormalities as
tibial dysplasia and scoliosis extracted from (Gutmann et al. 2017).

The hallmark of the disease is the appearance of benign tumors from the PNS called
neurofibromas. An entire section will be dedicated exclusively to them.

There exists a high variability on the onset of the clinical manifestations (Figure 12). At
birth or very early in life, NF1 patients may present CALMs, some skeletal abnormalities,
Lisch nodules and/or a plexiform neurofibroma. During childhood, other neurological
manifestations as learning deficits, ADHD, or ASD might appear, as well as optic pathway
glioma (OPG). In the adolescence period, more cutaneous signs as skin-fold freckling
might appear in a high frequency. In this period, some patients may develop scoliosis and
many cutaneous neurofibromas. In Table 11, the frequency of the most common or
relevant clinical symptoms is shown. In adulthood, NF1 patients have a higher
predisposition to develop cancer-related features than the general population (Uusitalo
et al. 2016) as Malignant Peripheral Nerve Sheath Tumors (MPNSTs) (2-5%),
gastrointestinal stromal tumors (GIST), breast cancer, pheochromocytomas, duodenal
carcinoids, glomus tumor, juvenile xanthogranuloma, and rhabdomyosarcomas
(Upadhyaya and Cooper 2012).
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The overall survival of NF1 patients is reduced compared to the general population
(Kallionpaa et al. 2018), mainly due to the increased risk of developing cancer-related

features.
Birth Infancy Early childhood Adoclescence Adulthood
CALMs Skinfold freckling MPNST

Lisch nodules
Orbital dysplasia
Tibial dysplasia
Pseudoarthosis

Scoliosis

Plexiform neurofibroma
I

Learning deficits

ADHD or ASD
Motor and/or speech delays

Optic pathway glioma

Dermal neurofibroma
Paraspinal neurofibroma

Breast cancer
High grade glioma

Pigmentary lesions

Neurofibromas

Skeletal abnormalities

Learning, cognitive and social deficit
Low-grade tumors

Malignancies

Figure 12. Clinical features of NF1 have different onsets. CALMs: café-au-lait macules. ADHD:
attention deficit hyperactivity disorder. ASD: autism spectrum disorder. MPNST. Malignant
peripheral nerve sheath tumor. Adapted from (Gutmann et al. 2017).

Clinical manifestation Frequency (%)
Café-au-lait macules >99

Skin-fold freckling 85

Lisch nodules 90-95

Cutaneous neurofibromas >99

Plexiform neurofibromas 30 (visible) — 50 (on imaging)
Disfiguring facial plexiform neurofibromas 3-5

Malignant peripheral nerve sheath tumor 2-5

Scoliosis 10

Scoliosis requiring surgery 5

Pseudoarthrosis of tibia 2

Renal artery stenosis 2

Phaeochromocytoma 2

Severe cognitive impairment (1Q<70) 4-8

Learning problems 30-60

Epilepsy 6-7

Optic pathway glioma 15 (only 5% symptomatic)
Cerebral gliomas 2-3

Sphenoid wing dysplasia <1

Agueduct stenosis 1.5

Table 11: Frequency of the main clinical manifestations of NF1 patients. In yellow, cutaneous
neurofibroma, plexiform neurofibroma, and disfiguring facial plexiform neurofibroma are
highlighted.lQ: intelligence quotient. Extracted and adapted from (Ferner et al. 2007).
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In the 1987 National Institutes of Health (NIH) meeting, an established consensus for NF1
diagnosis was established. Almost all NF1 patients (97%) meet NIH Diagnostic Criteria by
eight years old, and at the age of 20 years, all do so (DeBella, Szudek, and Friedman
2000)). Some recommended changes have been proposed to update the diagnostic
criteria for NF1 (shown in blue in Table 12) in the 2019 San Francisco American NF
Conference. Thus, NF1 clinical diagnosis is established if two or more of the following
manifestations are present in the patient:

1987 NIH NF1 Diagnostic Criteria with recommended changes
Two or more of the following:
e Six or more café-au-lait macules, bilaterally localized (clarification of existing criterion)
e >5mm diameter in prepubertal children
e >15mm in postpubertal children
e Bilateral freckles in axilla or groin * (clarification of existing criterion)
e Two or more neurofibromas of any type or one plexiform neurofibroma
e Two or more iris Lisch nodules (iris hamartomas) or two or more choroidal
abnormalities (CA) (addition to existing criteria)
e  Optic pathway glioma
e Adistinctive osseous lesion such as sphenoid wing dysplasia **; anterolateral bowing
of tibia (tibial dysplasia); or pseudarthrosis of a long bone (clarification of existing
criterion)
e A pathogenic NF1 variant (addition to existing criteria)
e A parent with NF1 by the above criteria (clarification of existing criterion)
Table 12: The 1987 NIH NF1 Diagnostic Criteria with newly proposed changes (in blue) from SF
American NF conference 2019. *: If only CALM and freckling are present, the diagnosis is most
likely NF1, but exceptionally, the person might have another diagnosis such as Legius syndrome.
**: Spheroid wing dysplasia is not a different criterion in the case of an ipsilateral orbital plexiform

neurofibroma.
1.2. Molecular features of Neurofibromatosis type 1

1.2.1. The NF1 gene

The NF1 gene (GenelD:4763) is located in chromosome 17qg11.2 and expands
approximately 280kb of genomic DNA. (Wallace et al. 1990; Li et al. 1995). It is composed
of 60 exons, three of which are alternatively spliced exons: 9br, 23a, and 48a (Shen,
Harper, and Upadhyaya 1996). The exclusion or inclusion of one of these alternatively
spliced exons generates different NF1 isoforms with other signaling activity and tissue
specificity (Barron and Lou 2012). Although Type | and Type Il isoforms, generated by the
alternative splicing of exon 23a, are the most commonly expressed NF1 isoforms (Nishi
et al. 1991).

The NF1 gene is a tumor suppressor gene, and the majority of pathogenic variants lead
to loss-of-function alleles. Accordingly, based on Knudson’s two-hit hypothesis (Knudson
1971), all cells in the NF1 patient harbor the “first-hit”, the pathogenic constitutional
variant. When a “second-hit” pathogenic variant, the somatic variant, occurs in the
remaining wild-type allele in specific somatic cells, these cells acquire a greater
proliferation capacity, and a tumor may be initiated. Somatic pathogenic variants have
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been found in NF1 associated tumors, including cutaneous and plexiform neurofibromas,
glomus tumors, gastrointestinal stromal tumors, pheochromocytomas, juvenile
myelomonocytic leukemia and astrocytomas (reviewed by De Raedt et al. 2008) as well
as non-tumor lesions like pseudoarthrosis of a long bone (Stevenson et al. 2006) and
CALMs (De Schepper et al. 2008).

NF1 syndrome is due to a pathogenic constitutional variant in the NF1 gene, and NF1
patients may exhibit a wide range of different pathogenic constitutional variants
(Ludwine M. Messiaen et al. 2000). In a comprehensive multistep genetic diagnostic
approach, the mutational spectrum of 1770 unrelated patients was identified (L. M.
Messiaen and Wimmer 2008). In such study, 18% of mutations were due to a missense
or 1-multi amino acid deletion or duplication, 27% to splice mutations, 5% to total gene
deletions, 2% to deep intronic alterations, 21% to nonsense mutations, 26% to frameshift
mutations, and 1% to other complex alterations. Although the majority of mutations are
located in exonic regions, some are located inside introns or in flanking intronic
sequences affecting the proper splicing of exons.

Current molecular diagnostics (summarized by L. M. Messiaen 2020) are based on
multistep approaches based on genomic DNA sequence analysis either by Sanger
sequencing or by Next Generation Sequencing (NGS) of all exons and flanking intronic
sequence; on cDNA analysis to seek mutations located inside introns or complex splicing
mutations (L. M. Messiaen and Wimmer 2008); and on copy number analysis like
Multiplex Ligation-dependent probe analysis (MLPA), array-based or bioinformatic
analysis of NGS data (Moreno-Cabrera et al. 2020). The detection of the pathogenic
variants in the NF1 gene is challenging since it is a large gene, without specific hotspots,
and with a diverse spectrum of pathogenic variants.

Despite the wide range of pathogenic variants, only a few have been correlated with a
specific phenotype. For instance, 5% of NF1 patients harbor microdeletions that
encompass the NF1 gene and a variable number of surrounding genes. These NFI
patients have been associated with a more severe phenotype: an increased risk for
MPNST (De Raedt et al. 2003), facial abnormalities, and early onset of neurofibromas
(Leppig et al. 1997). Currently, a genotype-phenotype correlation has been established
for several missense mutations (Koczkowska et al. 2020)

1.2.2. Neurofibromin

The NF1 gene encodes for a protein called neurofibromin, a 2818 amino acid protein with
a molecular weight of approximately 280 kDa (Declue, Cohen, and Lowy 1991).
Neurofibromin is ubiquitously expressed but with the highest levels in neurons, Schwann
cells (SCs), and oligodendrocytes (Daston and Ratner 1992). It was also found to be
expressed in keratinocytes and melanocytes (Malhotra and Ratner 1994). Data from the
Genotype-Tissue Expression (GTEXx) project shows the highest NF1 expression in human
adult tissues at the cerebellar hemisphere, the cerebellum, and in the tibial nerve (GTEx
Analysis Release V8).
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Although being a massive protein with different domains, its structure and function are
still largely unknown. The best-characterized domain is the GTP-ase-Activating-Protein
(GAP)-related domain (GRD). Neurofibromin, through the GRD, down-regulates the
activity of Ras (Martin et al. 1990; Ballester et al. 1990). Neurofibromin increases the
intrinsic GTP hydrolysis activity of Ras, facilitating a switch from an active form of Ras
bound to GTP into an inactive Ras form bound to GDP. Active Ras interacts with several
downstream effectors such as the mitogen-activated protein kinase (MAPK) pathway or
the phosphoinositol 3 kinase/AKT signaling, which in turn activates the mammalian target
of the rapamycin (mTOR), among others (reviewed in Walker and Upadhyaya 2018).
Through these different signaling pathways, various biological processes might be
regulated such as proliferation, cell growth, differentiation, etc.

Neurofibromin is also known to influence cAMP-dependent signaling through the
regulation of adenylate cyclase (Guo et al. 1997; Tong et al. 2002). In astrocytes,
neurofibromin regulates positively cAMP levels through adenylate cyclase stimulation, at
least partially by the GRD (Dasgupta, Dugan, and Gutmann 2003).

In addition to GRD, several other domains have been described for neurofibromin, such
as the cysteine-serine-rich domain (CSRD), a tubulin-binding domain (TBD), a SEC14
domain, a pleckstrin homology (PH) domain, a carboxy-terminal domain (CTD), and a
syndecan-binding domain (SBD). However, the partners and functions of these domains
remain to be elucidated. Recently, neurofibromin regions interacting with Spred1 have
been identified (Hirata et al. 2016; Dunzendorfer-matt et al. 2016). Mutations in SPRED1
cause Legius syndrome, a RASopathy that, at an early age, has clinical overlap with NF1.

2. Neurofibromas

As explained before, almost all NF1 patients (>99%) develop cutaneous neurofibromas,
and up to 50% develop plexiform neurofibromas (Figure 13).

Neurofibromas are benign (WHO grade |) tumors that can appear in virtually any nerve
of the body. There are different types of neurofibromas, and different classifications have
also been proposed. Recently, French national NF1 guidelines were published based on
an extensive literature review (Bergqvist et al. 2020). The suggested classification for
neurofibromas was the following:

e Cutaneous neurofibromas (or dermal): small neurofibromas that appear and are
limited to the skin.

e Subcutaneous neurofibromas (or peripheral nodular neurofibromas): palpable
discrete neurofibromas that lie more profound in the skin (Ortonne et al. 2018).

e Internal (nodular) neurofibromas: these neurofibromas cannot be detected by
physical examination.

e Plexiform neurofibromas: thought to be congenital, arise in deeper and bigger
nerves or nerve plexus.

This thesis will be focused on the study of cutaneous and plexiform neurofibromas.
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Cutaneous neurofibromas Plexiform neurofibromas

Figure I13. Cutaneous and plexiform neurofibromas have different onsets. Images extracted from
(Ortonne et al. 2018) and (Ferner 2007).

Neurofibromas are composed of mainly SCs, endoneurial fibroblasts (eFbs), infiltrating
immune cells like mast cells, macrophages, T lymphocytes, and other cell types
characteristically of the nerves like perineurial cells. Neurofibromas are hypocellular
tumors embedded in a highly collagenous extracellular matrix (ECM) (Peltonen et al.
1981).

Neurofibromas appear when the “second-hit mutation”, the somatic mutation, occurs in
the remaining wild type allele of the NF1 gene in SCs or their precursors (Kluwe, Friedrich,
and Mautner 1999; Serra et al. 2000; Figure 14), triggering NF1(-/-) cells proliferation and,
leading to the loss of the standard nerve structure. SCs are the principal glial cells from
the peripheral nervous system derived from neural crest stem cells (see section 3), and
they wrap axons producing the myelin sheath to allow the rapid propagation of action
potentials.

In normal nerves, each axon is surrounded by the endoneurium, and a group of
unsheathed axons is surrounded by a perineurium, forming a fascicle. A group of fascicles
surrounded by the epineurium constitutes a nerve. Inside the perineurium, besides the
unsheathed nerve fibers, nonmyelinated SCs are enveloping multiple small axons (also
known as Remak bundles), and other cell types reside in this space as fibroblasts and mast
cells. This highly organized structure is completely lost when a neurofibroma is formed
(Figure 14).

Normal nerve Neurofibroma formation
Perineurium \ _Amy—— NFI1(+/-) eFb
Ensheated / - — —NFI{-/)sC
nerve fiber = o~ o
.’ [ ® —  Mast cell
Fascicle E— - ‘;
\ ‘; ®
- - =t
[ ]

Figure 14. Neurofibromas arise through the double inactivation of the NF1 gene in Schwann cells
or their precursors. In normal nerves, axons are surrounded by myelinating SCs, forming
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unsheathed nerve fibers. When a “second-hit” mutation occurs in the remaining wild-type allele
of the NF1 gene in SCs or their precursors, cells start proliferating, and the nerve structure is lost.
Adapted from Cichowski and Jacks 2001.

2.1. Cutaneous neurofibromas

Cutaneous neurofibromas (cNFs) are small benign tumors that appear in the skin for the
first time around puberty and continue appearing throughout the patient’s life (Ortonne
et al. 2018; Figure 15).

Almost all adults with NF1 have cNFs (99%). Although some patients with mild phenotype
present only a few tens, others show a more severe phenotype with thousands of them
(Duong et al. 2011).

Virtually all NF1 patients show an increased number of cNFs during life (Duong, 2011) and
pregnancy. NF1 female patients commonly report an increased number of new cNFs and
the growth of existing ones during gestation (Dugoff and Sujansky 1996). Indeed, recent
studies in cNF-derived NFI(-/-) SCs showed an increased proliferation rate under
estradiol, testosterone, and human chorionic gonadotropin than in cNF-derived NF1(+/-)
SCs (Pennanen et al. 2018).

In approximately 25% of cNFs, the “second-hit” is identified by a loss of heterozygosity
(LOH) analysis (Colman, Williams, and Wallace 1995; Serra et al. 1997), while in the
remaining 75%, a small pathogenic variant is identified (Maertens et al. 2006). The
primary cause of LOH is homologous recombination, which happens in 60% of LOH-
bearing cNFs (Garcia-Linares et al. 2011), reducing the constitutional NFI mutation to
homozygosity (Serra et al. 2001). The other 40% of LOH-bearing cNFs carry deletions of
various sizes (80Kb-8Mb) involving the NF1 gene (Garcia-Linares et al. 2011). Patients
with NF1 microdeletions as a pathogenic constitutional variant do not present LOH as a
“second-hit” (Maertens et al. 2006).

Although cNFs are benign and have no risk of becoming malignant, they significantly
impact the quality of life (Qol) and self-esteem of adult NF1 patients (Granstorm et al.
2012). These tumors can cause severe disfigurement and discomfort, and the only
current treatment is surgical removal or physical destruction (Moreno, 2001). Some
patients undergo surgery on a regular basis to excise some of them and reduce the tumor
burden mass.
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Figure I15. Morphological and histological appearance of cutaneous neurofibromas. The scattered
spindle SCs (arrowheads) and eFbs compose the cNFs, as well as the numerous capillaries and
veins (asterisks) and mast cells (arrows). Hematoxylin & Eosin, staining. An x400 magnification,
and inset x25. Extracted from Ortonne et al. 2018.

2.2. Plexiform neurofibromas

Plexiform neurofibromas (PNFs) are benign tumors that arise in deeper nerves, being
more prominent and more heterogeneous than cNFs (Figure 16). PNFs might become
large and compress other structures causing disfigurement and pain. PNFs are thought
to be congenital and generally diagnosed either at birth or in early childhood when they
grow most rapidly. Around 30-50% of NF1 individuals present PNFs.

As PNF may be visible or may lie internally, they are diagnosed by physical examination
or magnetic resonance imaging (MRI). Depending on the size and location, surgical
removal might be sometimes recommended. Unfortunately, when tumors are giant with
high vascular content or compressing other vital structures, this might not be possible,
and these tumors become inoperable. The MEK inhibitor Selumetinib has been used in
children with inoperable PNFs in Phase 1 (Dombi et al. 2016) and Phase 2 (Gross et al.
2020) trials showing tumor volume decrease in about 70% of the cases, most of them
with a durable response, lowering pain and improving their quality of life. The FDA has
recently approved Selumitinib as the first-ever treatment for NF1.

In contrast to cNFs that never become malignant, some PNFs might progress towards a
malignant peripheral nerve sheath tumor (MPNST). MPNSTSs are soft tissue sarcomas with
limited sensitivity to chemotherapy and radiation. NF1 patients have an 8-13% lifetime
risk of developing an MPNST. The prognosis of MPNST associated with NF1 is worse than
sporadic cases with a five-year survival of 21% compared to the 42% for sporadic cases
(Evans et al. 2010; Uusitalo et al. 2016).
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Figure 16. Hematoxylin & eosin staining of three independents plexiform neurofibromas showing
heterogeneity among them. The PNF 6C shows the presence of plexiform areas with high cellular
density and the PNF 7C with low cellular density. In the third image, the PNF 8A shows a very low
cellular density with tumor-infiltrating fat. Picture extracted from Carrio et al. 2018.

2.2.1. From plexiform neurofibromas to malignant peripheral nerve
sheath tumor

The generation of an MPNST from a PNF commonly involves developing a pre-malignant
lesion called atypical neurofibroma (aNF). aNFs show atypical histological features such
as hypercellularity and hyperchromatic nuclei, generally in the absence of mitosis (Beert
et al. 2011; Miettinen et al. 2017; Higham et al. 2018). aNFs concentrating many atypical
features have also been termed atypical neurofibromatous neoplasms of uncertain
biologic potential (ANNUBP). When growing inside a PNF, aNF exhibit a more rapid
growth pattern than its surrounding PNF, generating a typical distinctive nodular lesion
that may be positron emission tomography (PET) positive with lower standardized uptake
values (SUVs) compared to MPNSTs (Beert et al. 2011; Miettinen et al. 2017; Higham et
al. 2018).

In addition to the biallelic NFI inactivation, loss of the CDKN2A/B locus drive aNF
formation (Beert et al. 2011; Carrio et al. 2018; Pemov et al. 2019). aNFs may or may not
progress towards malignancy, and there is no marker to predict progression from aNF to
MPNST, but surgery is recommended when possible. On top of these two molecular
events, MPNSTs frequently exhibit mutations in genes of polycomb repressive complex 2
(PRC2) (SUZ12, EED) and, although more controversial, also in TP53 (W. Lee et al. 2014).
Another distinctive characteristic is that MPNSTs show hyperploid and highly rearranged
genomes but with a low mutation burden, like other soft tissue sarcomas (Abeshouse et
al. 2017). MPNST cell lines do not express markers from the NC-SC lineage (see section
3.2), like neurofibroma-derived SCs (Miller et al. 2009).

2.3. Neurofibroma microenvironment

The neurofibroma microenvironment is composed of both ECM, rich in collagens, and
different types of NF1(+/-) cells such as SCs, eFbs, mast cells, macrophages, leukocytes,
perineurial cells, and vascular elements (reviewed in Walker and Upadhyaya 2018).

Although NF1(-/-) cells are the tumor-initiating cells, it is believed that NF1(+/-) cells
present in neurofibromas also contribute to tumor growth.
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For example, from studies performed in mice, we know that Nf1(-/-) SCs secrete elevated
levels of the growth factor Kit ligand (KitL; also known as Stem Cell Factor (SCF)). KitL acts
as a potent migratory stimulus for mast cells(Yang et al. 2003). These Nf1(+/-) mast cells
secrete high concentrations of the transforming growth factor-beta (TGF-), which in
turn activates the proliferation of Nf1(+/-) eFbs.

Active eFbs, that account for approximately 30% of cells in a neurofibroma, synthesize
the high rich collagen matrix (Peltonen et al. 1981). The extracellular matrix is enriched
in collagen type |, Ill, IV, and fibronectin (Peltonen et al. 1986). One of the classical
markers to study eFbs is CD34 (Hirose et al. 2003). Although being the second most
representative cell type in the neurofibroma, there is no much information available
about these cells and their specific signaling pathways in neurofibroma development
(reviewed in (Richard, Topilko, Magy, and Charnay 2012)).

In normal nerve, perineurial cells form a layer around groups of axon-SC units delineating
nerve fascicles. In neurofibromas, perineurial cells are present and may account for up to
10% of the cell population, depending on the tumor (Carrié et al. 2018). Perineurial cells
have a basement membrane, while eFbs do not. This characteristic can be used to
distinguish them in pathological sections. Other markers that can be used to identify
perineurial cells in neurofibromas are glucose transporter 1 (Glutl), epithelial membrane
antigen (EMA), type IV collagen, and claudin-1 (Jaakkola, Chu, and Uitto 1989; Hirose et
al. 2003; and Pummi et al. 2006).

Mast cells, macrophages, T cells, and dendritic cells are also recruited into neurofibromas
(Prada et al. 2013; and reviewed in Fletcher, Pundavela, and Ratner 2019). Nf1(-/-) SCs
secrete growth factors as the KitL (explained before) and chemokines as CXCL10. A
conditional mice strain was generated to study the implication of dendriticand T cells on
neurofibroma formation. In such mice, the Nf1 was deleted in Dhh expressing cells, and
there was no expression of CXCR3, the receptor of CXCL10. Although the mice strain in
which the Nf1 gene was deleted in Dhh expressing cells formed neurofibromas, the mice
strain that did not express CXCR3 in any cell did not develop PNFs (Fletcher et al. 2019).
These results highlight the importance of the tumor microenvironment in tumor
formation and development.
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3. Schwann cell development: the neural crest-Schwann cell
lineage

As explained above, SCs are the principal glial cells from the PNS. They wrap peripheral
neurons and produce the myelin sheath to allow the rapid propagation of the action
potentials.

SCs are formed during embryonic development from a specific cell population called the
neural crest cells through a multistep differentiation process

3.1. Neural crest cells
3.1.1. The neural crest development

The neural crest (NC) is a highly migrating population in the developmental embryo that
can give rise to many different cell types. NCis unique to vertebrates (reviewed in (York
and McCauley 2020)).
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Figure 17. The neural crest cells are formed while the neural tube is closing. Extracted from
Simdes-Costa and Bronner 2015.

After neural induction is produced in the developing embryo, a subgroup of cells in the
ectoderm differentiates to produce the neuroectoderm (Figure 17). At the neural plate,
the neuroectoderm is found in the middle, surrounded by the neural plate border at each
site, and next to it, the non-neural ectoderm. Afterward, the neuroectoderm starts to
form the neural groove in a process called neurulation. The neural plate borders
transform into the neural folds. Thus, while the neural tube is closing, the neural folds get
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closer until the presumptive NC cells remain between the dorsal neural tube and the
epidermis. At this moment, the NC cells separate from the surrounding tissues through
an epithelial-mesenchymal transition (EMT) in a process called delamination. The NC cells
migrate through the entire embryo to lately settle and differentiate into all the different
specific cell types (Theveneau and Mayor 2012; Green, Simoes-Costa, and Bronner 2015).
Depending on the rostrocaudal axis where the NC settle, they can give rise to different
cell types: ranging from SCs and neurons of the PNS, to fibroblasts, and chondrocytes
from the head, myoblasts, and cardiac cells (Petersen et al. 2015; Monk, Feltri, and
Taveggia 2015; see Table 13).

The specification of the neural fold, the NC induction, comes from specific inductive
molecules: the bone morphogenetic proteins (BMPs) and their antagonists, like noggin
and chordin; several fibroblast growth factors (FGF); retinoic acid (RA); different Wnt
molecules and Notch/Delta (Mayor and Theveneau 2013).

Cell types
Neurons and Pigment Endocrine cells  Mesenchymal cells
glial cells cells
Trunk Sensory ganglia Skin Adrenal Endoneurial fibroblasts (mouse
NC (DRG) melanocytes  medullary cells sciatic nerve)
Sympathetic
ganglia
Parasympathetic
ganglia
SCs along PNS
nerves
Cranial Sensory cranial Skin Carotid body Cranio-facial skeleton
NC ganglia melanocytes  cells Dermal bone-forming cells
Parasympathetic Pigment cells C cells of the Endochondral osteocytes
(ciliary) ganglia of the inner ultimobranchial Chondrocytes
Enteric ganglia ear body and Other cells in the head and neck
Satellite glial cells thyroid Myofibroblasts/Smooth
in ganglia muscle cells (conotroncus and
Enteric glia aortic arch-derived arteries)
SCs along PNS Pericytes in brain
nerves Meninges (forebrain)
Ensheating Odontoblasts, cells in
Olfactory Cells periodontal ligament and
lining the tooth papillae
olfactory nerve Adipocytes

Dermal cells of the face
Connective cells of glands,
muscle, and tendons
Corneal cells in endothelium
and stroma
Ciliary muscles

Table I13: Neural crest derivatives. Adapted from Dupin and Sommer 2012.
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3.1.2. The signaling pathways in neural crest formation

One known mechanism of the NC specification is the establishment of a BMP gradient.
At the median part of the neural plate border, the antagonistic BMPs are secreted, as
noggin and chordin, and from the lateral part, BMPs are secreted, establishing a BMP
gradient. Thus, NC cells are induced in the middle, in the neural plate border, where
intermediate levels of BMPs are found (Theveneau and Mayor 2012).

Another signaling pathway involved in NC cell development in vivo is the canonical Wnt
signaling (Garcia-Castro, Marcelle, and Bronner-Fraser 2002). The activation of Wnt
redirects the neural progenitor towards a NC fate. Wnt regulates temporal control of
BMP exposure. Concomitant exposure to both Wnt and BMP generates epidermal cells.
In contrast, the exposure of Wnt in an early phase and a concomitant exposure of Wnt
and BMP specifies NC cells in the neural plate border (Patthey, Edlund, and Gunhaga
20009).

3.2. The boundary cap cells

A population of NC-derived cells, known as the boundary cap (BC), are formed at the
boundary between the central nervous system (CNS) and the PNS. This cell population
has been related with the neurofibroma cell of origin (explained in section 3.4).

The BC cells are a highly proliferative cell population transiently localized at the dorsal
root entry zone (sensory) and ventral exit points (motor) of all cranial and spinal nerves
at E10.5 in the developing mouse embryo (Niederlander and Lumsden 1996; Radomska
and Topilko 2017).

Some of the specific BC markers are Krox-20 (also known as Egr2), Prss56 (previously
described as L20), Hey2, and Wifl (Wnt inhibitory factor-1 gene) (Topilko et al. 1994;
Coulpier et al. 2009). The Krox20-expressing BC cells and the Prss56-expressing BC
produce Schwann cell precursors (SCP) in the dorsal and ventral nerve roots, which will
give rise to primarily SC (Aquino et al. 2006) and a small fraction to eFbs (Gresset et al.
2015), also a subgroup of sensory neurons (Hjerling-Leffler et al. 2005) and satellite glia
in the dorsal root ganglia (DRG) (Marol et al. 2004). A small portion of these cells migrates
along the nerves to the skin. However, there is a slight difference in the differentiating
cells from the Krox20-expressing BC cells and the Prss56-expressing BC cells at around
E13.5. The Krox20-expressing BC cells delaminate from nerves and integrate into the
cutaneous vascular plexus like pericytes. In contrast, the Prss56-expressing BC cells
remain in close contact with cutaneous nerves and differentiate into mature SCs (Figure
18).
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Figure 18. Scheme of the Krox20- and Prss56- expressing boundary cap cell fates. The Krox20-
expressing BC cells delaminate from nerves and integrate into the cutaneous vascular plexus
(left). In contrast, the Prss56-expressing BC cells remain in close contact with cutaneous nerves
and differentiate into mature SCs (right). Extracted from Radomska and Topilko 2017.

3.3. Neural crest-Schwann cell differentiation axis: stages and markers

SCs are the main glial cell of the PNS. Glial cells can provide growth support, structural
support, and/or insulation. The PNS is composed mainly of peripheral neurons, SCs, and
fibroblasts.

SCs are a very specialized cell type that wraps around peripheral axons generating
insulation and allowing the rapid propagation of the electric impulses transmitted
between neurons, the action potentials, like the wires in electrical systems. The
concentrical membrane layers to insulate axons that SCs generate are called the myelin
sheaths.

There can be myelinated or non-myelinated axons. Bigger-caliber axons are myelinated,
while small-caliber axons are non-myelinated axons. Myelination generally occurs around
axons that are equal or bigger than 1 um in diameter (Salzer 2015). There is a correlation
between the caliber of the axons and the thickness of the myelin sheath: bigger-caliber
axons have thicker myelin, and vice versa (reviewed in Sherman and Brophy 2005).

The myelinating SC-axon unit is covered with a basal lamina that is generated during
development. The basal lamina is essential for SC differentiation and myelination since it
radially polarizes the cells in the inner, adaxonal, membrane and outer, abaxonal
membrane. In between these two membranes is the myelin lamellae, the concentrical
layers of SC plasma membrane. The nucleus of the cell is localized in the abaxonal
compartment.
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Different molecules signal differently in each membrane. In the adaxonal membrane, SC-
axon interaction occurs with, for instance, the activation of the ErbB2-ErbB3 receptors
through the type Ill neuregulin in the axonal membrane. In the abaxonal membrane, the
SC plasma membrane interacts with proteins from the basal lamina as laminins.

During development, NC differentiate into SCs in a multistep process (Kristjan R. Jessen
and Mirsky 2005a). NC cells first differentiate (i) into an intermediate cell population
called Schwann cell precursor (SCP), then (ii) into immature Schwann cells (iSC) and last
(iii) into myelinating (mSC) or non-myelinating Schwann cells (nmSC) (Figure 19).

Thus, NC cells differentiate into SCPs at around day 12-13 during mouse embryonic
development. SCPs can migrate and are dependent on axonal factors to survive. SCPs
have been recently proposed to be a multipotent stem cell population cells (Kristjan R.
Jessen and Mirsky 2019) able to produce different cell types as melanocytes, endoneurial
fibroblasts (Morrison et al. 1999; Joseph 2004) parasympathetic/enteric neurons,
Chromaffin cells, and tooth pulp.

In developing mice nerves, SCPs differentiate into iSCs at E15/16 or early postnatally. The
iSCs stop migrating, become dependent on autocrine factors, not axonal, to survive and
deposit ECM components, and organize them to produce the basal lamina. This basal
lamina consists of laminins, like laminin 211, and laminin 411; collagens like collagen IV
and XV (Carey et al. 1983; Rasi et al. 2010) and heparin sulfate proteoglycans including
glypican and perlecan.

At this stage, iSCs undergo radial sorting. This process consists of ensheathing either one
bigger caliber peripheral axon to become myelinating SC (mSC) or multiple smaller caliber
axons to become non-myelinating SC (hnmSC). During this process, a proper polarization
must occur since one cytoplasmic membrane, the abaxonal, will be in contact with the
basal lamina while the other will be in direct contact with the axonal membrane, the
adaxonal (Salzer 2015; Laura, Yannick, and Carlo 2016).

Promyelinating SC spirally and gradually compacts around the axon in a 1:1 ratio to
produce the thick protective layer of myelin. Hence, myelinating SCs myelinate only a
single portion of one axon, unlike oligodendrocytes in the CNS that myelinate various
parts of different axons.

44



Melanocytes Myelin
Endoneurial fibroblasts Schwann cell
Parasympathetic neurons /
: e Repair
Pro-myelin O
f /| (Bungner)
h |
Sefiwann cel/ Q_/ Schwann cell
NG @ Radial sorting Non-myelin
@ SO (Remak)
933%) 26 Schwann cell
Neural crest
Schwann cell Immature
precursor (SCP) Schwann cell
E 12/13 Edbie: ADULT

EARLY POSTNATAL

Figure 19. Schematic representation of in vivo Schwann cell differentiation in mice. NC cells first
differentiate into an intermediate cell population called Schwann cell precursor (SCP), then into
immature Schwann cells (iSC), and last into myelinating (mSC) or non-myelinating Schwann cells
(nmSC). Extracted from (K R Jessen, Mirsky, and Lloyd 2015).

The specific molecular mechanisms that control the development SCP from NC are not
entirely understood. However, some contributing actors are known as well as some
particular markers (Figure 19)

The essential master transcription factor for the specification of NC-SC lineage is SRY (sex-
determining region Y) box 10 (SOX10). SOX10 is expressed in all migrating NC and
maintained in BC cells, satellite cells, and in nerve roots and distal nerve SCPs, and among
other derivatives from NC cells as melanocytes (Sauka-Spengler and Bronner-Fraser
2008; Jacob 2015). Although SOX10 is necessary for SC specification, it is not sufficient (K.
R. Monk, Feltri, and Taveggia 2015).

The nerve growth factor receptor (NGFR) or p75 is a well-established marker of NC cells.
Stemple and Anderson (1992) first isolated mammalian NC cells using a monoclonal
antibody to the low-affinity p75 (Stemple and Anderson 1992). The p75is a neurotrophin
receptor, a member of the tumor necrosis receptor superfamily. This receptor binds with
low-affinity to nerve growth factor (NGF), but also other neurotrophins as a brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4)
(Reichardt, 2006). In the developing human embryo, p75 is mainly expressed, although
not exclusively, in migrating NC cells (Betters et al. 2010). Moreover, p75 is needed for
axonal growth and for SC migration in mice. Knockout mice embryos for p75, p75(-/-),
showed an impaired limb innervation from stages E11.5 to E14.5 and a decreased S100B
immunoreactivity (see below) in the developing axons (Bentley and Lee 2000). In the
human adult, it is primarily expressed in SCs from peripheral nerves (GTEx Analysis
Release V8).
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Other significant markers are the transcription factor AP2a (TFAP2a), needed for SC
development, the CD57 antigen or HNK1, and the early growth response-2 (Egr2), or
Krox20. The transcription factor Krox20 expressed along the NC-SC lineage, also a marker
of boundary cap cells. In embryonic nerve roots, Krox20 positive cells colocalize with PLP
positive cells (Chen et al. 2014).

The ErbB3 or Tyrosine Kinase-Type Cell Surface Receptor HER3 is a member of the
epidermal growth factor (EGF) receptor family. This tyrosine kinase receptor has a
neuregulin binding domain but not an active kinase domain. Hence, this receptor forms
heterodimers with other EGF receptor family members, as ErbB2 (HER2), which do have
kinase activity leading to the activation of the pathway. Neuregulin 1 (NRG1) binds to the
heterodimer ErbB2/ErbB3 and activates it. NRG1 is a membrane glycoprotein, and a wide
range of different isoforms are produced from the NRG1 gene by alternative splicing and
the use of alternative promoters (Douglas, 2003). The NRG1 type Ill (also known as
Heregulin) is expressed on the axonal membrane of neurons and is essential for SCP
survival and SC differentiation (Z. Ma 2011) and myelinization (Michailov et al. 2004;
(Taveggia et al. 2005).

Cadherin 19, Cad19 (CDH19 gene), and Alpha4 integrin (ITGA4) are two specific factors
of the SCP stage.

The GPCRs are a family of membrane receptors with seven conserved transmembrane
domains that signal through the heterotrimeric G proteins. The GPR126 (also known as
ADGRG6) was discovered to be necessary for SC development in zebrafish (Kelly R Monk
et al. 2009), and, a few vyears later, it was confirmed to be also essential for SC
myelinization in mammals (Mogha et al. 2013). Collagen IV and laminin 211 bind to the
GPR126 to perform the radial sorting (Paavola et al. 2014, (Petersen et al. 2015b). Upon
GPR126 activation, a Ggs subunit stimulates the adenylate cyclase to produce cAMP from
ATP, which in turn activates the PKA that phosphorylates the cAMP-response element-
binding protein (CREB) and the NFkB. Ultimately, these effectors activate the expression
of key transcription factors for myelinization as OCT6 (also known as Poue3f1) or Krox20.

GPR56 (ADGRG1) is another GPCR involved in the SC development (Ackerman et al. 2018).
In this case, the GPR56 is necessary for timely radial sorting through the RhoA signaling
pathway. In addition, this receptor may also be relevant for myelin maintenance and
stability in the adult.

Another mechanism involved in SC development is the epigenetic regulation of histone
acetylation or deacetylation. The acetylation mechanism, when the acetyl groups are
transferred into the amino groups of Lysine residues in the tails of histone cores, the
overall chromatin structure is altered. The different conformation of chromatin, relaxed
or closed, has different functional implications. Thus, histone acetylation has been
functionally associated with active transcription while histone deacetylation with
transcription repression. In fact, the histone deacetylases 1 and 2 (HDAC1/2) have been
shown to be necessary for NC specification and for the establishment of SC lineage in vivo
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(Jacob et al. 2014). Specifically, HDAC1 and HDAC?2, together with SOX10, upregulate the
expression of Pax3.

The Growth Associated Protein 43 (GAP43) is a marker of SC development, and it is
associated with nerve growth. Proteolipid Protein 1 (PLP1) is one of the principal
components of myelin. This transmembrane protein may play a role in the compaction,
stabilization, and maintenance of myelin. Other significant components of myelin are the
Peripheral Myelin Protein 22 (PMP22) and the Myelin Protein Zero (Po or MPZ). The
Charcot-Marie-Tooth disease is a group of hereditary conditions where the peripheral
nervous system is damaged. Two different types of this disease, type 1A and type 1B, are
caused by mutations in the PMP22 gene and MPZ gene, respectively. These three myelin
proteins, PLP1, PMP22, and MPZ, as well as GAP43, start to appear at the SCP stage
(Kristjan R. Jessen and Mirsky 2005b).

The Glial Fibrillary Acidic Protein (GFAP) is a filament protein and a classical marker of
SCs.

One of the most used markers for SC identification is S100B. This protein contains a
conserved calcium-binding motif termed the EF-hand and belongs to the 24 members of
the S100 family of proteins. S100B is also expressed by chondrocytes, adipocytes,
melanocytes, astrocytes, maturing oligodendrocytes, certain neuronal populations,
skeletal myofibers, myoblasts, muscle satellite cells (Rosario Donato et al. 2009; R Donato
et al. 2013). The role of S100B in SCs is not entirely understood. During SC differentiation,
the expression of S100B starts in the immature SC stage (Kristjan R. Jessen and Mirsky
2005) and persists in myelinating and non-myelinating SCs. Sox10 has been shown to
activate the expression of S100B in rat SC differentiation, and Sox10 insufficiency
suppressed S100B and Mpz expression (Fujiwara et al. 2014).

The expression of some of these markers along the NC-SC differentiation axis is
summarized in Figure 110.
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Figure 110. Schematic representation of the main features and molecular markers during in vivo
Schwann cell differentiation. The stages of NC, SCP, and iSC are shown. The molecular markers
highlighted in blue are expressed along all NC-SC lineage, although may be expressed at different
levels depending on the cell stage; in green, the ones that are up-regulated in that stage; and in
red, the ones that are down-regulated in that stage. Adapted from(K R Jessen, Mirsky, and Lloyd
2015).

3.4. Neurofibroma cell of origin

To study the cell of origin of neurofibromas, different genetically engineered mouse
models (GEMMs) have been developed (reviewed in (Brossier and Carroll 2012).

The first knockout mouse models were developed in 1994 by Copeland and Weinberg
labs independently (Brannan et al. 1994; Jacks et al. 1994). Both groups generated KO
mice with a null mutation in the Nf1 gene. The homozygous mutant embryos died in utero
due to a severe malformation of the heart, indicating that the homozygous mutant is
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lethal at 14.5 days post conception. This lethality seems to be related to the NC-
derivatives that generate the aortic arch-derived arteries (see section 3.1) and not with
the formation of neurofibromas. The heterozygous mutant mice did not exhibit any
apparent neurofibroma after ten months of age. All these results suggested that the
“second-hit” mutation in the wild-type allele had to occur in one or more cell types in
peripheral nerves. To experimentally address this question, chimeric mice composed in
part of Nf1(-/-) cells were generated (Cichowski et al. 1999). All mice that exhibited a
moderate degree of chimerism presented PNFs resembling the human tumors. However,
cNFs were not observed.

To identify whether the specific cell type receiving the second-hit mutation was restricted
to the SC lineage or not, Zhu et al. 2002 generated a conditional model in which a Cre
recombinase ablated both floxed Nf1 alleles in Krox20 expressing cells (Nf1fo¥flox: Krox20-
Cre mice). None of these mice generated any kind of neurofibroma. However, when Cre
recombinase was expressed in Krox20 positive cells in mice with a heterozygous Nf1
background and a floxed Nf1 allele (Nf17°"; Krox20-Cre mice), all the progeny developed
PNFs by one year of age. These findings confirmed that (i) only the NfI loss in cells of the
NC-SC lineage in heterozygous background resulted in neurofibroma formation, and (ii)
highlighted the role of a heterozygous microenvironment in its formation.

Given these results, the key question was in which stage, or temporary developmental
window, the NfI inactivation had to occur for a neurofibroma to form? Which was the
cell of origin of neurofibromas?

Different laboratories further developed conditional mice models using Cre-LoxP
technology to answer this question. The strategy was again to delete the Nf1 gene using
the Cre recombinase expressed under the promoter of NC-SC stage-specific genes (Figure
111).

- Nancy M. Joseph et al. 2008 generated a mice strain that conditionally deleted
Nf1 from neural crest cells: Wnt1-Cre Nf1"/. These mice did not develop tumors
postnatally and could not form tumors upon transplantation into adult nerves.

- Wou et al. 2008 established conditional mice strain in which NfI was deleted by a
Cre recombinase in Desert Hedgehog (Dhh) expressing cells; Nf1fo¥/flox: phh-Cre
mice. These mice developed PNFs near the DRG, predominately at lower cervical
or upper thoracic levels. Importantly, these mice did not require a heterozygous
Nf1(+/-) background to develop PNFs.

- Zheng et al. 2008 generated conditional mice in which Nf1 was deleted by a Cre
recombinase in cells expressing Myelin Protein 0 (POA): Nf1°X/-; POA-Cre mice.
These mice exhibited neurofibroma formation throughout the PNS.

- Le et al. 2011 generated conditional mice using a different Cre expression
strategy. They established transgenic mice in which Nfl was deleted by a
tamoxifen-inducible variant of the Cre recombinase (Cre-ERTZ2) under the control
of the proteolipid protein (PLP) gene regulatory region: Nf1o/-: pLP-Cre-ERT2
mice. Hence, to knock out the Nf1 gene, tamoxifen was administrated orally to:
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a) pregnant mice at day E12.5, in which developing SCP cells were already present
(see section 3.2); b) lactating mothers at birth with iSC already present; c) old
adult mice, favoring the presence of myelinating or non-myelinating mature SCs.
When NfI ablation occurred in adult mice, it hardly led to neurofibroma
development. Mice only developed paraspinal neurofibromas near the DRG when
Nf1 was ablated before or during the neonatal period.

- Another work from Le and coworkers (Chen et al. 2014) sought to determine the
specific cell population that causes neurofibroma formation. They generated
another conditional mouse strain in which the NfI gene was ablated by a
tamoxifen-inducible variant of the Cre recombinase (Cre-ERT) in PLP expressing
cells. At the same time, Cre-expressing cells would be marked by the expression
of two reporters carrying LacZ and the Yellow Fluorescent Protein (YFP): Nf1flo/flox.
PLP-Cre-ERT; R26R-LacZ-YFP mice. They administrated tamoxifen orally to the
pregnant mice of the above-mentioned strain at embryonic day 11.5 (E11.5),
dissected the DRG/nerve roots from embryos at E13.5, established DRG/nerve
root neurosphere cell cultures, performed a fluorescence-activated cell sorting
(FACS) to obtain YFP* and YFP cells that equal the PLP*and PLP" cells, respectively,
and injected the PLP*and PLP" cells near the sciatic nerve of nude mice. Thirteen
out of 20 mice injected with PLP* cells (65%), which also expressed GAP43,
generated sciatic PNFs. Thus, these results suggested that a population at the SCP
stage is the cell of origin of plexiform neurofibromas.

Although all these conditional mice models generated PNFs, none of them formed cNFs,
favoring the possibility of distinct cell types originating PNFs and cNFs.

However, a previous work of the Lu Le group challenged this view. The group generated
skin-derived precursors (SKPs) from conditional mice in which the NfI gene was ablated
by a Cytomegalovirus (CMV) promoter-driven tamoxifen-inducible variant of the Cre
recombinase (CMV-Cre-ER™): Nf1719%-; CMV-Cre-ER™ mice (Le et al. 2009). The Nf1(-/-)
SKPs were injected into the sciatic nerve and formed a PNF. Besides, when investigators
applied tamoxifen into the skin of neonatal Nf1f19¥/-; CMV-Cre-ER™ mice, in vivo cNFs
developed and were visible after eight months post-application. These results supported
the view of a common cell of origin in the development of cNFs and PNFs.

These experiments showed that cNFs and PNFs could be modeled independently;
however, there were not any mice models that presented both.

In 2019, Le’s laboratory found that ablating the Nf1 gene in Hoxb7-positive cells during
development leads to the formation of cNFs and PNFs (Chen et al. 2019).

Recently, an independent laboratory led by Piotr Topilko performed elegant experiments
showing that NC-derived boundary cap cells expressing Prss56 (see section 3.1.3) could
produce cNFs and PNFs after Nfl gene ablation (Katarzyna J. Radomska et al. 2019).
Prss56-expressing BC cells gave rise to glial and nonglial derivatives in nerve roots and
skin nerve terminals. Although the Nf1 biallelic inactivation occurred in BC cells around
E11, the majority of mice, in addition to PNFs, also developed cNFs after ten months of
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age. This model allowed the tracking of the Nfi(-/-) BC cells migrating from the nerve
roots to the skin, and pointed to subepidermal glia as a likely candidate for the cellular
origin of cNFs.

The investigators followed the full progression for a cNF to form and defined four stages
in the development of the cNF. At birth, stage 1, the number of SC in the dermis almost
doubled the control (mild hyperplasia). At three months of age, stage 2, the number of
SC in the dermis increased even more (severe hyperplasia), and the SC presented a
modified morphology (hypertrophy). In this stage, there was also an accumulation of
fibroblasts and collagen fibers probably secreted by them. At six months, stage 3, many
micro-cNFs were present that contained mutant SCs with altered morphologies that
often have lost contact with axons. Fibroblasts, macrophages, and neutrophils infiltrated
the micro-lesions. Investigators also found inflammation in these lesions. At twelve
months of age, stage 4, there were visible diffuse cNFs.

Figure 111 summarized most of the reviewed neurofibroma mouse models, also showing
whether the models generated PNFs, and/or cNFs. A great effort had been made to
narrow the window in which PNFs, and cNFs originate.

Schwann cell Immature
NCSC precursor Schwann cell

Plexiform Cutaneous
neurofibromas neurofibromas
< POA-Cre > Vs No
) Kr0x20-Cre  <uuulpy Yes No
PLP-CreERT (+Tamoxifen)
_________________ > Yes No
PLP-CreERT (+Tamoxifen)
G — — — — — — — - - Yes No
PLP-CreERT
(+Tamoxifen)

- Rare No

Hoxb7-Cre
_______________ > Yes Yes

Prss56-Cre
H ——————————————— > Yes Yes

Figure 111. Schematic representation outlining the several stages of Schwann cell differentiation
and the defined periods of the Nf1 Cre-mediated recombination in several neurofibroma models.
Adapted from Le et al. 2011.
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4. Induced Pluripotent Stem Cells as a cellular model to study
tumors

Stem cells are cells with a self-renew capacity capable of differentiating into different cell
types depending on their potency (Lajtha 1979).

Thus, stem cells might be totipotent if they can generate all cell types in the body and the
placenta; pluripotent, if they can produce all cell types in the body excepting the placenta;
multipotent, if they can produce all cell types from a specific lineage; or unipotent, if cells
only can produce one specific cell type.

The stem cell potency decreases from a totipotent stage in the zygote to a unipotent
stage in a complete differentiated cell type. However, in adult tissues, there are some
remaining multipotent stem cells called adult stem cells that maintain the proper
homeostasis of organs. When damage is produced, or when cells naturally die, adult
stem cells divide to produce the tissue-specific cell types needed while maintaining their
multipotency capacity.

Embryonic stem cells (ESC) are pluripotent stem cells (PSC) that can be derived from the
inner cell mass of the blastocyst and be cultured in vitro indefinitely, maintaining their
pluripotency capacity. It was in 1998 that the first human ESC (hESC) line was derived
(Thomson 1998).

4.1. Induced pluripotent stem cells

In the regenerative medicine field, the derivation of hESC lines has represented an
unprecedented opportunity for new therapeutic strategies. However, the use of human
pre-embryos for research purposes has also been the cause of a worldwide ethical
discussion.

Nevertheless, in 2006 Kazutoshi Takashi and Shinya Yamanaka published the in vitro
reprogramming of mouse adult fibroblast cultures into induced pluripotent stem cells
(iPSCs) using the transient exogenous expression of 4 defined factors (Takahashi and
Yamanaka 2006). The specific factors, called Yamanaka transcription factors, are OCT3/4,
Sox2, c-Myc, and KIf4. These unprecedented results made Yamanaka won the Nobel prize
in Medicine in 2012, only six years after the publication of the paper.

Classically, iPSCs are characterized by the expression of specific pluripotency markers as
Nanog and their capacity to differentiate into the three different germ layers (ectoderm,
mesoderm, and endoderm).

These iPSCs can be maintained in vitro in a pluripotent state or can be differentiated into
any specific cell type. Well-defined media has to contain the particular molecules to
activate the specific differentiation pathways to produce in vitro differentiated cells
mimicking what occurs in vivo in the embryo or after birth.
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Different tools exist to deliver Yamanaka transcription factors into somatic cells. These
technologies can be classified into integrative if the delivered genetic material is
integrated into the genome of the cells, and non-integrative if the delivered genetic
material is not integrated (D. Zhu et al. 2018).

- Integrative: lentiviruses, and retroviruses.

- Non-integrative: adenoviruses, Sendai virus, mRNA transfection, miRNA
infection/transfection, minicircle vectors, episomal vectors, and direct protein
introduction.

The most common methodologies used nowadays are episomal plasmids and Sendai
viruses, which are non-integrative, abolishing the insertional mutagenesis risk and
facilitating their removal after iPSC establishment.

4.2. Induced pluripotent stem cells for disease modeling in cancer

Since the discovery of the generation of iPSCs in 2006, a lot of effort has been made to
generate iPSCs from patients or healthy donors for disease modeling and drug discovery
(Rowe and Daley 2019).

Patient-derived iPSCs from somatic cells such as fibroblasts can be differentiated into
specific cell types to study the pathological mechanisms underlying human disease and
seek new targeted treatment.

On the hereditary cancer predisposition syndrome field, a substantial endeavor has been
made to generate patient-derived iPSCs from skin fibroblasts harboring constitutional
specific mutations causative of different diseases: Fanconi anemia (13 different causative
genes)(Raya et al. 2009), breast cancer predisposition (BRCA1 and BRCA2 mutations)
(Soyombo et al. 2013), familial platelet disorder with a predisposition to acute myeloid
leukemia (RUNX1 mutations) (Antony-Debré et al. 2015), Li-Fraumeni syndrome (TP53
mutation) (D. F. Lee et al. 2015), and familial adenomatous polyposis (APC and MUTYH
mutations) (Crespo et al. 2017).

iPSC technology has also been used to reprogram cancer cells. However, the efficiency is
very low, probably due to the chromosomal and genomic composition of cancer cells or
the necessity of remodeling their epigenetic state (J. Kim and Zaret 2015). Despite the
low efficiency, there are several examples of iPSC generated from cancer cells (Pan et al.
2017), mainly from established cell lines (Bernhardt et al. 2017) and much less from
primary tumors (J. Kim et al. 2013; Kotini et al. 2017). It is worth noting that the majority
of cancer reprogramming has been done on hematological malignancies, not in solid
malignant tumors (Papapetrou 2019).

To reprogram tumor cells, the process begins with the isolation and establishment of
cultures from human biopsies, on solid tumors, or from bone marrow aspirates or blood,
on hematological malignancies (Papapetrou 2016). It is worth noticing that control iPSCs
from the same patients might be generated to obtain isogenic iPSCs lacking the specific
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mutations that the tumor cells harbor. In this case, non-tumoral tissue as skin, or non-
tumoral cells as tumor-associated fibroblasts, may be reprogrammed parallelly. Hence,
iPSC colonies obtained need to be genotyped, and then colonies carrying tumor
mutations as well as control colonies, be selected.

4.2.1. 3D cellular models

Upon the establishment of differentiation protocols, iPSC-differentiated cells might be
cultured in two dimensional (2D) attaching plates or three dimensional (3D) low attaching
plates as spheroids or organoids. Spheroids are cell-derived in vitro culture models in 3D.
Organoids have been defined as 3D structures derived from either PSCs, neonatal tissue
stem cells, or adult stem cells, in which cells spontaneously self-organize into properly
differentiated functional cell types and progenitors, and which resemble their primary
counterparts and recapitulate at least some function of the organ of origin (Huch and Koo
2015; Clevers 2016).

Spheroids have also been used to study cancer with immortalized cell lines. Although
conventional 2D immortalized cell lines are cheap and easy to culture, their experimental
use generates outcomes of less predictive clinical value. The 3D structure of spheroids is
more similar to some characteristics of solid tumors, making them a better model.

Within a spheroid, different zones with different proliferation rates and biodistribution
of nutrients occur. In the most outer part, the concentration of nutrients and oxygen rate
is much higher than in the inner. On the other hand, in the interior, the pH is lower as
well as the cellular density. All these characteristics define three different zones within
spheroids. In the interior, there might be a necrotic zone with a lower biodistribution of
nutrients and pH. In the exterior, there is the proliferation zone, where the concentration
of nutrients and oxygen is higher. In between the proliferation zone and the necrotic
zone, there is the senescent zone (E. C. Costa et al. 2016).

Spheroids might be generated with some scaffold as hydrogel or without any scaffold.
Furthermore, spheroids might be cultured as homotypic spheroids if only one specific cell
type is used or as heterotypic spheroids if two or more cell types are cultured together.
Heterotypic spheroids are a great model to mimic what happens in vivo in real tumors or
organs (Weydert et al. 2020).

4.3. iPSC differentiation protocols towards the neural crest-Schwann
cell lineage

4.3.1. Neural crest stem cell differentiation protocols

Since 2005 various differentiation protocols have been published regarding the
generation of NC cells from PSC, either from ESC or iPSC (Pomp et al. 2005; G. Lee et al.
2007a; Chambers et al. 2009; G. Lee et al. 2010; Bajpai et al. 2010; Menendez et al. 2011;
Mica et al. 2013; Denham et al. 2015; Leung et al. 2016; Tchieu et al. 2017; Hackland et
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al. 2017; Frith et al. 2018; Hackland et al. 2019; Gomez et al. 2019). Some of these studies
have helped in the understanding of critical signaling pathways to induce NC from PSC.

All these protocols vary on time required for the in vitro differentiation, the specific
signaling pathways that they activate or inhibit, whether a purification step is needed
either by Fluorescent Activated Cell Sorting (FACS) or manually, or not, and whether the
media contains serum, Bovine Serum Albumin (BSA), or neither. From 2005 until now,
every protocol has looked for better-defined conditions, moving from the use of co-
culture, serum, and purification steps (even manually or by FACS) to develop conditions
avoiding them. Moreover, all these improvements have increased the efficiency of
generating NC, lowering the expansion of neuroectoderm lineages contaminating the
cultures.

As explained before, one of them is the activation of the Wnt signaling pathway.
Menendez et al. 2011 reported the first direct NC differentiation protocol without co-
culture or purification steps. They used a chemically defined media activating the
canonical Wnt signaling simultaneously with the suppression of transforming growth
factor B (TGFPB) signaling. The activation of Wnt signaling can be achieved using a GSK3
inhibitor as CHIR 99021 (since GSK3 is an antagonist of Wnt) or using a recombinant Wnt.
Moreover, the downregulation of TGFf signaling through the use of TGFB inhibitors such
as SB432542 is another essential factor to induce NC.

The BMP signaling is also a distinct pathway to modulate to produce NC. In the earliest
publications mentioned before, authors employed inhibitors of BMPs, although using
serum-containing media (G. Lee et al. 2010; Mica et al. 2013b). However, currently,
authors have observed that activation of the BMP signaling pathway also induces NC
differentiation (Hackland et al. 2017; 2019). Thus, a certain degree of BMP signaling may
also be required for NC induction.

After the application of a differentiation protocol, quality control of the differentiated
populations is required (Tabar and Studer 2014). The analysis of specific lineage identity
markers is essential through cytochemistry or expression analysis and functional
validation.

A wide variety of NC markers can be used to monitor the differentiation process. These
include transcription factors such as SOX9, SOX10, SNAIL, and TFAP2A, and also
cytoplasmic and membrane markers such as p75, and HNK1 (see section 3.4).

Regarding the functional validation of NC, the assays used are based on their natural
capacity to migrate and to produce different cell types (multipotency). Hence, classical
migration scratch assays (or wound healing assay) might be used to evaluate the
migration capacity of the ESCs or iPSCs-derived NCs, and distinct differentiation protocols
might be applied to the ESCs or iPSCs-derived NCs to produce different cell types with a
consequent evaluation of cell type-specific markers. In this case, differentiation protocols
might be used towards pigmented cells (melanocytes), peripheral nervous system cells
(peripheral neurons or SCs, etc.), or mesenchymal lineages (chondrocytes, osteoblasts,
adipocytes, smooth muscle cells, etc.).

55



4.3.2. Schwann cell differentiation protocols

Several protocols have been published to generate in vitro SCs from ESCs or iPSC-derived
NC cells (Rathjen et al. 2002; Motohashi et al. 2007; G. Lee et al. 2007b; Zhou and Snead
2008; Kawaguchi et al. 2010; Wang et al. 2011; Ziegler et al. 2011; Liu et al. 2012; and
reviewed in M. Ma, Boddeke, and Copray 2015). In Table 4, there is a summary of the
conditions used in different protocols.

The majority of them use the activation of the erbb2/erbb3 receptor complex by using
exogenous type Il neuregulin as neuregulin 1 (NRG1) or heregulin. As explained earlier,
type Ill neuregulin is expressed on the axonal membrane of neurons and is essential for
SCP survival and SC differentiation (Z. Ma 2011) and myelinization (Michailov et al. 2004,
Taveggia et al. 2005).

The addition of ascorbic acid to the differentiating media also induces myelination
(Eldridge, Bunge, and Wood 1987). Various differentiation protocols use ascorbic acid in
the last steps of their protocols or when performing in vitro myelination assays (see
below; H. S. Kim et al. 2017).

As stated before, it is crucial to perform quality control on the differentiated progeny. In
this case, the analysis of the markers can be performed using stage-specific markers
either dynamically through the differentiation process or at the end-point stage. There
are plenty of different markers that can be used. The classical ones are S10083, p75, GFAP,
GAP43, PLP1, MPZ, and PMP22 (section 3.4).

SC functional validation might be based on the biological capacity of SCs to myelinate
axons, commonly performed through an in vitro myelination assay (Ziegler et al. 2011b;
Liu et al. 2012). This assay consists of co-culturing rat or mouse DRG neurons with
differentiating SCs and the evaluation of myelin production by SCs in contact with axons.
Another possible functional assay is the sciatic nerve injury model (A. Wang et al. 2011)
in which mice or rat sciatic nerve is damaged, differentiating SCs are injected in the
damaged site, and their capacity to repopulate and myelinate the nerve is evaluated.
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Author Source Culture condition Progeni Purification Intermediate Differentiation SC/ gliainduction Markers SC SC
tor stage potential medium function markers
stage markers ality

(Rathjen et Mouse 1) DMEM + 10%FCS + Neural Sox10 Glial cells 1) 10 ng/ml FGF2, GFAP

al. 2002) ESCs MEDII 2) DMEM + crest 20 ng/ml EGF, and

ITSS supplement and 1 ug/ml laminin 2)
FGF2 + staurosporine 10 ng/ml FGF, and
10 ng/ml PDGF-AA

(Motohash Mouse ST2 stromal cells 10% Neural cKit+/ CD45- Sox 10, Snail, Neurons, glia BMP2, NRG1 GFAP

ietal. ESCs FCS, dexamethasone, crest cells Pax3, Miyf-M cells, and

2007) FGF2, cholera toxin, melanocytes

Et-3, RA

(Kawaguch Mouse EB formation N2, B27, Neural Sox10+cells Sox10, Sox9, Neurons, glia N2,B27, 20 ng/ml GFAP

i etal. ESCs RA, EGF, bFGF, crest Id2, 1d3, Slug, cells BMP4, 20 ng/ml

2010) noggin, Wnt3a, Lif, Et- Snail GDNF

3
(G.Leeet Human MS-5stromalcells. 1) Neural p75+/ Sox10, Neurons, SCs,  CNTF, neuregulin 1 S1008B,
al. 2007b) ESCs N2 medium sonic crest Hnk1l+ cells Pou4F1, myofibroblast, B,10 ng/ml bFGF,  GFAP,
hedgehog, FGFS, SCN3A, adipocytes, and dbcAMP MBP
BDNF, and AA 2) N2 TFAP2B, chondrocytes,
medium FGF2, AA, ITGA4, ... osteocytes
and BDNF

(Zhouand Human EB formation. Neural Frizzled3+/ GFAP, typell Neurons,SCs, 20ng/mlIGF-1, GFAP

Snead ESCs crest Cadherinll collagen, chondrocytes, and 1nM NRG1

2008) + cells peripherin, osteoblasts,

Runx2, SMA  smooth muscle,

and
odontoblasts
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(Ziegleret Human PAG6 stromal cells. Neural (Pomp 2008) Neurons, and 1% FCS, 1% N2, S100B+/ Chick S1008,

al. 2011b) ESCs Neurospheres crest SCs 10ng/ml bFGF, GFAP+ embryon MBP,
4uM forskolin, 60%, ic DRG GFAP
10ng/ml human p75, neurons
neuregulin-1. Hnk1, co-
MBP and culture
PMP22.
(A. Wang Human EB formation 20 Neural p75+ Sox10, Hnk1, Neurons, SCs,  CNTF, neuregulin 1 S1008B, The S100B
et al. ESCs/ ng/ml bFGF and 20 crest TFAP2, chondrocytes, beta, and dbcAMP GFAP sciatic
2011) iPSCs ng/ml EGF, neural nestin, Slug,  osteoblasts, (G. Lee et al. nerve
rosettes Brn3a adipocytes, and 2007a) injury
smooth muscle model
precursors
(Liuetal. Human EBformation, B27, Neural p75+ p75, Hnk1, Neurons, SCs, MesenPRO S1008, Rat MBP
2012)Liu ESCs/ PA6-conditioned crest Sox10, Sox9, chondrocytes, supplemented GFAP, embryon
2012 iPSCs medium, 20ng/ml Msx1, TFAP2, osteoblasts, with 20ng/ml 75, SOX9, ic DRG
FGF2, 10 uM Rock Slug and adipocytes heregulin f1 ErbB3, neurons
inhibitor, and 200uM MBP, coculture
ascorbic acid PLP1,
PMP22

Table 14. List of different publications using differentiation of neural crest cells and Schwann cells from pluripotent stem cells. ESC: embryonic stem cell; iPSC:
induced pluripotent stem cell; MEDII: conditioned medium taken from the human hepatocellular carcinoma cell line, HepG2. FCS: fetal calf serum. Et-3:
endothelin 3. SMA: smooth muscle actin, ITSS: insulin transferrin-sodium selenite. Adapted from Ma 2015.
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5. Neurofibromatosis type 1 models

Different models for cNFs and PNFs have been developed, both in vitro cell-based, like
primary cells, immortalized cells, and 3D culture models; and in vivo, like genetically
modified mouse models (GEMMs; section 3.6). Moreover, iPSCs from skin-fibroblast of
different NF1 patients have also been generated.

5.1. Primary and immortalization cell lines in 2D and 3D

Primary SCs and eFb cultures from neurofibromas have been established as primary
models to study cNFs and PNFs (Rosenbaum et al. 2000; Serra et al. 2000; Muir et al.
2001). The engraftment of SC cultures into peripheral nerves of immunodeficient mice
formed only incipient growths (Muir et al. 2001). However, these primary cultures are
perishable models since, after several passages, SCs decrease their proliferation rate and
finally stop dividing to either fully differentiate or undergo senescence. This reduces their
use in mid-large-scale molecular and cellular experiments. Immortalized cell lines have
been established to overcome this problem (H. Li et al. 2016). Nevertheless,
immortalization changes the physiological state of the cells.

In 2018 R. Mattingly’s laboratory developed a 3D culture model of PNF using
immortalized SC lines (Kraniak et al. 2018). They compared the effects of three different
drugs, Selumetinib (a MEK inhibitor), picropodophyllin (an IGF-1R inhibitor), and LDN-
193189 (a BMP2 inhibitor), on SC proliferation in 2D and 3D cultures with dose-response
experiments. Cell lines grown in 3D showed increased resistance to proliferation
inhibition compared to 2D cell lines. This is a clear example that using 3D cultures can
closer resemble what might occur in a real tumor.

Another example of a 3D model of neurofibroma has been developed recently in
Stéphane Bolduc’s lab (Roy et al. 2020). In this case, they produced a 3D cutaneous
neurofibroma model using primary cell culture fibroblasts (Fbs), cNFs-derived SCs, and
keratinocytes. The model has the drawback of a long period of culturing (52 days) and
the use of perishable primary cell cultures. However, in specific contexts, this model could
be used as a platform to seek new treatment possibilities for cNFs.

5.2. Genetically modified mouse models

GEMMS have been used in the NF1 field to study the cell of origin and, also, to use as a
pre-clinical model in drug testing. Different GEMMS generating neurofibromas have been
previously summarized in section 3.6.
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5.3. Neurofibromatosis type 1 induced pluripotent stem cell models

As explained before, different patient-derived iPSCs from distinct hereditary
predisposition cancer syndrome have been developed.

In the NF1 field, the first NF1 patient skin Fb-derived iPSCs were generated using the
integration-free Sendai virus in D. H. Gutmann’s laboratory (Anastasaki and Gutmann
2014; Anastasaki et al. 2015, and reviewed elsewhere (Wegscheid, Anastasaki, and
Gutmann 2018). The group differentiated control iPSCs and NF1 patient-iPSCs into neural
progenitor cells (NPCs) and evaluated the overall neurofibromin expression of iPSCs and
NPCs (Anastasaki et al. 2015). Moreover, these investigators used Cas9 technology to
obtain isogenic human iPSCs harboring different constitutional NF1 mutations,
differentiated them into NPC in 2D and 3D, and compared the potential effects caused
by the distinct constitutional mutations (Anastasaki et al. 2020).

An independent laboratory also published the generation of NF1 patient skin fibroblast-
derived iPSCs using a doxycycline-inducible lentiviral vector carrying the reprogramming
factors OCT4, KLF4, SOX2, and c-Myc (Larribere et al. 2015). They showed that NF1(+/-)
patient-derived iPSCs undergo abnormal melanocyte differentiation and that NFI loss
induces senescence during melanocyte differentiation, like in patient-derived CALMs.

These works used patient-derived Fb bearing the constitutional NF1 mutation as a source
for NF1(+/-)iPSC generation but did not address the possibility of reprogramming  NF1(-
/-) cells, particularly those present in neurofibromas. So far, no group has used iPSCs to
differentiate them into NC cells and further to SCs, to study neurofibroma initiation and
development in vitro.
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The three main objectives of this thesis are:

1) To develop an unperishable model system to study plexiform neurofibromas
(PNFs)
- To develop an induced pluripotent stem cell (iPSC)-based differentiation
model system for PNFs
- To study the role of the NF1 gene in Schwann cell (SC) differentiation
- To get a deeper insight into the identity of the PNF cell of origin

2) To study the identity of the cells composing PNFs and their implication in PNF
development
- To study the heterogeneity of the PNFs SC component
- To study the role of endoneurial fibroblast (eFb) in PNF formation

3) To study the signaling between SCs and eFbs in relation to cutaneous
neurofibroma (cNF) growth
- To identify a cell type-specific expression profile in cNFs produced by
heterotypic interactions between SCs and eFbs
- To translate gene expression profiles into signaling pathways and study
their potential implication in cNF growth and potential druggability.
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Materials & Methods
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1. Human Samples: plexiform and cutaneous neurofibromas

Tumor samples as plexiform neurofibromas (PNFs) or cutaneous neurofibromas (cNFs)
were kindly provided by Neurofibromatosis type 1 (NF1) patients after giving written
informed consent for iPSC generation, genomic analysis studies, or neurofibroma-derived
cultured cells. The patients were diagnosed according to standard diagnostic criteria
(DeBella, Szudek, and Friedman 2000). Tumor samples were obtained by surgery, and,
immediately after excision, placed in DMEM medium (Gibco) supplemented with 10%
Fetal Bovine Serum (FBS; Gibco) + 1x GlutaMAX (Gibco) + 1x Normocin antibiotic cocktail
(InvivoGene), and shipped at room temperature to our laboratory. Tumors were
processed as follows under aseptic conditions: surrounding fat tissue and skin were
removed, tumors were cut into 1-mm pieces and cryopreserved in 10% DMSO (Sigma) +
90% FBS(Gibco), and stored in liquid nitrogen until used.

2. Primary cell culture

2.1. Tumor digestion and primary cell culture establishment
2.1.1. Tumor digestion

Cryopreserved PNFs and cNFs were thawed, cut into smaller pieces using a scalpel, and
digested with 160 U/mL Collagenase Type 1 and 0.8 U/mL Dispase (Worthington,
Lakewood, NJ) for 16 hours at 372C. After that, cell suspension was passed through a glass
pipette around 10 times to obtain a single-cell suspension that was collected and
centrifuged at 1400 rpm 5 minutes. The pellet was collected and resuspended in a small
volume of Schwann Cell Media (SCM, see recipe below). The supernatant was centrifuged
again at 1400 rpm 5 minutes to increase the number of viable cells. This step was
repeated a second time, and the pellets obtained were pulled together and counted using
a hemocytometer (Neubauer chamber). Two types of cultures were established from
digested tumors: Schwann cells (SCs) and endoneurial fibroblasts (eFbs).

2.1.2. Schwann cell culture

To establish SC cultures, dissociated tumor cells were seeded onto 0.1 mg/mL Poly-L-
lysine (Sigma) and 4 mg/mL Laminin (Gibco)-coated dishes in SCM (Table M1) which is
DMEM (Gibco) with 10% FBS (Gibco), 500 U/mL Penicillin/500 mg/mL Streptomycin
(Gibco), 0.5 mM 3-iso-butyl-1-methilxantine (IBMX, Sigma), 2.5 mg/mL Insulin (Sigma), 10
nM Heregulin-b1 (PeproTech), and 0.5 mM Forskolin (Sigma). Cells were maintained at
372C under a 10% CO; atmosphere.

It is crucial to seed at least 5 x 10% cells per cm? to generate a viable SC culture. It is also
essential not to touch the culture for 4 days to let cells attach to the plate. After 4-5 days
the media was changed every other day.
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Once the culture was established, cells were passaged when they reached confluency
with 0.05% Trypsin-Ethylenediaminetetraacetic acid (EDTA) (Gibco) and plated in SCM.
24 hours later, the culture medium was replaced by SCM without Forskolin, and 24 hours
later media was changed and replaced for SCM for an additional 2—3 days. This process
was repeated in cycles. SC purity was assessed by performing S100B staining (see below).
SCs were passaged approximately once a week, diluting the cells 1:2.

SCs were cryopreserved in 10% DMSO (Sigma) + 90% FBS(Gibco), and stored in liquid
nitrogen until used.

SCM

DMEM

FBS 10%
Penicillin/Streptomycin 500 u/mL /500 u/mL
3-iso-butyl-1-methilxantine 0.5mM

Heregulin-b1 10nM

Forskolin 0.5mM

Table M1: Schwann cell media composition.
2.1.3. Endoneurial fibroblast culture

Tumor dissociated cells were plated in DMEM supplemented with 10% FBS media and 1x
GlutaMAX (Gibco) and 500 U/mL Penicillin/500 mg/mL Streptomycin (Gibco) to isolate
eFbs. Cells were maintained at 37°C under a 5% CO2 atmosphere. Cells were passaged
when necessary using 0.25% Trypsin-EDTA, approximately once a week, diluting the cells
1:2-1:4.

EFbs were cryopreserved in 10% DMSO (Sigma) + 90% FBS(Gibco), and stored in liquid
nitrogen until used.

2.1.4. Schwann cell and endoneurial fibroblast co-culture experiment

SC and eFb co-cultures were grown under SC culture conditions with some modifications,
which are the following: cells were seeded onto 0.1 mg/mL Poly-L-lysine (Sigma) and 4
mg/mL Laminin (Gibco)-coated dishes in SCM without IBMX (Sigma) to favor eFb growth.
A total of 5 x 10* cells per cm? were seeded, and 24 hours later, the media was changed
to SCM without IBMX nor Forskolin. Co-cultures were maintained at 379C under a 10%
COz atmosphere for a total of 72 hours (24 hours with media containing Forskolin and 48
hours with media without Forskolin). At this point, supernatants were collected for
further analysis, and cells were trypsinized using 0.25% Trypsin-EDTA. A fraction of cells
was analyzed for p75 expression by flow cytometry, and another fraction was pelleted
and frozen for RNA extraction.
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3. Induced pluripotent stem cell generation, characterization,
and differentiation

3.1. Induced pluripotent stem cell generation

The generation of PNF-derived iPSCs was performed in collaboration with the group of
Dr. Angel Raya at Centre de Medicina Regenerativa de Barcelona (CMRB).

Two different strategies were used to generate iPSC lines. The first one consisted of
establishing SC and eFb cultures and reprogram them. The second one consisted of
digesting the tumor and directly reprogram the dissociated cells after 48 hours of plating
them. Primary cultures were prepared in our lab and transported to the CMRB for
reprogramming.

Between 1 x 10* and 2 x 10% cells were reprogrammed through the delivery of human
cDNA coding for OCT4, SOX2, KLF4, and cMYC transcription factors using the non-
integrative reprogramming Cytotune-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher
Scientific), according to the manufacturer’s protocol. Approximately 3 or 4 weeks after
transduction, colonies displaying embryonic stem cell-like morphology were selected for
further characterization and genotyping. iPSC established lines were grown on dishes
coated with growth factor-reduced Matrigel (BD Biosciences) in mTeSR medium
(StemCell Technologies).

3.2. Standard induced pluripotent stem cell characterization

The standard characterization of the iPSC lines was performed in Dr. Angel Raya
laboratory at CMRB.

Alkaline phosphatase activity was demonstrated using the Alkaline Phosphatase Blue
Membrane Substrate Solution (Sigma). Briefly, iPSCs were grown on top of mitotically
inactivated human foreskin fibroblasts (HFF) for one week. Cells were fixed for 2 min in
3.7% paraformaldehyde (PFA) and exposed to the substrate solution. After 20 min
incubation in the dark, blue staining was evident in iPSC colonies.

Detection of pluripotency-associated markers (nuclear: OCT4, SOX2, and NANOG;
cytoplasmic: SSEA3, SSEA4, and Tra-1-81) was performed on iPSC cultured on HFF for 8
days and fixed with 4% PFA. Then, samples were processed for immunocytochemistry.

In vitro differentiation ability to the three germ layers was carried out through embryoid
body (EB) formation. For endoderm, EBs were plated on 0.1% gelatin (Millipore) coated
coverslips and cultured 3 weeks in KODMEM (Gibco) supplemented with 20% FBS
(Hyclone), 1x penicillin/streptomycin (Gibco), 2mM Glutamax (Gibco), 0.05 mM 2-
mercaptoethanol (Gibco), 1x non-essential amino acids (Lonza). For mesoderm induction,
the same medium was used as before mentioned with the addition of 0.5 mM L-ascorbic
acid (Sigma). Ectoderm differentiation was performed culturing the EBs in suspension in
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N2B27 medium (Neurobasal: DMEM: F12 50:50 v/v, 1x N2 supplement, 1x B27
supplement, 1x Glutamax) supplemented with b-FGF. After 10 days in culture, EBs were
plated on Matrigel (Corning) coated coverslips and cultured for an additional three weeks
in N2B27 medium without b-FGF. Differentiated cells were fixed with 4% PFA.
Immunocytochemistry was performed by standard methods. Primary antibodies used are
listed in Table M5. Secondary antibodies were of the Alexa Fluor series from Jackson
Immuno Research and used between 1:250 and 1:500 dilution. Cell nuclei were
counterstained with 0.5 pg/mL DAPI (Invitrogen). Images were acquired with an SP5 Leica
confocal microscope.

For karyotyping, iPSCs were cultured on Matrigel in the absence of HFF and treated with
colcemid (Gibco) at a final concentration of 0.1 pg/mL and processed as described
(Campos et al. 2009).

Sendai virus reprogrammed iPSC lines were subjected to qualitative PCR to check that
they were vector-free at passage 10. The genetic expression of endogenous pluripotency-
associated genes (OCT4, NANOG, CRIPTO, and Rex1) were confirmed by gPCR. Primers
employed are listed in Table M4.

For DNA methylation analysis, genomic DNA was extracted from cell pellets using the
QlAamp DNA Mini Kit (Qiagen 51304). DNA methylation analysis was performed with the
Methylamp DNA Modification kit (Epigentek) according to the manufacturer’s
specifications. OCT4 and Nanog promoters were amplified by PCR using primers
previously described in (Freberg et al. 2007), amplified in DH5a cells, purified, and
sequenced.

Severe combined immunodeficient beige mice (Charles River Laboratories) were used to
generate teratomas from two iPSC lines, 5PNFiPS(+/-)and 5PNFiPS(-/-). Animal assays
were conducted following experimental procedures previously approved by the
Institutional Ethics Committee on Experimental Animals, in full compliance with Spanish
and European laws and regulations. Teratomas were stained with hematoxylin-eosin and
also the detection of the three germ layers was done by immunocytochemistry.
Antibodies used are included in Table M5.

3.3. Pluripotent stem cell culture

Embryonic stem cells and iPSCs were cultured in 1:20 diluted Matrigel-coated 6-well
plates with mTeSR (StemCell Technologies) and maintained at 372C under a 5% CO;
atmosphere. Cells were passaged when necessary with Accutase (Thermo Fischer
Scientific).

3.4. Neurofibromin Western blot analysis

iPSCs were grown under their specific conditions. When cells reached 80% confluency,
they were washed with chilled phosphate buffered saline (PBS) twice and lysed with RIPA
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buffer (50 mM Tris-HCl (pH 7.4), 150mM NaCl, 1mM EDTA, 0.5% lIgepal CA-630)
supplemented with 3mM DTT (Roche), 1ImM PMSF (Fluka), 1mM sodium orthovanadate
(Sigma), 5mM NaF (Honeywell), 10 ug/mL leupeptin (Sigma), 5ug/mL aprotinin (Sigma)
and 1xPhosSTOP (Roche). Protein was quantified with the Pierce BCA Protein Assay kit
(ThermokFisher Scientific) following the manufacture’s instructions.

Lysates were boiled with 1X Laemmli buffer, and 90 ug of protein was subjected to SDS-
PAGE and transferred onto PVDF membranes (18 hours 90mA at 42C). Membranes were
blocked with Odyssey Blocking Buffer (PBS)(LI-COR) and incubated with rabbit anti-
neurofibromin Antibody (1:1000, Bethyl laboratories) at 42C overnight and with mouse
anti-atubulin (1:4000, Sigma-Aldrich) for 1 hour at room temperature. Membranes were
then incubated with IRDye 680LT and IRDye 800CW secondary antibodies (1:25,000 and
1:15,000, respectively; LI-COR) for 1 hour at room temperature and scanned using the
Odyssey Infrared Classic Imaging System (LI-COR).

3.5. Cell differentiation protocols

3.5.1. Neural crest differentiation

Neural crest (NC) differentiation was performed as described by (Menendez et al. 2013)
with some modifications. In brief, iPSCs were plated at a density of 9 x 10* cells/cm? onto
Matrigel-coated plates in mTeSR medium. The following day, the medium was replaced
with hESC maintenance medium: DMEM:F12 (Gibco) 1:1; 5 mg/mL Bovine Serum
Albumin (BSA, Sigma); 100 U/mL penicillin/100 pg/mL streptomycin (Gibco); 2 mM
GlutaMAX (Gibco); 1 x MEM non-essential amino acids (Gibco); 1 x trace element A; 1 x
trace element B; 1 x trace element C (Corning); 90 uM 2-B-mercaptoethanol (Gibco); 10
ug/mL apo-transferrin (Sigma); 50 pg/mL sodium L-ascorbate (Sigma); 10 ng/mL
heregulin 1 (PeproTech); 10 ng/mL activin A (PeproTech); 200 mg/mL LONG R3 IGFR
(PeproTech); 8 ng/mL basic fibroblast growth factor 2 (bFGF, PeproTech). Next day, the
medium was replaced with neural crest media (NC media, Table M2): hESC medium
without activin and supplemented with 2 uM CHIR99021 (StemCell Technologies) and 20
UM SB431542 (StemCell Technologies), and was replaced every day. NCs were
maintained in this medium and split with Accutase when necessary.

The differentiated-NC cells could be frozen and thawed, maintaining their multipotency
capacity.
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NC media

DMEM/F12 1:1

BSA 5 mg/mL
Penicillin /Streptomycin 100 U/mL /100 ug/mL
GlutaMAX 2 mM
MEM non-essential amino acids 1x

Trace element A 1x

Trace element B 1x

Trace element C 1x
2-B-mercaptoethanol 90 uM
Apo-transferrin 10 pg/mL
Sodium L-ascorbate 50 ug/mL
Heregulin B1 10 ng/mL
LONG R3 IGFR 200 ng/mL
bFGF 2 8 ng/mL
CHIR99021 2 uM
SB431542 20 uM

Table M2: Neural crest media composition.
3.5.2. Schwann cell differentiation from neural crest cells

The SC differentiation protocol was based on the described protocol by (Ziegler et al.
2011c) with some modifications.

For SC differentiation in 2D, 4 x 10* NC cells/cm? were plated onto 0.1 mg/mL Poly-L-
lysine (Sigma) and 4 mg/mL Laminin (Gibco)-coated plates and cultured in SC
differentiation medium (Table M3): DMEM:F12 (3:1); 100 U/mL Penicillin/100 mg/mL
Streptomycin antibiotics (Gibco); 1% FBS (Gibco); 5 uM Forskolin (Sigma); 50 ng/mL
Heregulin B1; and 2% N2 supplement (Gibco). The medium was replaced twice a week
and samples were collected at 7, 14, and 30 days for subsequent analysis.

SC differentiation media

DMEM:F12 3:1
Penicillin/streptomycin 100 U/mL / 100 mg/mL
FBS 1%

Forskolin 5uM

Heregulin B1 50 ng/mL

N2 supplement 2%

Table M3: Schwann cell differentiation media composition.

For SC differentiation in 3D, 4 x 10* NC cells/cm? were plated onto 0.1 mg/mL poly-L-
lysine (Sigma) and 4 mg/mL laminin (Gibco)-coated plates and cultured in SC
differentiation medium. At day 5, cells were detached from plates using Accutase,
counted using a hemocytometer (Neubauer chamber), and transferred into
AggreWell™800 24-well plates (Stem Cell Technologies) in SC differentiation media
following manufacturer’s instructions. AggreWell™800 plates allow the generation of a
large number of highly uniform spheroids. Each well has approximately 300 microwells
allowing for the generation of 300 spheroids, and each microwell is 800 um in size.
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Briefly, AggreWell plates were treated with an Anti-Adherence Rinsing Solution (Stem Cell
Technologies) to avoid cells attaching to the plate surface. 1.2 x 10° SC differentiating
cells were transferred into a well of the Aggrewell™800 24-well plate in 2 mL of SC
differentiation medium and centrifuged at 100 x g for 3 minutes to bring cells to the
bottom of microwells.

We also generated heterotypic spheroids consisting of iPSC-differentiating SC mixed with
primary eFb from PNFs. Briefly, 8.4 x 10° of 5-day differentiating SCs were transferred
together with 3.6 x 10° of PNF-derived eFb into AggreWell ™800 plates.

The medium was changed twice a week, removing 1 mL and replacing it with 1 mL of
fresh SC differentiation media. 9 days after (a total of 14 days of SC differentiation),
spheroids were collected and processed for subsequent analysis.

3.5.3. Peripheral neuronal differentiation from neural crest cells

Peripheral neuronal differentiation from NC was based on the protocol published by
Menéndez et al. (2013) with small modifications. In brief, 1 x 10° cells/cm? were seeded
onto Matrigel-coated plates in NC differentiation medium. Next day, the media was
changed to neural differentiation media: DMEM:F12 (Gibro) 1:1, 1% N2 supplement
(Gibco); 1x penicillin-streptomycin, 10ng/ mL BDNF (Peprotech), 10 ng/mL NGF
(Peprotech), 10 ng/mL GDNF (Peprotech), 10ng/mL NT3 (Peprotech), 200 uM ascorbic
acid (Sigma), and 0.5mM 8-Bromo-cAMP. The media was replaced every 2 days for 14
days. At this point, cells were fixed in 4% PFA for immunocytochemistry analysis.

3.5.4. Melanocyte differentiation from neural crest cells

Melanocyte differentiation from NC was performed as described by (Fukuta et al. 2014).
In brief, cells were plated onto fibronectin-coated dishes in NC media supplemented with
10 uM SB432542 (StemCell Technologies) and 1 uM CHIR99021 (StemCell Technologies).
Next day, the media was changed into NC differentiation media supplemented with 1 uM
CHIR9902 (StemCell Technologies), 25 ng/mL BMP4 (Peprotech), and 100 nM endothelin-
3 (Sigma Aldrich). The media was replaced every 2 days for 7 days. At this point, cells were
fixed with 4% PFA for immunocytochemistry analysis.

3.6. Functional assays

3.6.1. Proliferation assay

2 x 10° iPSCs (ES4, FiPS, and iPSC) were plated onto Matrigel-coated 6-well plates in
mTeSR medium. After 72h, cells were treated with 20 uM EdU for 2 hours, fixed,
permeabilized, and click labeled with Alexa Fluor 488 azide using Click-iT Plus EdU Flow
Cytometry Assay Kits (Thermo Fisher) according to the manufacturer protocol. Cells were
also stained with propidium iodide to detect DNA content. Data was collected and
analyzed using a BD LSR Fortessa SORP and BD FACSDiva 6.2 software.
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3.6.2. Migration assay

5 x 10* NC cells per cm? were plated onto Matrigel—-coated 6-well plates in NC media.
When cells reached confluence, a scratch area was created using a sterile tip. The
medium was replaced, and migration was monitored after 6 and 24 hours by microscopy.
To obtain cell migration data, 9 fields covering the scratch area were imaged with a 10x
objective at 0, 6, and 24 hours after the scratch. 9 images were merged using a tile scan
tool from the LAS X software (Leica), and the scratch area was indicated at 6 and 24 hours.

3.6.3. Myelination assays

In vitro myelination assay was performed as described in (H. S. Kim et al. 2017b) co-
culturing rat dorsal root ganglia (DRG) neurons (Innoprot, Spain) with 7-day
differentiating SCs for 30 days.

In brief, 1 x 10* neurons were seeded onto 0.1 mg/mL Poly-L-lysine (Sigma) and 4 mg/mL
Laminin (Gibco)-coated 24-well plates with DRG growth media (B-27 Plus Neuronal
Culture System (ThermoFisher Scientific)) for 2 days. The media was changed to DRG
differentiation media (B-27 Plus Neuronal Culture System with 1% FBS, 4 g/L glucose, and
50 ng/mL NGF) for 2 days. Then, 2 x 10* 7-day differentiating SCs were plated on top of
the neurons with DRG differentiation media for 7 days. At this point, media was replaced
with DRG myelination media (DRG differentiation media plus 50 mg/L L-ascorbic acid
(Sigma-Aldrich)) during 3 weeks of changing media every day. Cells were then fixed in 4%
PFA for immunocytochemistry analysis.

4. Molecular biology techniques

4.1. DNA extraction from tumors and cells

Genomic DNA from tumors was extracted using the Gentra Puregene Kit (Qiagen,
Chatsworth, CA) following the manufacturer’s instructions, after tissue homogenization
using Tissue Lyser (Qiagen). DNA was quantified with Nanodrop 1000 spectrophotometer
(ThermoScientific).

Genomic DNA from primary cells, iPSCs, NC cells, and differentiating SCs was extracted
using Maxwell 16 Cell DNA Purification kit (Promega) following the manufacturer’s
instructions in the Maxwell 16 Instrument (Promega). DNA was quantified with Nanodrop
1000 spectrophotometer (ThermoScientific).

4.2. RNA extraction from tumors and cells

Tumors were thawed in DMEM supplemented with 10% FBS, homogenized using
TissueRuptor Il (Qiagen), and total RNA was extracted using TriPure Isolation Reagent
(Roche) following the manufacturer’s instructions. RNA was quantified with Nanodrop
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1000 spectrophotometer (ThermoScientific). Quality was assessed with Bioanalitzador
2200 TapeStation (Agilent).

Total RNA from primary cells, iPSCs, NC cells, and differentiating SCs was extracted using
the 16 LEV simplyRNA Purification Kit (Promega) following the manufacturer’s
instructions in the Maxwell 16 Instrument (Promega). RNA was quantified with Nanodrop
1000 spectrophotometer (ThermoScientific).

4.3. Germline and somatic NF1 mutation analysis

NF1 germline and somatic small pathogenic variants were detected by NF1 cDNA Sanger
sequencing or by gDNA sequencing using the I2HCP NGS custom panel (Castellanos et al.
2017). Changes in copy number (mid-size deletions, exons, or larger deletions) were
detected by Multiplex Ligation-dependent Probe Amplification (MLPA) analysis from PNF-
derived SCs treated with 250 pg/mL Puromycin (Sigma) or PNFs DNA following Genetic
Diagnostics for Hereditary Cancer Unit protocols.

4.3.1. Sanger sequencing

NF1 constitutional and somatic mutations were confirmed by DNA Sanger sequencing
(GATC Biotech). Sequences were analyzed using the CLC workbench 8 software.

4.3.2. Microsatellite Multiplex PCR Analysis

Loss of heterozygosity of the NF1 locus was detected by Microsatellite Multiplex PCR
Analysis (MMPA) of chromosome 17 (Garcia-Linares et al. 2011).

In brief, 50 ng of DNA was used in the QIAGEN Multiplex PCR Kit (QIAGEN). The 10x primer
mix had been prepared before in the laboratory. The PCR conditions were 15 minutes a
959C, 23 cycles of 30 seconds at 942C, 3 minutes at 569C, and 1 minute and 30 seconds
at 729C, and then an additional 30 minutes at 602C. For 1 ul of the PCR product, 9 ul of
formamide was added as well as 0.5 pl of GeneScan™ 500 LIZ™ dye Size Standard
(ThermokFisher Scientific). This mixture was sent to the Translational Genomic Unit at IGTP
to analyze the microsatellite amplified fragments through the ABI Prism 3130 Genetic
Analyzer (ABI). Raw data was analyzed using the Peak Scanner 2.0 software. LOH was
assessed by comparing microsatellite peak-heights of constitutional and tumor samples
as described elsewhere (Garcia-Linares et al. 2011).

4.4. Genomic analysis

4.4.1. SNP array

Single nucleotide polymorphism (SNP)-array analysis was performed at Centre de
Regulacio Gendmica (CRG)-Centre Nacional d’Analisis Genomics (CNAG) on selected
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samples using lllumina HumanOmniExpress vl BeadChips (730,525 SNPs). B Allele
Frequency (BAF) and log R ratio (LRR) were analyzed with the R package ASCAT (Van Loo
et al. 2010) to obtain loss of heterozygosity (LOH) and allele-specific copy number (CN)
profiles. All samples were analyzed independently and treated as unpaired samples, using
the germline genotype prediction functionality from ASCAT.

4.4.2. Exome sequencing

Exome sequencing was performed at CNAG. Exome was captured using Agilent
SureSelect Human All Exon V5 kit (Agilent, Santa Clara, CA, US) according to the
manufacturer’s instructions and sequenced in a HiSeq instrument (lllumina) producing
100-base long paired-end reads. Reads were aligned to the hs37d5 reference genome
using BWA MEM (Li H 2013) (bwa-0.7.13). After that, duplicates were marked using
Picard (v2.0.1), and the Genome Analysis Toolkit (GATK) (McKenna et al. 2010)(v.3.4.46)
was used for local realignment around indels. GATK's Mutect2 (Cibulskis et al. 2013) was
used to detect somatic variants specific to primary tumors, SCs, and iPSC with respect to
their associated eFbs. Variants were annotated using annovar (K. Wang, Li, and
Hakonarson 2010)( v20160201), filtered using custom R scripts, and further validated by
manual inspection.

4.4.3. Analysis of coding variation

To analyze the cell type specific expression levels in SC-eFbs co-cultures, we first
determined the specific Single Nucleotide Variant (SNV) call sets: for each individual we
called SNVs using Strelka2 (S. Kim et al. 2018) on whole exome sequencing (WES) data
from eFbs and SCs, joined them and filtered out non-exonic variants. For each co-culture,
we selected the variants with different genotypes in the SC and eFbs samples, used bam-
readcount software (https://github.com/genome/bam-readcount) to determine the
bases observed in each variant position on single cell-type cultures and the co-culture
RNA-seq data and normalized the counts using the ratio of total sequencing data between
each sample and the co-cultures. Combining the normalized single cell-type counts with
the ratio of SC to eFbs determined by flow cytometry on each co-culture (section 5.3.),
we constructed a virtual co-culture and by comparing it against the real co-culture we
determined the impact of the co-culture in the expression levels of each variant.

4.5. RT-gPCR

The reverse transcription quantitative PCR (RT-qPCR) technique was performed to
analyze gene expression. 0.5 pg of RNA was reverse-transcribed using the Superscript llI
reverse transcriptase enzyme (Life Technologies) according to manufacturer’s
instructions in the Applied Biosystems™ 2720 Thermal Cycler (Thermo Fisher Scientific).
Quantitative polymerase chain reaction (qPCR) was performed with the Roche Universal
Probe Library (UPL) technology and analyzed using the Light-Cycler 480 Real-Time PCR
System (Roche Diagnostics). Gene expression was normalized to two selected reference
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genes (EP300 and TBP) and expressed as Normalized Relative Expression (NRE). Primer
sequences and the specific UPL (Roche Diagnostic) used are listed in Table M4. A
Microsoft Excel spreadsheet was used to analyze gPCR data for relative expression
calculations (Terribas et al. 2013).

Gene Sequence(5°-3°) UPL

POU5F1 Forward cttcgcaagccctceatttc 60
Reverse gagaaggcgaaatccgaag

NGFR Forward ccttccacgctgtcteca 60
Reverse cctaggcaagcatcccatc

SOX10 Forward gacacggttttccacttccta )5
Reverse gtcctcgcaaagagtccaac

TFAP2A Forward ggtgaaccccaacgaagtc 73
Reverse accgtgaccttgtacttcgag

S100B Forward ggaaggggtgagacaagga 73
Reverse ggtggaaaacgtcgatgag

CDH19 Forward tgtaccagaggaaatgaatacgac 73
Reverse catatatgtcacctgttctttcatca

ITGA4 Forward atgcaggatcggaaagaatc 78
Reverse ccacaaggttctccattaggg

PLP1 Forward cttcaacacctggaccacct 60
Reverse ccatgggagaacaccataca

GAP43 Forward gctccaagcectgatgagce 1
Reverse gctctgtggcageatcac

EGR2 Forward gctgctacccagaaggcata 60
Reverse ggatgaggctgtggttgaa

PMP22 Forward ctgtcgatcatcttcageattc 79
Reverse agcactcatcacgcacagac

MPZ Forward ttcccatctectgceatcec cs
Reverse ctgggccacctggtagag

EP300 Forward gcagcctgcaactccact 20
Reverse gaggatttgatacctgtccttca

TBP Forward aggaattgaggaagttgctgag 67
Reverse cgctggaactcgtctcacta

EndoKLF4 Forward agcctaaatgatggtgcettggt 68
Reverse ttgaaaactttggcttccttgtt

EndoMYC Forward cgggcegggceactttg 55
Reverse ggagagtcgcegtecttgcet

EndoOCT4 Forward gggtttttgggattaagttcttca 63
Reverse gcceccaccectttgtgtt

EndoSOX2 Forward caaaaatggccatgcaggtt 63
Reverse agttgggatcgaacaaaagctatt

TranskKLF4 Forward tggactacaaggacgacgatga 60
Reverse cgtcgctgacagecatga

TransMYC Forward tggactacaaggacgacgatga 77
Reverse gttcctgttggtgaagctaacgt

TransOCT4 Forward tggactacaaggacgacgatga 58
Reverse caggtgtcccgecatga

TransSOX2 Forward gctcgaggttaacgaattcatgt 57
Reverse gceeggeggcttea
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CRIPTO Forward cggaactgtgagcacgatgt 66
Reverse gggcagccaggtgtcatg

NANOG Forward acaactggccgaagaatagca 63
Reverse ggttcccagtegggttcac

REX Forward cctgcaggcggaaatagaac 61
Reverse gcacacatagccatcacataagg

Table M4: Primers for RT-gPCR. The gene, the different primer sequences, and the UPL (Roche
Diagnostics) are shown in the table.

4.6. RNA-Seq

RNA-seq libraries were prepared in the IGTP Genomics Core Facility using the TruSeq
stranded mRNA Illlumina, quantified with the KAPA library quantitation kit for Illumina GA
and the Agilent Bioanalyzer, and sequenced at CNAG in a HiSeq platform pooling 3
samples per lane (paired-end, 2x100).

4.6.1. Differential gene expression analysis

RNA-seq data were aligned with Salmon v1.1.0 (Patro et al. 2017) for differential
expression analysis, and with STARv2.7.1a (Dobin et al. 2013) for variant analysis against
the reference genome and transcriptome (GRCh38 and gencode).

We used DESeq2 (Love, Huber, and Anders 2014) to perform differential expression
analysis between samples. Quality control was performed using principal component
analysis (PCA) representation of the samples. We used clusterProfiler (Yu et al. 2012) to
perform Gene Ontology (GO) and KEGG pathways enrichment on differentially expressed
genes with p-adjusted value below 0.05.

4.6.2. Selection of timepoint specific markers

We used DESeq?2 with the standard Wald test to determine the differentially expressed
genes (DEG) between all timepoints. Genes that were significantly up-regulated (log fold-
change > 0) in a timepoint when compared to all others were deemed stage-specific
markers.

4.6.3. Virtual co-cultures versus real co-cultures

To obtain the set of DEG between virtual and real co-cultures, we randomly sampled
reads from BAM files after alignment with STAR v2.7.1a of the single cell-type cultures
and mixed them following the exact proportions of SCs and eFbs calculated by flow
cytometry for each combination. These virtual co-cultures represented the
transcriptional profiles we would observe in the co-cultures if there was no
transcriptional change due to the interaction between SC and eFb. We then performed
differential gene expression analysis (as explained in 4.6.1.) between the virtual co-

78



culture and the real co-culture to obtain the genes that were differentially expressed due
to the SC-eFb interaction.

4.7. Single-cell RNA-seq

4.7.1. Sample preparation

PNFs were thawed and digested, as explained in section 2.1.1.

After counting the cells, the Dead Cell Removal MicroBeads kit (Miltenyi Biotec) was used
to get rid of dead cells, following the manufacturer’s instructions.

Cells were resuspended in DMEM + 10% FBS + 1x GlutaMAX and transported in ice to the
CNAG in less than two hours after cell suspension preparation. At CNAG, cell viability was
calculated with the TC20™ Automated Cell Counter (Bio-Rad. Samples were filtered with
a 40 um filter before entering into the Chromium Single Cell Gene Expression (10X
Genomics). This technology allowed the study of transcriptome 3’ in thousands of single
cells.

4.7.2. Analysis

We were able to analyze the expression of more than 2000 genes in 5087, 6155, and
9092 single cells in 19PNF, 20PNF1, and 23PNF, respectively. We used singleR (Aran et al.
2019) to identify clusters of cells representing different cell types composing PNFs.
SingleR takes advantage of reference transcriptomic datasets of pure cell types
(HumanPrimaryCellAtlas) to infer the cell type identity of every single cell independently.

5. Flow cytometry

5.1. Flow cytometry of p75 and Hnk1

For flow cytometry analysis of p75 and Hnkl, cells were dissociated with Accutase,
washed with 1% BSA (Sigma) in PBS, incubated for 30 minutes on ice with unconjugated
primary antibody p75 (see Table M5), washed with 1% BSA in PBS, incubated with Alexa
Fluor 568-conjugated secondary antibodies 1:1000 (Thermo Fisher Scientific) for 30
minutes on ice and protected from light. After this step, every single step was performed,
protecting cells from light. Then cells were incubated with unconjugated primary
antibody Hnk1 (see table 2) for 30 minutes on ice, washed with 1% BSA in PBS, incubated
with Alexa Fluor 488-conjugated secondary antibodies 1:1000 (Thermo Fisher Scientific)
for 30 minutes on ice, washed with 1% BSA in PBS and resuspended in 1% BSA in PBS.
Every centrifugation was performed at 300 g for 2 minutes at 42C in the 5415R
Refrigerated Centrifuge (Eppendorf). Cells were resuspended in 100 plL of 1% BSA in PBS
and analyzed by flow cytometry using BD LSR Fortessa SORP and BD FACSDiva 6.2
software.
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5.2. Flow cytometry of p75 and S100B in neurofibromas

For flow cytometry analysis of p75 and S100B in neurofibroma-derived cells,
neurofibroma pieces were digested with 160 U/mL collagenase type 1 and 0.8 U/mL
dispase (Worthington, Lakewood, NJ) for 18 hours at 379C. After that, the cell suspension
was passed through a glass pipette around 10 times to obtain a single-cell suspension.
Once a single-cell suspension was obtained, the same protocol described in 5.2 was used.
At least 125,000 cells were used as cell control, 500,000 cells for fixing, permeabilizing,
and secondary antibodies control, and 1,000,000 cells for immunostaining. At least 100
cells were counted in each p75+/S100B-, p75+/S100B+, p75-/S100B+, and p75-/S100B-
cell populations.

5.3. Flow cytometry of p75 in single cNF-derived cultures and co-
cultures

For flow cytometry analysis of p75 in primary single SC and eFb cultures and SC-eFb co-
cultures, cells were detached with 0.25% Trypsin-EDTA. Once a single-cell suspension was
obtained, the protocol described in 5.2 was used without permeabilization, primary
S1008B antibody incubation, nor secondary antibody incubation steps.

6. Immunochemistry

6.1.1. Fluorescent immunocytochemistry of cells

Cells were grown in 8-well tissue culture chambers (Sarstedt) and fixed in 4% PFA (Chem
Cruz) for 15 minutes at room temperature, permeabilized with 0.1%Triton-X 100 in PBS
for 10 minutes at room temperature, blocked in 10% FBS in PBS for 15 minutes at room
temperature, and incubated with the corresponding primary antibodies (see Table M5)
overnight at 49C. Secondary antibodies were Alexa Fluor 488- and Alexa Fluor 568- 1:1000
(Thermo Fisher Scientific). Nuclei were stained with DAPI (1:1000, Stem Cell
Technologies, 1:1000). Slides were mounted with Vectashield (Vector laboratories), and
coverslips were secured with a polish nail. Images were captured using the DMI 60008
microscope (Leica) and the LAS X software (Leica).

6.1.2. Fluorescent immunocytochemistry of spheroids

Spheroids were fixed in 4% PFA for 30 minutes at room temperature. The staining
protocol was the same as in 6.1.1. The only difference was that all incubations, spheroids
were maintained in suspension, and when the slides were mounted with Vectashield
(Vector laboratories), spheroids were squashed with the coverslips.

Confocal images from spheroids were captured using the Axio Observer Z1 Confocal LSM
710 microscope and the ZEN Black 2012 software (Zeiss).
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6.1.3. Fluorescent immunohistochemistry of S100B for paraffin samples

Tissue samples were fixed in formalin, embedded in paraffin, and cut into 5 um sections.
Sections were rehydrated, immersing the slides in: xylene 2 times for 10 minutes, 100%
ethanol 2 times for 10 minutes, 95% ethanol for 5 minutes, 70% ethanol for 5 minutes,
50% ethanol for 5 minutes, and rinsing with deionized H;0, and rehydrating with PBS for
10 minutes. Antigen retrieval was performed with citric acid 10 mM pH=6 supplemented
with 0.05% Tween-20 for 10 minutes at 1009C. Slices were rinsed twice with PBS for 5
minutes and tissue sections were then surrounded with a hydrophobic barrier using a
PAP pen, incubated with blocking buffer (1% BSA with 10% goat serum (Gibco) in PBS) for
1 hour at room temperature, and incubated with primary S100B antibodies diluted in
incubation buffer (1% BSA with 10% goat serum in PBS and 0.3% TritonX100) overnight
at 49C. Then, slides were washed 3 times for 15 minutes each in PBS1X, incubated with
secondary antibodies (Alexa Fluor 568 anti-rabbit, 1:1000) diluted in incubation buffer for
45 minutes at room temperature protected from light, and washed 3 times for 15
minutes each in PBS protected from light. The tissue sections were incubated with DAPI
(Stem Cell Technologies, 1:1000) diluted in PBS for 10 minutes at room temperature
protected from light. Then, tissue sections were rinsed 1 time with PBS, and slides were
mounted with Vectashield (Vector laboratories) and coverslips were secured with a polish
nail. Images were captured using the DMI 6000B microscope (Leica) and the LAS X
software (Leica).

6.1.4. Fluorescent immunohistochemistry of hNu for OCT samples

Tissue samples were fixed in 4% PFA overnight at 49C. Then samples were incubated in
15% sucrose solution until tissue shrinked and in 30% sucrose solution overnight at 42C.
Samples were then embedded in optimal cutting temperature (OCT) compound (VWR)
and frozen at -80 °C. 5 um OCT slices were cut for subsequent staining. OCT was removed
by PBS washing, and tissue sections were surrounded with a hydrophobic barrier using a
PAP pen and permeabilized in 0.3% TritonX100 in PBS for 30 minutes. After, samples were
incubated in blocking buffer (0.1% TritonX100, 1% BSA with 10% goat serum (Gibco) in
PBS) for 1 hour at room temperature. Then, tissue sections were incubated with primary
hNu antibodies diluted in incubation buffer (0.1% TritonX100, 1% BSA with 10% goat
serum in PBS) overnight at 49C. Tissue sections were then washed 3 times for 15 minutes
each in PBS1X and incubated with secondary antibodies (Alexa Fluor 488 anti-mouse,
1:1000) diluted in incubation buffer 2 hours at room temperature protected from light.
Tissue sections were washed 3 times for 15 minutes each in PBS1X protected from light.
The tissue sections were incubated with DAPI (Stem Cell Technologies, 1:1000) diluted in
PBS1X for 10 minutes at room temperature protected from light. Tissue sections were
rinsed 1 time with PBS, mounted with Vectashield (Vector laboratories), and coverslips
were secured with a polish nail. Images were captured using the DMI 6000B microscope
(Leica) and the LAS X software (Leica).
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Antibody Supplier Reference Dilution

Mouse 1gG anti-OCT3/4 Santa Cruz Biotechnology | Sc-5279 1:60

Rabbit 1gG anti-SOX2 Pierce Antibodies PA1-16968 1:100

Goat IgG anti-NANOG R&D Systems AF1997 1:25

Rat IgM anti-SSEA3 Hybridoma Bank MC-631 1:3

Mouse IgG anti-SSEA4 Hybridoma Bank MC-813-70 1:3

Mouse IgM anti TRA-1-81 Millipore MAB4381 1:200

Rabbit I1gG anti-a-1-fetoprotein Dako A0008 1:400

Goat IgG anti-FOXA2 R&D Systems AF2400 1:50

Rabbit 1gG anti-GATA4 Santa Cruz Biotechnology | sc-9053 1:50

Mouse IgG anti-a-SMA Sigma A5228 1:400

Mouse IgM anti-ASA Sigma A2172 1:400

Mouse IgG anti-TUJ1 Bio Legend MMS-435P 1:500

Rabbit IgG anti GFAP Dako Z0334 1:500

Rabbit IgG anti NF200 Sigma N4142 1:100

Mouse IgG anti-Nerve growth factor | Abcam AB-NO7 1:100 (ICC),

(p75) receptor 1:50 (IHC)
1:1000 (Flow
cytometry)

Rabbit IgG anti-S1008B Dako Z0311 1:1000 (ICC,
IHC, and flow
cytometry

Mouse IgG anti-AP2 Thermo Scientific MA1-872 1:50

Rabbit 1gG anti-Sox10 Abcam ac108408 1:100

Mouse IgG anti-GFAP Abcam ab10062 1:500

Mouse IgG anti-MBP Abcam ab62631 1:500

Rabbit I1gG anti-PLP Abcam ab28486 1:100

Rabbit I1gG anti-GAP43 Novus Biologicals NB300-143SS 1:500

Mouse 1gG anti-Ki67 Santa Cruz Biotechnology | sc-23900 1:50

Mouse IgG anti-nuclear antigen (hNu) | Novus Biological 235-1 1:100

Table M5: Antibody list. The antibody, the supplier, the reference number and the specific
dilution used. ICC: immunocytochemistry. IHC: immunohistochemistry

7. Luminex xMAP technology

Supernatants to be analyzed by Luminex Technology were collected 72 hours post-
seeding the cells and transferred into clean polypropylene microcentrifuge tubes.
Supernatants were centrifuged at 14,000 rpm for 10 minutes at 42C in the 5415R
refrigerated centrifuge (Eppendorf) to remove any cellular debris. The clarified mediums
were aliquoted into clean polypropylene microcentrifuge tubes. These samples were
stored at -802C until used.

The day of the analysis, frozen samples were thawed on ice and centrifugated at 14,000
rpm for 10 minutes at 49C.

All supernatants from SCs, eFbs, and SC-eFb co-cultures were analyzed using the Luminex
xMAP technology. The Luminex based Millipore’s MILLIPLEX kits that were used were the
following: the Human Neurodegenerative Disease Magnetic Bead Panel 3 (to analyze
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BDNF, sICAM-1, and NCAM), the Human Neurodegenerative Disease Magnetic Bead
Panel 4 (to analyze S100B and GDNF), and the Human Cytokine/Chemokine Magnetic
Bead Panel (to analyze EGF, FGF2, Eotaxin, TGFa, G-CSF, fractalkine, MCP-3, PDGF-AA, IL-
la, IL-1B, IL-6, IL-8, CXCL10, MCP-1, MIP-1a, RANTES, and VEGF).

All procedures were performed following the manufacture’s guidelines. All plates were
run on Luminex 200 with xPONENT software (Luminex).

8. In vivo experiments

8.1. Mice

Both engraftment experiments were carried out in collaboration with Conxi Lazaro’s
group in the animal facilities of Institut Catala d’Oncologia (ICO)-Institut d’Investigacid
Biomedica de Bellvitge (IDIBELL). Juana Fernandez-Rodrigued performed the
manipulacion of the laboratory animals.

8.1.1. Engraftment 1

Six-week-old male nude Harlan mice were used. 2 x10° cells resuspended in 100 pL SC
differentiation medium of control NF1(+/+) FiPS and the NF1(-/-) 5PNFiPS and the NFI1(-
/-) 3PNFiPS at NC stage, and 7 and 14 days of SC differentiation were injected into the
exposed sciatic nerve of the mice using a 27G syringe. There were 2 mice per
experimental condition; each mouse received two injections, one in the right sciatic nerve
and the other in the left sciatic nerve making a total of 4 injections per group.

Tumor growth was monitored by manual palpation throughout the experiment.

After 4 months, mice were euthanized, and tumor samples were extracted and fixed for
paraffin inclusion and immunohistochemical analysis.

8.1.2. Engraftment 2

Six-week-old male nude Harlan mice were used. Spheroids, containing approximately 2
million cells, were resuspended in 1:2 diluted Matrigel (in a total volume of 70 puL SC
differentiation medium) and injected into the exposed sciatic nerve of the mice.
Spheroids were injected using a 25 G syringe, which did not disrupt spheroid structure.

We engrafted a NF1(+/+) control cell line and 3 independent NF1(-/-) cell lines. For each
cell line, we engrafted homotypic and heterotypic spheroids. As NFI(+/+) homotypic
spheroids could not be generated; instead, we injected NFI(+/+) heterotypic spheroids
as controls. PNF-derived eFbs used for the formation of spheroids were also injected, to
control their capacity to engraft and generate cell growth as single cultures.

Tumor growth was monitored throughout the experiment by manual palpation.
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After 4 months, mice were euthanized, and legs were dissected. Tumor samples were
splitinto different parts: one for fixation and paraffin embedding, one for DNA extraction,
and one piece to cryopreserve.

All tumors were embedded in paraffin, cut into 5 um slices, and Hematoxylin & Eosin
(H&E) staining in the IGTP-Hospital Universitari Germans Trias i Pujol (HUGTP) Biobank
using standard protocols.

Immunohistochemistry of S100B and SOX10 was carried out in the Department of
Anatomical Pathology of the HUGTP using standard protocols and antibodies from Table
M5.
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1. Development of an iPSC-based cellular model for
neurofibromas

1.1. Generation of NF1(-/-) iPSC lines by reprogramming PNFs

Plexiform neurofibromas (PNFs) originate during development through the inactivation
of the NF1 gene in a cell from the neural crest-Schwann cell (NC-SC) lineage. There is a
need to establish a PNF model in which the different NC-SC stages are considered. The
reprogramming of PNF-derived cells seemed a reasonable strategy to develop a PNF
model in order to study the precise cell type that originates them.

We obtained five different PNFs from five independent NF1 patients diagnosed according
to the standard diagnostic criteria (DeBella, Szudek, and Friedman 2000). The age at
tumor resection were 8, 10, 33, 66, and 14 years old for code-named samples 3PNF,
5PNF, 6PNF, 7PNF, and 13PNF, respectively. 3PNF and 5PNF correspond to a girl and boy
patients while 6PNF, 7PNF, and 13PNF correspond to two women and a teenage boy.
Histological information of these tumors has already been published by our group (Carrié
et al. 2018b).

PNFs are heterogeneous tumors composed mainly of Schwann cells (SCs) and
endoneurial fibroblasts (eFbs). SCs harbor mutations inactivating the two NF1 alleles, the
constitutional and the somatic mutation, while eFbs, like all other cells in the patient,
harbor only the constitutional mutation. To generate induced pluripotent stem cells
(iPSCs) with different NF1 genotypes, we first identified the NF1 constitutional mutation
of each patient and the NFI somatic mutation of each PNF, through a combination of
cDNA Sanger sequencing, DNA copy-number Multiplex Ligation dependent probe
amplification (MLPA) analysis (L. M. Messiaen and Wimmer 2008) and DNA Next
Generation Sequencing (NGS) panel (Castellanos et al. 2017). In Table R1 there is a
summary with the clinical and genetic information of the different PNFs.

After the identification of both mutations, tumors were dissociated enzymatically to
obtain a cell suspension that was seeded for reprogramming either (i) after the
establishment of specific SC and eFb cultures or (ii) directly from PNF digested cells
(Figure R1). In both strategies, isogenic NF1(-/-) and NF1(+/-) iPSCs could be generated
and identified by genetic analysis. There is a summary of the iPSC clones obtained using
both strategies in Table R2. Although we tried both integrative and non-integrative
reprogramming strategies, in this thesis, we only used iPSCs generated with non-
integrative Sendai virus.
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Figure R1. Schematic representation of the two different strategies used to generate isogenic
iPSC from plexiform neurofibromas. In strategy 1, the generation of iPSCs was through the
reprogramming of cultures of specific cell types. In strategy 2, PNF digested cells were directly
reprogrammed.
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Patient information Tumor information iPSC lines generated
Patient ID Sex  Age (at pNF NF1 constitutional Tumor ID  Diagnostic NF1 somatic iPSC line iPSC line
resection) mutation mutation (named in the thesis)  (banking name)
3 XX 8 €.3943C>T,; 3PNF PNF with a diffuse LOH (HR) NF1(+/-) 3PNFiPS 3PNF_FiPSsv_PM
p.GIn1315* extraneural invasion Whole ch.17q
NF1(-/-) 3PNFiPS 3PNF_SiPSsv_MM
5 XY 10 Intragenic deletion 5PNF PNF with a diffuse LOH NF1(+/-) 5PNFiPS S5PNF_TDiPSsv_PM
(E16-35) extraneural invasion (3,8Mb del)
NF1(-/-) 5PNFiPS 5PNF_TDiPSsv_MM
6 XX 33 c.2946delT; 6PNF PNF with a diffuse €.2033dupC; NF1(+/-) 6PNFiPS 6PNF_SiPSrv_PM
p.Leu983* extraneural invasion p.lle679Aspfs*21
7 XX 66 €.2033dupC; 7PNF PNF with a diffuse LOH NF1(+/-) 7PNFiPS 7PNF_TDiPSrv_PM
p.lle679Aspfs*21 extraneural invasion (1,4Mb del)
13 XY 14 c.1318C>T; 13PNF PNF with a diffuse LOH (HR) NF1(+/-) 13PNFiPS Not banked
p.Argd40* extraneural invasion Whole ch.17q

Table R1. Clinical data from Neurofibromatosis type 1 patients, plexiform neurofibromas, and iPSC lines generated. For patient information, patient ID, sex,
age at PNF resection, and NF1 constitutional mutations are provided. For tumor information, tumor ID, diagnostic data of the tumor, and NF1 somatic mutations
are provided. For the iPSC lines generated, iPSC line (named in the thesis) and iPSC line (banking name) are provided. LOH: loss of heterozygosity. HR:
homologous recombination.
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Reprogramming strategy Tumor Clones NF1 genotype

NF1(+/-) NF1(-/-)
Digested 3PNF - - -
5PNF 12 1 11
13PNF 27 27 0
6PNF 10 10 0
7PNF - -
Cultured Schwann cells 3PNF 22 0 22
5PNF 2 0 2
13PNF 40 40 0
6PNF 10 10 0
7PNF 12 12 0
Endoneurial fibroblasts  3PNF - - -
5PNF 0 0 0
13PNF 11 11 0
6PNF 1 1 0
7PNF 1 1 0
Skin fibroblasts* 3PNF 16 14 2

Table R2. Plexiform neurofibromas used in each reprogramming strategy, either through direct
reprogramming or establishment of primary Schwann cell cultures, endoneurial fibroblast
cultures, or skin fibroblast cultures. The number of iPSC clones analyzed is shown as well as the
specific genotype of those: NFI(+/-) or NF1(-/-). The skin sample used to establish the skin
fibroblast culture was covering the PNF. When the skin was separated, part of the tumor was still
left. - Not reprogrammed.

1.1.1. iPSC characterization

1.1.1.1. Standard iPSC characterization

Reprogramming and standard characterization of the different iPSC clones were
performed at the Centre de Medicina Regenerativa de Barcelona (CMRB) in collaboration
with Dr. Angel Raya’s laboratory.

From 3PNF and 5PNF, we were able to obtain isogenic NF1(+/-) and NF1(-/-) iPSC lines.
The work presented in this thesis will be focused on these iPSC lines.

Selected iPSC clones were expanded and further characterized to confirm they were bona
fide iPSCs: ensuring the expression of pluripotent markers and the capacity to
differentiate into the three germ layers.

90



The characterization of the different 3PNF and 5PNF iPSC clones showed that they
displayed a compact embryonic stem cell-like morphology, were positive for alkaline
phosphatase, and expressed high levels of the pluripotency markers NANOG, OCT4,
SOX2, TRA181, SSEA3, and SSEA4 (Figure R2A, B).

Further pluripotency characterization was performed differentiating the iPSC lines into
the three germ layers ectoderm, endoderm, and mesoderm and that were stained
respectively for the ectoderm markers TUJ1, and GFAP, for the endoderm markers AFP,
and FOXA2; and for the mesoderm markers aSMA and GATA4 (Figure R2C).

Moreover, iPSC lines, when injected into mice, formed teratomas exhibiting
differentiation towards ectoderm, endoderm, and mesoderm, also analyzed with the
same markers (Figure R2D). The iPSC lines also showed demethylated CpG islands in
NANOG and POU5F1 promoters and karyotype stability after more than 15 passages
(Figure R2E, F).
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Figure R2. Standard characterization of plexiform neurofibromas-derived iPSC lines. A)
Morphology and alkaline phosphatase staining of 3PNF and 5PNF iPSC colonies. Scale bars, 100
um. B) Characterization of pluripotency markers. Representative images of 3PNF and 5PNF iPSC
colonies stained positive for the pluripotency-associated markers NANOG, OCT4, and SOX2 (in
green), and TRA-1-81, SSEA3, and SSEA4 (in red). Scale bars, 100 um. C) In vitro differentiation
potential of 3PNF and 5PNF iPSC lines. Generation of cell derivatives of the three primary germ
layers, including ectoderm (TUJ1 in green and GFAP in red), endoderm (AFP in green and FOXA2
in red), and mesoderm (SMA in green and GATA4 in red). Scale bars, 100 um. D) Teratoma
formation from 5PNF iPSC, showing their differentiation toward ectoderm (TUJ1 in green and
GFAP in red), endoderm (AFP in green and FOXA2 in red), and mesoderm (SMA in green and
GATA4 in red). Scale bars, 100 um. E) Bisulfite sequencing showing demethylation of the CpG
islands in NANOG and POU5F1 promoters in the 3PNF and 5PNF iPSC lines. F) Karyotype of 3PNF
and 5PNF iPSC lines at passage 20.
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1.1.1.2. Functional and genomic iPSC characterization

Further functional and genomic characterization of iPSC lines was performed in our lab
at Institut de Recerca Germans Trias i Pujol (IGTP).

We analyzed neurofibromin expression through Western Blot. We confirmed that NFI(-
/-)iPSCs did not express neurofibromin and that NFI(+/-)iPSCs expressed some levels,
although less than control NFI(+/+) embryonic stem cell 4 (ES4) or fibroblast induced
pluripotent stem cells (FiPS), used as control pluripotent cells (Figure R3A)

To study the effect of the NF1 status on iPSC proliferation, we used flow cytometry-based
Click-iT EdU assay. Interestingly, the NF1(-/-)iPSC lines exhibited a 10-15% significant
increase in proliferation rate compared to NF1(+/+) cell lines. NF1(+/-)iPSC lines also
showed a significantly increased proliferation rate, although it was not as pronounced as
in NF1(-/-)iPSCs (Figure R3B). These results indicate that cell proliferation in pluripotent
stem cells (PSC), as is the case for somatic cells, is influenced by neurofibromin activity.

To characterize the genomic structure of the iPSC lines generated, Single Nucleotide
Polymorphism (SNP)-array analysis was performed in PNFs, PNF-derived SCs, PNF-derived
eFbs, and iPSC lines. Figure R3C shows results from 3PNF (results from 5PNFs can be
found in Annex 3: S3 from supplementary information). B allele frequency (BAF) and log2
ratio were calculated, and copy number estimation was performed. The genome of all
samples was mostly 2n. SNP-array analysis showed the detection of somatic NFI
mutations in 3PNF (copy neutral (CN) loss of heterozygosity (LOH) of 17g) and 5PNF (LOH
due to a large deletion at 17q).

Indeed, in 3PNF there was a region in which the BAF was not around 0.5. This region
(blue-shaded in Figure R3C) showed a somatic CN-LOH. Somatic NF1 inactivation was
produced by mitotic recombination generating CN-LOH in 17q and the reduction to
homozygosity for the constitutional NF1I mutation. LOH was observed in 3PNF and in
100% of cells in 3PNF-derived SCs and NF1(-/-) 3PNFiPS. 3PNF-derived eFb culture was an
early passage and still exhibited a residual LOH due to the presence of “contaminating”
neurofibroma SCs.

To identify the presence of small pathogenic variants in the generated iPSC lines, exome
sequencing was performed for PNFs, PNF-derived SCs, and NFI(+/-) and NF1(-/-)
3PNFiPSC or 5PNFiPSC lines (Figure R3D). On average, we identified around ten additional
point mutations in the iPSC lines generated not present in PNFs nor in PNF-derived SCs.
Since iPSCs result from the clonal expansion of a single reprogrammed cell, these results
agreed with the clonal expansion of a cell already harboring these mutations. None of the
detected somatic mutations were recurrent among the PNFs analyzed (data not shown).
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Figure R3. Functional and genomic characterization of iPSC lines. A) Western blot analysis of
neurofibromin in the iPSC lines generated. This Western blot showed the absence of
neurofibromin in NFI(-/-) 3PNFiPS and 5PNFiPS. The human embryonic stem cell (hESC) line ES4
and a control iPSC line generated from foreskin fibroblasts (FiPS), both NF1(+/+), were used as
control cell lines. B) Proliferation capacity of 3PNF and 5PNF iPSC lines assessed by Click-iT EdU
Flow Cytometry Assay. Double-positive cells (in S phase) are represented in the graph. Bars
represent means from three independent experiments. *p < 0.05 (unpaired t-test). C) Genomic
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structure of five samples associated with a 3PNF tumor characterized through an SNP array
analysis. B allele frequency (BAF) data from SNP array analysis is shown for 3PNF, 3PNF-derived
eFbs, 3PNF-derived SCs, and 3PNF-derived iPSC lines. The genome of all samples was mostly 2n.
A blue-shaded region indicates somatic CN-LOH. A detailed view of BAF for chromosome 17 is
shown below. Somatic NF1 inactivation was produced by mitotic recombination generating CN-
LOH in 179 and a reduction to homozygosity for the constitutional NF1 mutation. LOH was
observed in 3PNF and in 100% of cells in 3PNF-derived SC and NFI(-/-) 3PNFiPS. D) Summary of
somatic exonic variants identified by exome sequencing. All samples associated with a PNF are
represented by a wide horizontal line of the same color covering all chromosomes. Color dots
indicate the type of genetic variant: missense (black), frameshift (orange), in-frame deletion
(purple), and non-sense (red). The position of genes containing the variants is marked with
vertical lines.
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1.2. Establishment of in vitro neural crest-Schwann cell differentiation
protocols from iPSCs

To establish a PNF model using PNF-derived iPSCs, adequate differentiation protocols
towards the NC-SC lineage were needed since PNFs develop when NF1 is lost in a
precursor cell belonging to this lineage.

The generation of an in vitro NC-SC differentiation protocol required a two-step protocol:
first, pluripotent stem cells (PSC) were differentiated into neural crest (NC) stem cells
which can be maintained in a multipotent state. Second, NC stem cells were
differentiated into SCs. These two differentiation protocols are shown one at a time.

1.2.1. Establishment of an in vitro neural crest differentiation protocol

1.2.1.1. Set up of a protocol for the generation of neural crest cells from
NF1(+/+) iPSCs

We used a protocol developed in Stephen Dalton’s lab (Menendez et al. 2011) to
generate NC stem cells from iPSC lines, with some modifications (see Materials &
Methods). This protocol uses chemically defined conditions to activate the canonical Wnt
signaling simultaneously with the suppression of TGFB-dependent signaling.

To generate NC cells, control NF1(+/+) PSC (ES4 and FiPS) were seeded on Matrigel and
cultured with NC induction media for 20 days. Approximately 4 days after NC induction,
cells started losing their colony morphology, and 12 days after, cells started adopting a
stellate morphology typical of NC cells (Figure R4A). Cells were maintained in NC media
and passaged using Accutase when reaching confluency.

These differentiated-NC cell population could be expanded in culture, frozen and thawed,
maintaining their multipotency capacity.

We first established this protocol with control NF1(+/+) cells and then applied it to
NF1(+/-) and NF1(-/-) iPSC lines (see below).

1.2.1.2. Characterization of neural crest lineage markers in differentiating
NF1(+/+) pluripotent stem cells

To validate the NC differentiation protocol, we characterized the expression of different
NC markers as p75 (NGFR gene), Hnkl (B3GAT1 gene), SOX10, and the TFAP2a through
flow cytometry analysis, immunocytochemistry, and RT-gPCR.

Approximately 20% of control differentiated NC cells at passage 1 already acquired both
p75 and Hnk1l markers, and at passage 4-5, approximately 90% of cells expressed both
markers, constituting a highly homogenous population (Figure R4B).
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We performed immunocytochemistry analysis, and a high proportion of differentiated
NC cells expressed p75 (corroborating flow cytometry results), and the two transcription
factors AP2a and SOX10 (Figure R4C). We also characterized the expression of these
markers by RT-gPCR, confirming their expression (Figure R4D). Importantly, control
differentiated NC cells did not express the pluripotent marker POU5F1, neither the SC
lineage marker S1008B, confirming NC identity.

Thus, NF1(+/+) differentiated NC cell lines (ES4 and FiPS) expressed lineage-specific NC
markers homogeneously and robustly.
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Figure R4. Neural crest differentiation from pluripotent stem cells. A) Schematic representation
of the protocol used for differentiating pluripotent stem cells (PSCs) into neural crest (NC) cells.
Control NF1(+/+) ES4 and FiPS and NFI1(+/-) or NF1(-/-) PNF-derived iPSCs were seeded on
Matrigel and cultured in NC induction medium for 20 days. Representative bright-field images of
a control line are shown during the differentiation process. Scale bar, 50 um. B) Flow cytometry
analysis for p75 and Hnk1 markers before and after NC differentiation. The percentage of double
p75 and Hnk1-positive cells is shown inside the graph in green. P1, passage 1; P4-5, passages 4—
5. C) Immunocytochemistry analysis showing that both control NF1(+/+) ES4 and FiPS and PNF-
derived iPSCs differentiated to NCs (passage 5) express p75 (green), AP2 (green), and SOX10 (red).
DAPI was used to stain cell nuclei. Scale bar, 50 um. D) RT-gPCR expression analysis of pluripotent
(POU5F1), NC (NGFR, SOX10, AP2), and SCs (S100B) markers, in PSCs, PSCs differentiated to NCs
and PNF-derived primary SCs. qRT-PCR values are expressed as the mean normalized relative
expression (NRE) = SEM from three independent differentiation experiments. SC: Schwann cells.
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1.2.1.3. Functional assays for neural crest characterization

To test NC function, we assessed the differentiation potential of the generated NC and
their migration capacity.

First, we differentiated the ES4-derived NC cells into known NC-derivatives like
melanocytes and peripheral neurons and performed immunocytochemistry with specific
markers for both cell types.

Differentiation of ES4-derived NC into peripheral neurons was highly efficient, showing a
high amount of the neuronal marker Tujl (neuron-specific tubulin) and the classical
neuron morphology (Figure R5A).

Differentiation of NC cells towards melanocytes was not as efficient as for peripheral
neurons. However, we were able to detect cells co-expressing both markers S100B and
MelanA, two specific markers of melanocytes (Figure R5B). These results corroborated
the multipotency capacity of PSCs.

To assess for another functional characteristic of NC cells, we studied their migration
capacity through a scratch assay. In this case, a scratch was performed with a pipette-tip
when cultures were 100% confluent, and migration capacity was measured, taking
pictures of the same gap region after 6h, and 24h (Figure R5C). Six hours after scratch,
ES4 and FiPS-derived NC started to migrate, and after 24h they had occupied the entire
gap proving their migration capacity.

Altogether, the NC functional characterization (differentiation potential and migration
capacity) demonstrated that the generated NF1(+/+) NC cells were bona fide NC cells.
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Figure R5. Functional characterization of neural crest cells differentiated from control and
plexiform neurofibromas-derived iPSCs. A) Differentiation capacity of generated neural crest (NC)
cells towards peripheral neurons. Immunocytochemistry for Tuj1 was performed. DAPI was used
to stain cell nuclei. Scale bar= 50 um B) Differentiation capacity of generated NC cells towards
melanocytes. Immunocytochemistry for S100B and MelanA was performed. DAPI was used to
stain cell nuclei. Scale bar=50 um C) Scratch assay. A cell free-gap was created using a pipette tip
and migration capacity was measured by taking images of the same region at 6 and 24 hours after
gap generation. Scale bar= 150 um.
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1.2.2. NF1(-/-) iPSC properly differentiate into neural crest

Once the NC differentiation protocol was established using control NF1(+/+) PSC lines,
we studied the differential potential of PNF-derived NF1(+/-) and NFI1(-/-) iPSC lines
towards NC.

Like control NFI(+/+) iPSC lines, all PNF-derived NFI(+/-) and NFI1(-/-) iPSC lines
differentiated correctly to NC, showing a 90% homogenous population that co-expressed
p75 and Hnk1 by passage 4 or 5 after NC induction (Figure R4B). These results were
corroborated by immunocytochemistry in which p75 and the transcription factors SOX10
and AP2a were also detected (Figure R4C) and further confirmed by RT-gPCR analysis of
the same markers (Figure R4D).

The PNF-derived NF1(+/-) and NF1(-/-) NC lines were also efficiently differentiated into
peripheral neurons, as shown by the acquisition of TUJ1 expression (Figure R5A), showing
their multipotency capacity. Moreover, the migration capacity of PNF-derived NF1(+/-)
and NF1(-/-) iPSC lines was also confirmed by the scratch assay (Figure R5C).

Altogether, these results show that PNF NF1(+/-) and NF1(-/-) iPSC lines can generate
homogeneous populations of genuine NC cells.
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1.2.3. Establishment of an in vitro Schwann cell differentiation protocol

1.2.3.1. Set up a protocol for the generation of Schwann cells from
NF1(+/+) neural crest cells

To generate SCs from control NF1(+/+) iPSC-derived NC cells, 400.000 cells were seeded
onto Poly-L-lysine/Laminin-coated 6-well plates in SC differentiation media (containing
N2, Forskolin, Heregulin, and bFGF) for 30 days. This differentiation protocol was based
on the previously published by (Ziegler et al. 2011) with some modifications. Media was
changed twice a week. To monitor the differentiation process, samples were analyzed at
7, 14, and 30 days along with SC differentiation.

1.2.3.2. Characterization of Schwann cell stage-specific markers

To monitor SC differentiation, we evaluated the expression profile of SC lineage markers.
RNA was extracted at the differentiation timepoints of 7, 14, and 30 days throughout SC
differentiation, and qualitative reverse transcription polymerase chain reaction (RT-
gPCR) was performed. In parallel, differentiating cells at the stages of 7, 14, and 30 days
of SC differentiation were fixed with 4% para formaldehyde (PFA) to perform
immunocytochemistry.

As shown in Figure R6B, differentiating SCs started losing their rhomboid NC morphology
by day 7 and changed morphology, becoming more elongated. They acquired the typical
bipolar spindle cell morphology progressively. P75 was expressed homogenously in the
culture along the whole SC differentiation process, while S100B, a specific SC marker, was
first detected at 7 days of SC differentiation and increased gradually over time.

We then monitored the expression of stage-specific markers of the NC-SC lineage by RT-
gPCR, comparing PSC, NC, and differentiating SCs (Figure R6D). SOX10 and NGFR, two
markers of the NC and NC-SC lineage, were expressed at the NC stage and maintained
their expression throughout SC differentiation. Other markers as ITGA4 and CDH19 genes
started their expression at 7 days and kept the same high levels until 30 days. Other
myelin-related proteins like PLP1 and PMP22 genes or the specific SC marker S100B had
an onset of expression at 7 days and raised progressively until 30 days of SC
differentiation when they exhibited the highest expression levels. The EGR2 gene was
expressed at the NC stage, slightly decreasing until 14 days to exhibit its highest
expression at 30 days.
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Figure R6. Schwann cell differentiation from neural crest cells. A) Top: Schematic representation
of the protocol used for differentiating NC cells into SCs. After 7, 14, and 30 days, SC
differentiation was monitored by RT-gPCR and immunocytochemistry analysis. Representative
bright-field images during the differentiation process from a control cell line are shown. Scale
bars, 50 um. Bottom: Diagram showing the expression of markers associated with the NC-SC
lineage. The colored horizontal bars represent the temporal window during differentiation when
the corresponding marker is expressed in vivo, according to the literature (Jessen and Mirsky,
2005) B, C) Immunocytochemical analysis for S1I00B and p75 at different stages of SC
differentiation (7, 14, and 30 days) in control NF1(+/+) FiPS (B) and 3PNFiPS(-/-) cells(C). DAPI was
used to stain cell nuclei. Scale bars, 50 um. D, E) RT-gPCR in control NF1(+/+) FiPS (D) and NF1(-/-
) iPSCs (E) at five different timepoints during differentiation: pluripotent stage (PSC), neural crest

103



stage (NC) and at 7, 14, or 30 days of SC differentiation. For NF1(-/-) iPSC graphs (E): light bar
represents SC differentiation for 3PNF-derived iPSC line and dark bar for 5PNF-derived iPSC line.
Primary SC cultures (gray bars) from 3PNF (light gray) and 5PNF (dark gray) were used. Values are
expressed as the mean of the Normalized Relative Expression (Y-axis) £+ SEM from three
independent differentiation experiments.

1.2.3.3. Functional assay for Schwann cell characterization

As for NCs, we analyzed SC identity not only by marker expression but also by functional
characterization. For SCs, this validation was based on their biological capacity to
myelinate axons. We performed a myelination assay consisting of co-culturing
differentiating SCs and rat dorsal root ganglia (DRG) neurons and evaluating the resultant
myelin production by SCs (Figure R7).

We differentiated FiPS-derived NC cells into SCs for 7 days. At this point, cells were
detached and co-cultured with rat DRG neurons for 30 additional days. Next, we
evaluated the presence of myelin through Myelin Protein Zero (MPZ) staining and its
localization in neuronal axons by co-staining with the neuron-specific tubulin TUJ1 (Figure
R7A). We observed that differentiating SCs (S100B+ cells) co-localized with TUJ1-
expressing axons. At the same time, these axons were covered by the myelin sheath that
colocalized with them. Moreover, we were able to detect myelin fragments longer than
400 um.

This functional assay confirmed the myelinating capacity of control NF1(+/+) FiPS-derived
SCs and validated the protocol used to differentiate NCs into SCs. Altogether, our results
showed that we established robust differentiation protocols to obtain bona fide NCs and
SCs.
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Figure R7. Functional Schwann cell characterization through a myelination assay. A, B, C)
Myelination capacity of differentiating SC from NFI(+/+) FiPS (A), NF1(-/-) 3PNFiPSC (B), and
NF1(-/-) 5PNFiPSC (C) was assessed by co-culturing cells at 7 days of differentiation with rat DRG
neurons for 30 days. SC myelination capacity was measured by immunostaining for TUJ1 (green),
S1008B (red), and MPZ (red). The length of myelinated axons was measured using LEICA LAS X
software and were marked by a white line. Scale bar: 50um. D, E) 3PNF-derived SCs (D) and 5PNF-
derived SCs (E) were immunostained with TUJ1 (in green), S1008B (in red), and MPZ (in red). Scale
bars, 50 um. DAPI was used to stain cell nuclei.
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1.2.4. iPSC-derived differentiating NF1(-/-) Schwann cells maintain a
high proliferation rate

1.2.4.1. Characterization of Schwann cell-specific markers and functional
assays
Once a SC differentiation protocol was established using a control NF1(+/+) iPSC line, we
studied whether PNF-derived NFI(+/-) and NFI1(-/-) iPSC lines were able to correctly
differentiate into SCs.

Thus, we applied the SC differentiation protocol to PNF-derived NF1(+/-) and NF1(-/-)
iPSC lines. After 7 days under SC differentiation conditions, NF1(-/-) cells resembled
control NF1(+/+) cells, both morphologically and according to p75 and S100B expression
(Figure R6B, C). However, at 14 days of differentiation, whereas control NFI(+/+) cultures
progressively stopped proliferation and expressed homogeneous amounts of p75 and
S100B, NFIi(-/-) cells continued exhibiting a high proliferation capacity and
heterogeneously expressed S1008B.

Although differentiating NF1(-/-) SCs expressed specific NC-SC markers analyzed by RT-
gPCR like SOX10, NGFR, and, S1008B; the expression was lower than control differentiating
NF1(+/+) SCs (Figure R6D, E).

To better characterize the proliferation capacity of NFI1(-/-) differentiating SCs, we
performed Ki67 immunostaining (Figure R8A). Control NF1(+/+) ES4 and FiPS-derived
differentiating SCs reduced their proliferation rate during the period between 2 and 30
days of differentiation (Figure R8B). However, NF1(+/-) and NF1(-/-) differentiating SCs
did not stop proliferating; instead, they maintained their already high proliferation rate.
NF1(-/-) differentiating SCs coming from PNF-derived iPSC lines proliferated so much that
naturally detached from plates and formed sphere-like structures visible to the naked eye
(Figure R8C). Spheres grew attached to the plate surface or as free-floating cultures
(Figure R8D).

A B M 7 days differentiation D

30 days differentiation

7 Days SC DIFF 30 Days SC DIFF

ES4

< —_
] m
+ W - F
S X8l —
X < =~
~ o w @
w ° =
LZLE e 2T
w o
24
b
173 a2 4
a ] T~ z
—_ ;
L Z X T &
5% I o
—_ @ —
Em LL&
Z g 2 I
w Z
P4
o
g C 5
.
@ e
i w
~ 5 T 7
g 5
L o L
o
ZL;---- )
o
wn

Figure R8. NF1(-/-) differentiating Schwann cells exhibited a continuous high prollferatlon rate. A)
Proliferation capacity of differentiating SCs for the different NF1 genotypes. Representative
immunofluorescence images of Ki-67 (green) at 7 and 30 days of differentiation. DAPI was used

106



to stain cell nuclei. Scale bars, 50 um. B) Quantification of Ki-67-positive cells (percentage over
total DAPI-positive nuclei) expressed as the mean + SE (n = 3 independent differentiation
experiments). At least 300 nuclei were counted per timepoint and sample. *p < 0.05, **p < 0.01,
***p < 0.001 (unpaired t-test). C) Macroscopic detail of sphere formation in NFI(-/-)
differentiating SCs. D) Representative bright-field images after 20 days of differentiation from NC
cells to SCs for the different NF1 genotypes. Differentiating NF1(-/-) SCs exhibited a high cell-
culture density and the formation of 3D spheres. Scale bars, 50 um.

We also evaluated the myelination capacity of the differentiating NF1(-/-) SCs by co-
culturing them with rat DRG neurons. NF1(-/-) differentiating SCs kept proliferating and
were not able to correctly associate with axons and form myelin around them as NF1(+/+)
controls (Figure R7B, C).

1.2.4.2. iPSC-derived NFI1(-/-) differentiating Schwann cells exhibit a
natural tendency to form spheroids that recapitulate the expression
pattern of PNF-derived primary Schwann cells

As explained before, iPSC-derived NFI1(-/-)-differentiating SCs exhibited a natural
tendency to detach from the plate surface and form spheroids. To better understand to
which extent these NF1(-/-) spheroids recapitulated the expression of their primary PNF
counterparts, we analyzed the expression of the SC markers p75, S1008B, SOX10, PLP, and
GAP43 in spheroids at 30 days of differentiation, and compared them with their parental
PNF-derived primary SCs through immunocytochemistry (Figure R9). The expression
pattern of PNF-derived primary SCs and iPSC-derived sphere-forming NF1(-/-) SCs were
remarkably similar.

Sphere forming SCs bore the same genetic and genomic content as their primary SC
counterparts and recapitulated both a high proliferation rate and the same expression
pattern in a homogenous manner. Altogether our results showed that NF1(-/-) iPSC-
derived SC spheres represented a valuable experimental model to study PNF formation.
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Figure R9. NF1(-/-) PNFiPS-derived sphere-forming Schwann cells recapitulate the expression
pattern of their plexiform neurofibroma-derived Schwann cell counterparts. Representative
immunofluorescence images showing expression of S100B, p75, SOX10, GAP43, and PLP, in 5PNF-
derived primary SCs (5PNF SC) compared with NF1(-/-) SPNFiPS sphere-forming differentiating
SCs (spheres), at 30 days of differentiation. DAPI was used to stain nuclei. Scale bars, 100 um.
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1.3. Generation of an expression roadmap of the neural crest-
Schwann cell differentiation axis with control NF1(+/+) cells

We were able to generate genuine NFI(+/+) NC cells and differentiate them into the NC-
SC lineage, in which cells expressed the classic lineage-specific developmental markers.
We considered that further characterization of the in vitro NC-SC differentiation process
could help to (i) identify new lineage markers, (ii) better characterize the different stages
of SC differentiation, (iii) unravel the role of NF1 loss along the NC-SC axis, and, (iv)
investigate the potential cell originating PNFs.

Thus, we performed a NC-SC differentiation experiment in which RNA was extracted at
the pluripotent stage (PSC), NC, and 7, 14, and 30 days along with SC differentiation and
performed RNA-sequencing. In parallel, we performed an in vivo experiment to evaluate
at what differentiation state NF1(-/-) cells were able to engraft and generate tumors (see
below).

For RNAseq analysis, control NFI1(+/+) cells were analyzed from three independent
differentiation experiments. For NFI(-/-) cells, a biological triplicate was analyzed:
3PNFiPS, 5PNFiPS, and a new CRISPR/Cas9 edited NFI1(-/-) FiPS (see Appendix1 for
details). This newly generated CRISPR/Cas9-edited NF1(-/-)iPSC, isogenic to our control
NF1(+/+) FiPS, exhibited the same functional characteristics as the PNF-derived NF1(-/-
)iPSCs: an increased proliferation capacity compared to controls; a genuine generation of
NCs; a higher proliferation rate, altered differentiation and tendency to form spheres of
differentiating SCs (Appendix1). These results demonstrated that, so far, all altered
proliferation and differentiation properties of NF1(-/-) iPSC and iPSC-derived SCs could be
attributed to the lack of neurofibromin function. To simplify naming iPSC lines, a new
nomenclature was adopted (Table R3).

Old nomenclature Simplified nomenclature
NF1(+/+) FiPS WT

NF1(-/-) SPNFiPS NF1_A

NF1(-/-) 3PNFiPS NF1 B

NF1(-/-) FiPS NF1 C

Table R3. Simplified version of current iPSC lines nomenclature.

1.3.1. A gene expression road-map of the in vitro NF1(+/+) NC-SC
differentiation process

We first analyzed RNA-seq data from control NF1(+/+) cells (wild type, WT). A Principal
Component Analysis (PCA) of the in vitro NC-SC differentiation process was carried out
(Figure R10A).
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Principal component 1 (PC1) explained 64% of all the expression variance and correlated
with the temporary PSC-NC-SC axis of differentiation. PC2 contained 26% of the variance
and split the samples into three distinctive groups: pluripotent cells, NC cells, and
differentiating SCs. Although differentiating SCs at 7, 14, and 30 days placed very close to
each other, every timepoint clustered separately. These results indicated the existence
of specific expression at each stage and differentiation timepoints, and importantly,
demonstrated that the three independent NC-SC differentiation replicas behaved in the
same way, supporting the robustness of the established NC-SC differentiation protocols
and validating the quality of the data.
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Figure R10. Generation of a robust expression roadmap of the neural crest Schwann cell
differentiation axis using NF1(+/+) cells. A) Principal Component Analysis of the in vitro NC-SC
differentiation process using NF1(+/+) FiPS cells (WT). Pluripotent stem cell (PSC)-stage (purple),
neural crest (NC)- stage (dark blue), 7-day (dark green), 14-day (light green), and 30-day (yellow)
SC-differentiation timepoints are depicted. Notably, samples clustered by stage. Principal
component 1 (PC1) correlates with the temporary PSC-NC-SC axis. B) Heatmap representing a
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supervised expression analysis of all differentially expressed genes composing the NC-SC
expression roadmap. In red, up-regulated genes are shown, and in blue down-regulated ones.
Thousands of upregulated stage-specific markers were identified in the NC-stage, some hundreds
at the 7-day stage and 30-days stage, and a few tens at the 14-day stage. Three independent
differentiation experiments are shown.

We then performed a differential expression analysis, considering the distinct
differentiation stages and timepoints. We grouped all differentially upregulated genes in
each stage/timepoint and constructed an expression roadmap of the NC-SC in vitro
differentiation process. Thousands of upregulated specific genes were identified at the
NC-stage, some hundreds at 7-day and 30-day SC timepoints, and a few tens at 14-day.
The expression roadmap signature was visualized on a heatmap (Figure R10B), clearly
highlighting the specific expression along the NC-SC axis of differentiation. A gene
enrichment analysis of the expression signature constituting the roadmap highlighted
some biological processes related to glial and peripheral nervous system differentiation
such as “glial cell differentiation”, “SC differentiation”, or “peripheral nervous system
development”, further validating the NC-SC differentiation conditions established and
uncovering potential new markers of the NC-SC differentiation axis.

1.3.2. NF1(-/-) differentiating Schwann cells in 2D cultures switch from
a neural crest- Schwann cell axis to a neural crest-mesenchymal cell
axis

The generation of an expression roadmap of the NC-SC in vitro differentiation process
using NF1(+/+) control cells provided a framework for the analysis of the role of the NF1
gene in this differentiation by comparing the expression of NF1(-/-) cells. We already
observed an altered SC differentiation capacity of iPSC-derived NFI1(-/-) cells in 2D
cultures (Figures R6C). Although able to differentiate into SCs, most parts of the NF1(-/-)
differentiating cell population did not acquire markers of SC commitment (like S100B)
and exhibited a deficient capacity of myelinating neurons (Figures R7C).

We then analyzed RNA-seq data from the three NFI(-/-) iPSC lines, using the same stages
and differentiation timepoints as for control NF1(+/+) cells. We performed a new PCA
analyzing together the NFI1(+/+) and NFI1(-/-) cell lines (Figure R11A). NF1(-/-) cells
clustered together at the pluripotent and NC stages, locating very close to NFI1(+/+)
controls. However, during SC differentiation, NF1(-/-) cells started to disperse and localize
away from controls in the PCA plot, indicating different expression signatures between
them and controls, and suggesting an altered differentiation. In addition, a high degree
of variability among the three NF1(-/-) cell lines was observed. To further evaluate this
presumably altered differentiation, the expression of genes configuring the NC-SC
expression roadmap were compared for NFI1(-/-) cells and NFI1(+/+) controls and
visualized in a heatmap (Figure R11B).

At the NC stage, all NF1(-/-) cell lines exhibited the same expression pattern as NF1(+/+)
cell line, despite their genotype. Although NF1(-/-) 5PNFiPS cell line (NF1_A) presented
the same expression pattern at the 7-day timepoint as the NF1(+/+) cell line, the rest of
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NF1(-/-) cell lines did not. In fact, at the 14-day timepoint, all NF1(-/-) cell lines already
lost the NFI(+/+) NC-SC roadmap signature. Thus, heatmap representation clearly
showed the “loss of track” of the NF1(-/-) cells along the NC-SC differentiation process
defined by controls (Figure R11B).
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Figure R11. NF1(-/-) differentiating Schwann cells did not follow the neural crest-Schwann cell
expression roadmap defined by NF1(+/+) cells. A) A PCA of the NFI(+/+) FiPS cell line (WT, full
rhomboids) and the NF1(-/-) PNF-derived and edited iPSCs (NF1, crossed rhomboids). Pluripotent
stem cells (PSC, purple), NC (dark blue), 7-day (dark green), 14-day (light green), and 30-day
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(yellow) of SC differentiation are depicted. WT and NF1 cell lines clustered together mainly at
pluripotent and neural crest stages. However, NF1 cell lines did no longer cluster at 7-day, 14-
day, or 30-day timepoints. B) Heatmap representing a supervised cluster analysis showing the
stage-specific markers of NC stage, 7-day, 14-day, and 30-day of SC differentiation in WT and NF1
cell lines. NC stage-specific genes (dark blue) and 7-day (dark green), 14-day (light green), and 30-
day (yellow) timepoint-specific genes are depicted. The expression color ranges from dark blue,
showing down-regulated genes, to red, showing up-regulated genes.

Since the NFI1(-/-) differentiating cells were escaping from NC-SC expression roadmap
defined by NF1(+/+) cells, we wondered the identity that they were adopting. To analyze
their expression, a differential gene expression analysis was performed comparing
NF1(-/-) cells at 30 days under SC differentiation conditions with WT cells. Differentially
expressed genes at 30 days were used in a gene enrichment analysis to underscore the
most representative biological processes (Figure R12). Cell line NF1_A was enriched in
biological processes like “bone development”, “chondrocyte differentiation”,

” o

“ossification”, “cartilage development”. NF1_B was enriched in biological processes like
“muscle contraction”, “muscle organ development”, “muscle cell differentiation”, and
“muscle system process”. The edited NF1_C cell line was enriched in processes such as
“collagen metabolic process”, “chondrocyte differentiation”, and “cartilage
development” similar to NF1_A. We validated this in silico analysis by studying the

expression of specific muscle and chondrocyte genes (Appendix 2 Figure 1).

These results suggested that most NF1(-/-) differentiating cells in 2D cultures were
switching from a NC-SC axis of differentiation to a NC-mesenchymal cell axis.
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Figure R12. NF1(-/-) differentiating Schwann cells in 2D cultures switched from a neural crest-
Schwann cell axis to a neural crest-mesenchymal axis. Top differentially expressed genes in NF1(-
/-) cell lines compared to control NFI(+/+) at 30 days were used to perform an enrichment
analysis of biological processes. The X-axis indicates the p-value associated with each biological
process. The Y-axis concentrated the ten most significant biological processes after enrichment
analysis. The size of the black circle represents the number of genes that each biological process
contained. NF1_A (A); NF1_B (B); NF1_C (C).
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In parallel to RNA-seq analysis, we performed an engraftment assay into the sciatic nerve
of nude mice using the same NF1(+/+) and NF1(-/-) cells to study their capacity to engraft
and generate tumors in vivo. We used cells at NC stage and at 7 and 14 days of SC
differentiation, since GEM models (see introduction section) pointed to a SCP stage as
the most probable PNF cell of origin.

These experiments were performed in collaboration with Dr. Conxi Lazaro’s laboratory at
Institut Catala d’Oncologia (ICO)- Institut d’Investivacié Biomedica de Bellvitge (IDIBELL).
Cells were grown and differentiated in our laboratory at IGTP and then engrafted at the
animal facility of ICO-IDIBELL.

Two million cells of control NF1(+/+) and NF1(-/-) cell lines at each stage/timepoint (NC,
7, and 14 days of SC differentiation) were injected into the sciatic nerve of
immunodeficient male mice (Figure R13A). Each mouse received two injections, one in
each leg, and 2 mice were used per condition. Tumor growth was monitored by manual
palpation.

After 2 months, thickening of the thighs of some mice were observed, and at 4 months
post-injection, all mice were euthanized and dissected.

None of the NFI(+/+) cell cultures at any differentiation stage (NC, 7 or 14 days of SC
differentiation) generated tumors (Table R4). On the contrary, we observed a tumor-like
grown cell mass in mice engrafted with NF1(-/-) cells at 14 days of SC differentiation (not
at NC stage, neither at 7 days of SC differentiation) (Figure R13B).

iPSC line Neural crest stage 7d SC differentiation 14d SC differentiation
NF1(+/+) FiPS 0/4 0/4 0/4
NF1_A 0/4 0/2* 4/4
NF1 B 0/4 0/4 1/2*

Table R4. Summary of tumor masses formed in vivo after engraftment of NF1(+/+) and NF1(-/-)
cells at neural crest stage, and at 7 and 14 days of Schwann cell differentiation. The number of
tumors grown/the number of injections is shown per condition and cell line. *Some mice died
due to an infection before the end of the experiment.

Tumors were analyzed histologically by hematoxylin and eosin (H&E) staining. Those
formed by the engraftment of NF1_A cell line (14 days of SC differentiation) contained
areas of immature mesenchymal proliferative cells and areas of chondrocyte
differentiation (Figure R13C), which stained positive for S100B (Figure R13C). No areas
resembling a PNF were observed. On the other hand, in the case of NF1 B cell
engraftment (14 days) H&E staining revealed tumors containing mostly muscle and
undifferentiated cells. Remarkably, these in vivo results were completely in agreement
with the differentially expressed genes and enriched biological processes detected by
RNA-seq analysis in NF1_A and NF1_B cell lines.
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Altogether, these results demonstrated that NF1(-/-) differentiating SCs in 2D cultures,
switched from a NC-SC axis to a NC-mesenchymal cell axis of differentiation (towards
chondrocytes and muscle cells), both in vitro and in vivo. They also support the lack of
capacity of NFI(-/-) NC to form neurofibromas (Joseph N et al. 2008). Results also
highlight a high correlation between the expression identity acquired in vitro by
differentiating cells and the cell type developed in vivo after engraftment (either muscle
cells or chondrocytes).

Figure R13. Engraftment of NFI1(-/-) differentiating Schwann cells at 14 days formed
mesenchymal tumors. A) Two million cells of control NFI1(+/+) and NF1(-/-) cell lines (NF1_A and
NF1_B) at NC stage and 7 and 14 days of SC differentiation were injected into the sciatic nerve of
immunodeficient male mice. Four months later, all mice were euthanized. Tumors appeared only
in mice that had been injected with NF1(-/-) cell lines (NF1_A and NF1_B) at 14 days of SC
differentiation. B) H&E staining of developed tumors after injecting NF1_A cells showing an
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immature proliferative population (asterisk) and an immature chondrocyte population (triangle).
C) S1008B staining of the same tumors. The immature proliferative population (asterisk) is S1008
negative. The immature chondrocyte population (triangle) is SI00B positive. Black scale bar; 100
um.

1.4. Generation of a 3D Schwann cell differentiation model using a
multiplex system: homotypic and heterotypic spheroids

1.4.1. Set up of differentiating Schwann cell 3D cultures

Our in vitro and in vivo results indicated that 2D cultures of NF1(-/-) differentiating SCs
were too heterogeneous to model PNFs. Most cells ended up switching from a NC-SC axis
towards a NC-mesenchymal axis. On the other hand, differentiating NFI1(-/-) cells
preserved a high proliferation rate and an increased tendency to form spheres that
homogenously expressed SC markers. Spheres recapitulated the expression of their PNF-
derived SC counterparts. Thus, we decided to develop a 3D culture methodology to
efficiently generate spheres using iPSC-derived differentiating SCs in a multiplex and
proficient way to improve our PNF model system.

To set up the 3D SC differentiation protocol, we seeded cells onto Poly-L-lysine and
Laminin-coated plates with SC differentiation media, and after five days, cells were
detached and transferred into AggreWell™800 24-well plates in SC differentiation media
(see details in Materials & Methods). Each well of the 24-well plate had approximately
300 microwells allowing for the generation of 300 spheroids per well. We grew spheroids
until day 14 of SC differentiation, 9 days after spheroid induction.

5d 14d

\L \L ~_
Spheroid generation Sampling
with or without eFb analysis

2D 3D

DMEM/F12 + N2 + Her + Forskolin + FGF

Poly-L-Lysine

. No coatin
+ Laminin 9

Figure R14. Schematic representation of spheroid generation. At day O, cells were plated in Poly-
L-lysine and Laminin-coated plates in SC differentiation media containing DMEM/F12, N2,
heregulin (Her), forskolin, and 1%FGF. After 5 days, cells were detached, counted, and transferred
into AggreWell™800 24-well plates in SC differentiation media until day 14 of differentiation.
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In addition to NF1 loss in the SC lineage cells, the tumor microenvironment has been
described as a critical factor for neurofibroma development (Liao, 2016; Liao, 2018). The
second main cell type within neurofibromas, after SCs, are eFbs.

So, we decided to generate, in addition to homotypic spheroids containing differentiating
SCs, heterotypic spheroids that contained a mixture of differentiating SCs and eFbs from
already established PNF-derived cultures. In this case, we seeded 70% differentiating SCs
and 30% eFbs to simulate the proportions that are frequently found in neurofibromas.

We generated homotypic spheroids from all NF1(-/-) iPSC lines (PNF-derived and
CRISPR/Cas9). Unfortunately, due to the incapacity of differentiating SCs from control
NF1(+/+) FiPS cells to compact when transferred into AggreWell™800 plates, we could
not obtain control NF1(+/+) homotypic spheroids. On the contrary, we were able to
establish heterotypic spheroids from control NF1(+/+) as well as from all NF1(-/-) iPSC
lines.

We mixed each PNF-derived eFb culture with the respectively NF1(-/-) differentiating SCs
to reproduce better the original PNFs (summarized in Table R5).

Homotypic spheroids Heterotypic spheroids
Cell line Cell line 1 Cell line 2
- NF1(+/+) FiPS (WT) 5PNF-derived eFbs (FB_A)

NF1(-/-) SPNFiPSCs (NF1_A) | NF1(-/-) SPNFiPSCs (NF1_A 5PNF-derived eFbs (FB_A)
NF1(-/-) 3PNFiPSCs (NF1_B) | NF1(-/-) 3PNFiPSCs (NF1_B) 3PNF-derived eFbs (FB_B)

Edited NF1(-/-) FiPS (NF1_C) | Edited NF1(-/-) FiPS (NF1_C) 3PNF-derived eFbs (FB_B)

Table R5. Table summarizing the specific cell lines that composed homotypic and heterotypic
spheroids. In brackets, a simplified nomenclature is shown.

1.4.2. 3D model characterization

To obtain morphological data from generated spheroids, phase-contrast images with the
microscope were obtained (Figure R15A). The diameter of spheroids widely varied
between iPSC lines and between homotypic and heterotypic spheroids, being heterotypic
spheroids slightly bigger. The diameter of homotypic spheroids ranged from 150 um in
NF1_C cell line to almost 250 um in NF1_A and NF1_C. On the other hand, heterotypic
spheroid diameter ranged from approximately 200 pum up to 400 um.

Spheroids had to be handled very carefully, especially when eFbs were not present. eFbs
brought structural support to the spheroids as well as compaction (see DAPI staining in
Figure R15B, C). Immunostaining showed that both types of spheroids expressed, in a
generalized way, NC-SC markers such as p75 and S1008B (Figure R15B, C).
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A NF1(-/-) homotypic spheroids
2 days after seeding 9 days after seeding

B Homotypic spheroids
S100B Merge
NF1 A

NF1 B

NF1_C

S100B Merge

WT + FB : .‘

NF1 A + Fb

NF1 B + Fb

NF1 C + Fb

Figure R15. p75 and S100B characterization in homotypic and heterotypic spheroids at 14 days
of Schwann cell differentiation in 3D. A) Representative phase-contrast image of a microwell of a
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NF1(-/-) homotypic spheroid 2 days (left) and 9 days (right) after seeding. Scale bar, 100 um. A
tile scan of an entire 6-well plate is shown with the approximately 300 NFI(-/-) homotypic
spheroids. Scale bar, 1000 um. B, C) Representative images from immunocytochemical analysis
of homotypic (A) and heterotypic (B) spheroids, evaluating the expression of p75 and S1008B. All
spheroids expressed p75 and S100B. DAPI was used to stain the nuclei. Scale bar, 200 pum.

In addition to a morphological characterization, we extracted RNA from NF1(+/+) and
NF1(-/-) spheroids and confirmed the expression of NC-SC lineage markers by RT-qPCR
(Figure R15B,C and R16). Results showed that in general, SC lineage markers were
increased when differentiating SCs grew in multiplexed 3D spheroids as compared to 2D
standard differentiation conditions.
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Figure R16. Characterization of some markers in spheroids through RT-gPCR at 14 days of
Schwann cell differentiation. The normalized relative expression (NRE) of four different markers,
SOX10, CDH19, NGFR, and S100B was calculated at 14 days of SC differentiation in 2D and 3D.
NF1(+/+) FiPS (WT, in grey); NF1(-/-) SPNF-derived iPSCs (NF1_A, in orange); NF1(-/-) 3PNF-
derived iPSCs (NF1_B, in blue); and edited NFI(-/-)FiPS (NF1_C, in purple). NF1(-/-) spheroids,
either homotypic or heterotypic, expressed higher amounts of these four markers compared to
2D cultures. Values are expressed as the mean NRE + SEM from three independent differentiation
experiments.
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1.4.3. NF1(-/-) heterotypic spheroids recapitulate the neural crest-
Schwann cell roadmap expression signature at 30 days of Schwann
cell differentiation

To get a global insight of spheroid expression profiles, we digested spheroids to obtain a
single-cell suspension and performed RNA-sequencing analysis of homotypic and
heterotypic spheroids. The identified in vitro NC-SC roadmap expression signature was
used to compare control NF1(+/+) cell line, both in 2D and 3D (heterotypic spheroids),
with homotypic and heterotypic spheroids from the three independent NF1(-/-) cell lines
(Figure R17). NF1(+/+) heterotypic spheroids exhibited an expression roadmap profile
closer to the one displayed by NF1(+/+) differentiating SCs in 2D cultures at 30 days of SC
differentiation. Remarkably, two of the NF1(-/-) heterotypic spheroid lines (NF1_B and
NF1_C) also expressed a quite similar expression roadmap profile. However, this was not
the case for the third NF1(-/-) heterotypic spheroid line (NF1_A) and for none of the three
independent homotypic spheroid cultures. These spheroids were not following a clear
NC-SC path according to the expression roadmap profile, despite the detection of classic
markers by RT-qPCR (Figure R15) and by immunostaining (p75, S100B) (Figure R16).
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Figure R17. NF1(-/-) heterotypic spheroids recapitulate the neural crest-Schwann cell roadmap
expression signature at 30 days of Schwann cell differentiation. Heatmap showing the NC-SC
roadmap signature at NC stage, 7-day, 14-day, and 30-day timepoints in control NFI(+/+)
differentiating SCs in 2D and also in 3D (heterotypic spheroids), as well as for NF1(-/-) heterotypic
and homotypic spheroids. Neural crest (NC) specific roadmap markers are shown in dark blue,
and 7, 14, and 30 day roadmap markers in dark green, light green, and yellow, respectively. The
expression color ranges from dark blue, showing down-regulated genes, to red, showing up-
regulated genes.
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To further evaluate gene expression in 2D and 3D models, we used the in vitro NC-SC
expression roadmap signature defined by control NFI(+/+) 2D cultures as a reference.
We constructed a framework of a spider plot with 4 tips, each representing a
differentiation stage/timepoint (NC, and 7, 14, and 30 days of SC differentiation). We then
calculated the Manhattan distances of each heterotypic or homotypic spheroid sample
to the expression roadmap of each stage/timepoint and plotted results as overlaying
spider plots (Figure R18). In this way, we obtained a global representation of the
expression roadmap signatures of all 2D and 3D models compared to the one of the
control NF1(+/+) 2D cultures as a baseline. The Manhattan distance of a given sample to
each specific stage/timepoint would specify the distance between the vertex (total
similarity) and the center (total difference) of each ax of the plot (Figure R18).

Spider plots clearly showed that the expression roadmap profile exhibited by WT
NF1(+/+) heterotypic spheroids (Figure R18A) highly correlated with those expressed by
NF1_B and NF1_C heterotypic spheroids (Figure R18C and, D). On the other hand, the
roadmap expression by NFI1(-/-) 2D differentiating SCs and the NFI(-/-) homotypic
spheroids did not resemble the one of the NF1(+/+) heterotypic spheroids. These results
highlight the influence of primary PNF-derived eFbs on differentiating NF1(-/-) SCs for a
correct establishment of a NC-SC axis of differentiation.
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Figure R18. The expression roadmap of NFI1(-/-) heterotypic spheroids of NF1_B and NF1_C
closely resembles the one of NF1(+/+) heterotypic spheroids. Taking into account the stage-
specific markers of the neural crest-Schwann cell (NC-SC) roadmap, the Manhattan distance of
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each heterotypic or homotypic spheroid was calculated. Each Manhattan distance was plotted
into radar plots: the upper tip represents the NFI(+/+) NC stage, left the NFI(+/+) 2D
differentiating SC at the 7-day stage, bottom the NF1(+/+) 2D differentiating SC at the 14-day
stage, and right tip the NF1(+/+) 2D differentiating SC at the 30-day stage. A) NF1(+/+) heterotypic
spheroid triplicates are represented. Each replicate is very similar to the others. B) 5PNFiPSC
(NF1_A) at 14-days of SC differentiation (orange), S5PNF-derived heterotypic spheroid
(NF1_A Het 3D, light brown), and homotypic spheroid (NF1_A_Hom_3D,yellow). C) 3PNFiPSC
(NF1_B) at 14-days of SC differentiation (blue), 3PNF-derived heterotypic spheroid
(NF1_B_Het 3D, grey), and homotypic spheroid (NF1_B_Hom_3D, light blue). D) Edited NF1(-/-)
FiPS (NF1_C) at 14-days of SC differentiation (purple), heterotypic spheroid of the edited NF1(-/-
) FiPS (NF1_C_Het_3D, grey), and homotypic spheroids (NF1_C_Hom_3D, pink).
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1.5. Engraftment of heterotypic spheroids generate human
neurofibroma-like tumors in nude mice

The same homotypic and heterotypic spheroid cultures from which RNA was extracted
were used to test in parallel their capacity to engraft and form tumors in vivo. As
explained above, engraftments were performed in collaboration with Dr. Conxi Lazaro’s
lab (ICO-IDIBELL).

Spheroids containing approximately a total of 2 million cells were resuspended in
Matrigel and injected into the sciatic nerve of nude mice. We injected homotypic and
heterotypic spheroids from the 3 NF1(-/-) cell lines. Each condition was injected into six
different sciatic nerves. Homotypic and heterotypic spheroids from the same NF1(-/-) cell
lines were injected in the left and right sciatic nerve of the same mouse, respectively.
PNF-derived eFbs used to form heterotypic spheroids were also injected to control their
capacity to engraft and generate cell growth as single cultures. Figure R19 shows a

schematic representation of the experiment.
Homotypic and heterotypic

spheroid generation
5d 14d

® .

Spheroids were injected into 4 months Tumors were resected
the mouse sciatic nerves and analyzed
Homotypic spheroids Heterotypic spheroids

Figure R19. Schematic representation of the spheroid engraftment experimental design. NC cells
were differentiated into SCs following the 2D differentiation protocol. At 5 days, cells were
detached from plates and transferred into AggreWell™&800 24-well plates with SC differentiation
media with or without eFbs to generate heterotypic or homotypic spheroids, respectively. At 14
days, homotypic spheroids were injected in the left sciatic nerve and heterotypic spheroids in the
right sciatic nerve. Each condition was injected into 6 different sciatic nerves. After 4 months, all
mice were euthanized, and tumors were resected and analyzed.

Tumor growth was monitored throughout time by manual palpation. After 4 months, all
mice were euthanized, and the sciatic nerve region was dissected. One mouse had to be
euthanized 2 weeks earlier since it showed a prominent growth in its right leg that
impaired its movement.

None of the NF1(+/+) heterotypic spheroid cultures were able to generate tumors or cell
mass outgrowths in the engrafted mice. Neither did the PNF-derived single eFb cultures.
In clear contrast, NFI(-/-) homotypic and heterotypic spheroids were able to engraft and
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generate tumor masses. Interestingly, heterotypic spheroids generated more tumors and
in a more consistent way. NF1(-/-) homotypic and heterotypic spheroids engrafted and
generated 5 and 8 tumors, respectively. Table R6 summarizes the in vivo engraftment
results.

Injections Grown tumors  Grown tumors  Grown tumors
S100B+ with Meissner-
like corpuscles

NF1(+/+) Heterotypic

spheroids
- FiPS 6 0
Total 6 0 (0%)
eFb cultures
- 5PNF-derived 2 0
- 3PNF-derived 2 0
Total 4 0 (0%)
NF1(-/-) Homotypic
spheroids
- NFLA 6 2 1 0
- NF1B 5 2 1 1
- NFL.C 6 1 1 0
Total 17 5(29.4%) 3(17.6%) 1(5.88%)
NF1(-/-) Heterotypic
spheroids
- NFLA 6 0 0 0
- NF1B 5 4 3 2
- NFL.C 6 4 4 0
Total 17 8 (47.1%) 7 (41.2%) 2 (11.8%)

Table R6. Summary table showing the results of the second engraftment experiment. The number
of injections, grown tumors, tumors expressing S100B, and tumors with Meissner-like corpuscles
for each cell line are shown. The percentage of tumors, tumors expressing S100B, and Meissner-
like corpuscles per number of injections are shown.

Tumor samples were excised and, when possible, divided into three parts for: (i) fixation
and paraffin/optimal cutting temperature (OCT) compound embedding for histological
analysis; (ii) DNA extraction for genetic analysis; (iii) cryopreservation.

In general, tumors grew as independent tumor masses attached to the gastrocnemius
(GC) muscle (Figure R20A, B), but sometimes, they also infiltrated into this muscle
generating tumors inside it (Figure R20B, C).

Histological and Immunohistochemical analysis of tumors was evaluated by Dr. Cleofé
Romagosa, a pathologist from Vall d’"Hebron Hospital, an expert in NF1 tumors. In general,
most of the tumors showed neurofibroma-like features, presenting immature cellularity
and expression of the SC marker S100B (Figure R20C, E). We confirmed these tumors
arose from transplanted spheroids by performing fluorescence IHC with hNu, an antibody
that labels explicitly human nuclei (Figure R20D).
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Figure R20. Engrafted spheroids generated human tumors that grew independently or inside the
gastrocnemius muscle. A) Picture of a euthanized mouse in which sciatic nerves were exposed
before dissecting the leg. B) The dissected parts of the mice and some tumors are shown. Left
pictures: the left and right gastrocnemius muscles (GC) and a tumor from the right leg that grew
attached to the GC muscle. The right GC muscle was slightly more prominent than the left GC
muscle due to another tumor inside this muscle. Middle and right pictures: other dissected GCs
and tumors are shown. C) H&E staining of tumor in B (left) that grew inside the right GC. Scale
bar, 400 um D) hNu fluorescence IHC of OCT embedded tumor shown in C. hNu stains human
nuclear cells. DAPI was used to stain nuclei. Scale bar, 100um E) S100B fluorescence IHC of
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paraffin-embedded tumor shown in C. DAPI was used to stain nuclei. Left scale bar, 250um;
Middle scale bar, 75 um; Right scale bar, 50 pm.

NF1(-/-) homotypic tumors were small, and the H&E staining showed immature (Figure
R21A) and infiltrative (Figure R21B) neurofibroma-like features. In contrast, NF1(-/-)
heterotypic spheroids generated bigger tumors, presenting various neurofibroma
features such as Meissner-like corpuscles (Figure R20E, R21C), abundant collagen matrix
(Figure R21D and F), infiltrating mast cells (Figure R21F), and disorganized spindle
neurofibroma-like SCs (Figure R20E, R21G, and H). Besides, heterotypic spheroid from
the NF1_CiPSC line also generated areas of chondrocyte and adipose tissue (Figure R21E,
G, and H). It is known that the presence of Meissner-like corpuscles (also known as
Wagner-Meissner corpuscles or pseudo-Meissner corpuscles) points to a neural origin of
the tumor, especially in the context of neurofibromas, neurinomas, and neuromas
(Kaiserling and Geerts 1986), indicating a SC maturation.
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NF1_Homotypic_3D
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Figure R21. Hematoxylin and eosin staining of different homotypic and heterotypic
neurofibroma-like tumors. A, B) Homotypic spheroid from NF1_A (A) and NF1_C (B) iPSC
generated an immature neurofibroma-like (A) and infiltrative (B) tumors. C, D, E, F, G, H)
Heterotypic spheroids from NF1_B (C) and NF1_C (D, E, F, G, H) generated tumors presenting
various neurofibroma features like Meissner-like corpuscles (C), collagen (D and F), infiltrating
mast cells (F), and neurofibroma-like SCs (G and H). Scale bars, 100 um.
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We further characterized tumors performing S100B and SOX10 IHC analysis.

As it is observed in PNFs, we identified two different patterns of S100B staining in tumors
generated from homotypic and heterotypic spheroids engraftment: diffuse (Figure R22A,
B) and focal (Figure R22C, D). Focal immunostaining was observed in individual cells
(Figure R22C) as well as in Meissner-like corpuscles (Figure R22D).

Three of the tumors formed from NF1(-/-) homotypic spheroids (one of each cell line)
were positive for S100B (Table R6), and one of them also showed Meissner-like
corpuscles. Seven of the tumors formed from NFI(-/-) heterotypic spheroids were
positive for S100B. Two presented Meissner-like corpuscles. Only two NFI(-/-)
heterotypic cell lines generated tumors (NF1_B and NF1_C), and from those, all except
for one resembled neurofibroma-like tumors.

The SOX10 staining also showed positivity in tumors cells, either scattered (Figure R22E)
or forming part of Meissner-like corpuscles (Figure R22F).
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Figure R22. Neurofibroma-like tumors from heterotyp|c spheroids showed diffuse and focal
S100B staining patterns. A, B, C, D) Representative images from immunohistochemical analysis of
S100B showing a diffuse (A, B) and a local pattern (C, D). Notably, the focal immunostaining
pattern was observed in Meissner-like corpuscles (D) as well as in individual cells (C). E, F)
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Representative images from immunohistochemical analysis of SOX10 showing SOX10+ cells
scattered in the tumor or forming part of cells in Meissner-like corpuscles. Scale bars, 100 pum.

To sum up, heterotypic spheroids generated a higher number of tumors (8 out of 17,
47.1%) than homotypic spheroids (5 out of 17, 29.4%). Besides, heterotypic spheroid
tumors exhibited neurofibroma-like features (S100B positive immunostaining and
Meissner-like corpuscles) more consistently than homotypic spheroids. These results
showed that our 3D model has the full potential to generate human neurofibroma-like
tumors in mice in a robust way.

Remarkably, the NF1(-/-) heterotypic spheroids that were able to form neurofibroma-like
tumors upon sciatic nerve engraftment (NF1_B and NF1_C) were the ones that also
exhibited a NC-SC expression roadmap profile similar to NF1(+/+) differentiating SCs at
30 days and similar to PNF-derived primary SC cultures (Figure R10 and R17). Again, the
cell identity provided by the expression signatures obtained in vitro in heterotypic
spheroids cultures remarkably coincided with the identity of the cell types that engrafted
and expanded in vivo. These results highlight the utility of the NC-SC expression roadmap
to monitor the successful generation of neurofibroma-like tumors upon NFI1(-/-)
heterotypic spheroid engraftment.
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2. Neurofibroma cell composition: heterogeneity of the
Schwann cell component

2.1. PNF-derived Schwann cells express markers from different stages
along the NC-SC in vitro differentiation

Neurofibromas are mainly composed of SCs and eFbs, but also contain other cell types
like perineurial cells, infiltrating immune cells, and endothelial cells. Despite the multiple
cell type content, only cells of the SC lineage bear the double inactivation of the NF1 gene.
Since PNFs are originated during development, a still open question was whether all cells
of the SC lineage have the same identity, or on the contrary, within PNFs co-exist SCs at
different differentiation or maturation states.

As we showed earlier, we performed RNA-seq analysis of three independent PNF-derived
SC cultures. We were able to analyze the NC-SC expression roadmap signature in these
cells (Figure R23A, also in Figure R10B). PNF-derived SCs expressed a NC-SC roadmap
signature resembling the signature of control NFI1(+/+) cells at 30 days of SC
differentiation. In addition, PNF SCs also expressed some genes from NC stage, 7 and 14
days of SC differentiation, suggesting they were expressing genes representing different
differentiation or maturation states. However, we wondered whether all SCs were
homogeneously expressing all genes, or there was heterogeneity regarding the
expression of genes representing different SC states.

To better characterize this expression profile, we first performed an enrichment analysis
of the genes expressed in the three independent PNF-derived SC cultures (Figure R23B).
Some of the most significant biological processes (BP) identified by this analysis were
“Schwann cell differentiation”, “gliogenesis”, and “glial cell differentiation”, emphasizing
the expression of genes implicated in SC differentiation and the value of the NC-SC

expression roadmap.
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Figure R23. Plexiform neurofibroma-derived Schwann cells expressed markers from different
stages of the neural crest-Schwann cell in vitro model. A) Heatmap with the stage-specific markers
in the 2D NF1(+/+) differentiating SCs and in three independent PNF-derived SC cultures: SC_A
(5PNF-derived SCs), SC_B (3PNF-derived SCs), and SC_D (6PNF-derived SCs). NC-stage specific
markers (dark blue), and 7-day (dark green), 14-day (light green), and 30-day (yellow) stage-
specific markers are shown in the left. The expression color range goes from dark blue, showing
down-regulated genes to red showing up-regulated genes. Three independent differentiation
experiments are shown. B) Enrichment analysis of the expressed genes in the three independent
PNF-derived SC cultures showing the six most significant biological processes (BP) represented by
genes of the NC-SC in vitro model. In the X-axis the p-value associated with each enriched BP is
represented. In the Y-axis the six most significant BP are presented. The size of the full black circle
represents the number of genes contained in each BP.
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2.2. P75and S100B are differentially expressed along the neural crest-
Schwann cell lineage

To further investigate the degree of homogeneity in the expression of NC-SC lineage
genes within the PNF SC component, we selected two lineage markers with a different
pattern of expression: NGFR and S100B. NGFR gene (p75) is expressed from the NC stage
throughout the entire SC differentiation axis. The gene S100B is expressed in SC
committed cells (Jessen and Mirsky, 2005). We first used RNA-seq data from the in vitro
NC-SC differentiation process of control NF1(+/+) iPSC and analyzed the expression levels
of both markers (Figure R24). As already shown (Figure R6D), the NGFR gene was not
expressed at the pluripotent stage abut was highly expressed in the NC stage, and
maintained in the 7, 14 and 30 days of SC differentiation. S100B gene, instead, showed a
different expression pattern, in which no expression was observed at the pluripotent or
NC stages, was expressed at low levels at 7 and 14 days differentiating SC timepoints and
at high levels at the 30 day.

These results were representing the expression at a population level, not at an individual
cell level. However, our results indicated that the expression levels of these two markers
were able to distinguish different populations along the NC-SC lineage. A cell at an earlier
stage, precursor-like cell, would express significant levels of p75 but not of S100B. A cell
of a later stage, already committed to a SC identity, would express both p75 and S100B.

1.0

0.8

0.6

Relative expression
0.4

0.2

PSC NC 7d 1l4d 30d

Figure R24. Differential expression patterns of NGFR and S100B along with the neural crest-
Schwann cell in vitro differentiation process. Boxplot representing NGFR and S100B relative
expression (RNA-seq analysis) in control NFI(+/+) FiPS at different stages/timepoints along the
NC-SC in vitro differentiation. Three independent differentiation experiments are shown.
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2.3. Plexiform neurofibroma-derived Schwann cells heterogeneously
express p75 and S100B

We then focused our p75/S100B co-expression analysis directly in PNF-derived SC
cultures. We performed co-immunostaining of p75 and S100B in SC cultures from
different PNFs (Figure R22). We observed that most cells in PNF SC cultures co-expressed
both markers, but also that some cells expressed only one of the markers, either p75 or
S100B. The results supported the existence of cell heterogeneity in the SC component of
PNFs.

3PNF-derived SCs
DAPI p75 S100B Merge

5PNF-derived SCs
DAPI 75 S100B Merge

Figure R25. p75 and S100B double staining evidenced cell heterogeneity in plexiform
neurofibroma-derived Schwann cell cultures. Immunocytochemistry analysis of p75 and S1008B
markers in 3PNF- and 5PNF-derived SC cultures. DAPI was used to stain the nuclei. Scale bars, 100
um.

To control for the effect of culturing SCs on the expression of p75 and S100B and asses a
real PNF SC heterogeneity, we decided to analyze these two markers directly in PNF
dissociated single cells. To have quantitative analysis, we used flow cytometry to analyze
thousands of individual cells of each PNF. We selected 5 PNFs from 5 independent NF1
patients (Table R7), digested them into single-cell suspensions, and immunolabeled them
to analyze p75 and S100B expression by flow cytometry (Figure R26).

Tumor 3PNF 19PNF 20PNF1 23PNF 30PNF
Age at resection \ 8 45 11 8 19

Gender ‘ Female Female Male Female Male

Table R7. Clinical data of the 5 plexiform neurofibromas from independent NF1 patients used in
flow cytometry analysis.
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Flow cytometry analysis revealed the existence of four populations of cells within all 5
PNFs, according to the co-expression of p75 and S100B: a large population of cells
negative for both markers and three populations being p75+/S1008B-, p75+/S100B+, and
p75-/S100B+. The direct analysis of p75 and S100B on PNF dissociated cells also
evidenced the presence of cells with different identities conforming the SC component
(Figure R26A). To provide reliable percentages of these populations, at least 100 cells had
to be counted. Moreover, each dissociated-PNF exhibited different percentages of these
4 populations (Figure R26B). Some PNFs as 20PNF1 or 30PNF displayed a high proportion
of double-positive p75+/S100B+ cells while others as 23PNF presented a high proportion
of the p75+/S1008B- cells. There was not found any correlation between the different
proportions of cells and the age at tumor resection nor the gender of the patient.
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Figure R26. P75 and S100B double staining uncovered cell heterogeneity of the Schwann cell
component within plexiform neurofibromas. A) Flow cytometry analysis of p75 and S100B of 5
independent PNFs. Left panel of PNF reflects the signal of the secondary antibodies (2ary Ab) as
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controls. In the X-axis, the p75 expression is represented, while in the Y-axis, the S100B
expression. Each dot represents a cell. Each dissociated-PNF exhibited a homogenous negative
population for both antibodies. Right panels, each dissociated-PNF was incubated with primary
and secondary antibodies. Double-negative p75-/S100B- cells (light blue), p75+/S100B- cells
(orange), double-positive p75+/S100B+ cells (yellow), and p75-/S100B+ cells (purple) are shown.
B) Companion graphs showing the proportions of each different cell population within PNFs. The
entire square represents 100% of the population, and the area of each color represents the
proportion of each cell population. Some PNFs as 20PNF1 or 30PNF displayed a high proportion
of double-positive p75+/5S100B+ cells while others as 23PNF presented a high proportion of the
p75+/S100B- cells.

2.4. Heterogeneity of the Schwann cell component of PNFs revealed
by scRNAseq

The heterogeneity of p75/S100B co-expression observed within the SC component of
PNFs, both by analyzing SC cultures and directly dissociating PNF cells, reinforced the idea
that the SC component of PNFs was heterogeneous, containing cells with a precursor-like
(or less differentiated) identity of the NC-SC axis (p75+/S100B- cells) and cells already
committed to SCs (p75+/S100B+ cells). To get a better insight in this regard, we
performed single-cell RNA-seq (scRNAseq) analysis in three different PNFs (19PNF,
20PNF1, and 23PNF) using 10x genomics technology. We were able to analyze the
expression of more than 2000 genes in 5087, 6155, and 9092 single cells, respectively.

ScRNAseq analysis identified clusters of cells representing different cell types composing
PNFs: SCs, eFbs, endothelial cells, T cells, macrophages, etc. (Figure R27). We used
singleR, which takes advantage of reference transcriptomic datasets of pure cell types
(HumanPrimaryCellAtlas) to infer the cell type identity of each single cell independently
(Annex2 Figure A2-R).

Different clusters were identified as part of the SC component, eFb component, or
endothelial cell components, indicating the complexity of inferring cell identities from
variable gene expression and from the limited data on cell types that we still have as a
reference. Interestingly, within the SC component, we identified different SC clusters,
probably representing SC subpopulations (Figure R28). The majority of the cells of the SC
component expressed markers like SOX10, a NC marker expressed throughout SC
differentiation. Even more cells expressed CDH19, a SCP marker. Opposed to a SC
component level of expression, other markers had a restricted expression to
subpopulations of SC component cells, like SI00B and PLP1, genes commonly expressed
in committed SCs (Figure R28). Thus, PNFs seemed to be composed of distinct SC
subpopulations. At least, one expressing marker that appear early in the NC-SC axis,
suggesting a precursor-like identity, and another subpopulation expressing these markers
and also SC committed markers, suggesting a singular committed SC expressing most of
the classical markers of the NC-SC axis. These results were in accordance with flow
cytometry data analyzing co-expression of p75 and S100B markers (Figure R26).
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Figure R27. Decomposing cell types within plexiform neurofibromas using scRNAseq analysis.
Schwann cell component (SCs), fibroblast components (eFbs)m endothelial cells, macrophages,
and T cells were identified as cell types composing PNFs. A t-distributed stochastic neighbor
embedding (tSNE) plots displaying the different cell clusters identified for each PNF (19PNF,
20PNF, and 23PNF) are shown.
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Figure R28. Schwann cell component of plexiform neurofibromas is composed of two different
Schwann cell subpopulations. TSNE plots displaying single cell expression data of SOX10, CDH19,
S$1008B, and PLP1 markers in three different PNFs. Most cells forming the SC component expressed
SOX10, and CDH19 while just a subpopulation of cells expressed S100B, and PLP1. These results
suggest the existence of at least two SC subpopulations, one expressing markers of a precursor-
like cell, and another expressing these markers together with markers of a committed SC.
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2.5. Heterogeneity of the endoneurial fibroblast component of PNFs

In addition, we also identified distinct subpopulations of eFbs (Figure R27), all of them
defined by markers such as MEDAG1 and the key mesenchymal transcription factors
PRRX1, and TWIST1 (Figure R29). The majority of cells expressed MEDAG, and PRXX1, and
a portion of them expressed TWIST. The eFb component displayed less heterogeneity
than the SC component.
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Figure R29. Different fibroblast subpopulations were identified. TSNE displaying single cell
expression data of MEDAG, PRRX1, and TWIST markers in three different PNFs.
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3. Study of intracellular signaling in cutaneous neurofibroma

3.1. Experimental design to study intercellular signaling between
Schwann cells and fibroblasts in cNFs

Cutaneous neurofibromas (cNF) are present in nearly all NF1 individuals, representing for
many of them, the most important clinical manifestation affecting their quality of life. We
need to better understand cNF formation and growth to identify ways for an effective
treatment. It is thought that the inactivation of the NF1 gene in SC precursors triggers
cNF formation. Recent sequencing projects seem to indicate that from a genetic
perspective, there is no other additional recurrent genetic alteration in SCs besides the
NF1 inactivation involved in cNFs. But cNFs are composed of multiple different cell types
in addition to NF1(-/-) SCs, like eFbs and others. It is well established the importance of
tumor microenvironment and the role of other cell types in the formation of cNFs.
However, the specific signaling among different cell types and their functional implication
on neurofibroma formation need to be further analyzed and dissected. We aimed to
identify a cell type-specific expression profile in cNFs produced by heterotypic
interactions between SCs and eFbs, and translate these changes in expression into
signaling pathways.

We designed a co-culture experiment in which cNF-derived SC cultures and cNF-derived
eFb cultures were grown together to analyze the specific expression profile of each cell
type due to heterotypic cell interaction (Figure R30). By comparing the expression of
single cell cultures (SC; eFb) with SC-eFb co-cultures, we planned to identify those genes
that changed their expression due to the interaction between both cell types (physical
interaction or through secretion). To ascertain the cell type within co-cultures responsible
of specific differential gene expression, we planned to analyze the genetic variation of
expressed genes. We first aimed to identify the individual genetic variation of each of the
4 cNFs used (each from a different individual) and planned to perform co-cultures mixing
SCs and eFbs from different cNFs (up to 16 different co-cultures). Specific coding variants
in differentially expressed genes could allow the identification of the cell type expressing
them. So that, we performed sequencing on cNF and identified genetic variation, we
established cultures of specific cell types for each cNF and co-cultures, and finally
collected RNA and supernatant from all cultures to perform RNA-seq analysis as well as
secretory profile analysis.
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Figure R30. Schematic representation of the experimental design to study heterotypic signaling
between Schwann cells, and endoneurial fibroblasts from cutaneous neurofibromas. First (1),
individual coding genetic variation of each NF1 patient was identified. Then (2), specific cell type
cultures, SCs (green), and eFbs (orange) of each cNF (purple) were established, facilitating the
generation of 16 different co-cultures. Finally (3), RNA from cNFs, SC, and eFb single cultures, and
SC-eFb co-cultures was obtained and sequenced.
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3.2. NF1 germline and somatic mutation characterization of cNFs and
selection of cNFs

To end up selecting 4 suitable cNF for co-culture experiments, we first had to analyze
several more. We dissociated 9 different cNFs from 7 independent NF1 patients: 1 from
patient 1 (1cNF), 1 from patient 17 (17cNF1), 2 from patient 21 (21cNF1 and 21cNF2), 2
from patient 18 (18cNF1 and 18cNF2), 1 from patient 27 (27cNF12), 1 from patient 28
(28cNF1) and 1 from patient VGL (VGL1). From these 9 different cNFs, we established SC
and eFb cultures and extracted DNA from each culture (Table R8).

The somatic inactivation of the NF1 gene in approximately 25% of cNFs is evidenced by a
LOH (Serra et al. 1997). LOH might be due to homologous recombination reducing to
homozygosity most part of the 17g arm or to deletions involving NF1 gene that may range
in size from 80kb to 8 Mb of 17q (Garcia-Linares, 2011). To maximize the detection of
heterozygous variants on chromosome 17 in the selected cNFs, we looked for
neurofibromas not harboring LOH as a somatic mutation.

Hence, we performed a Multiplex Microsatellite PCR Analysis (MMPA) analyzing 16
different microsatellites, mostly located in chromosome 17 (Figure R31) (Garcia-Linares
et al. 2011). DNA from NFI1(+/-) cNF-derived eFbs, containing only the constitutional NF1
mutation, was compared to DNA from NFI(-/-) cNF-derived SCs, bearing the
constitutional and the somatic NF1 mutations. We compared all alleles from the eFb and
SC cultures. LOH was detected as the loss of one of the alleles in a specific microsatellite
in SCs. Although the specific breakpoint could not be detected, we were able to estimate
the size of the LOH approximately.

From 9 different cNFs analyzed, only three cNFs (18cNF, 18cNF2, and 21cNF2) harbored
a LOH as a somatic mutation (Figure R31).
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Figure R31. Loss of heterozygosity in the NF1 gene can be seen as the loss of one of the alleles in
specific microsatellites in chromosome 17. A) Schematic representation of the 15 microsatellites
located in chromosome 17 analyzed by the MMPA technique. Two microsatellites were located
in the p arm of chromosome 17, and thirteen in the g arm, four of which were located inside the
NF1 gene (grey rectangle). Another analyzed microsatellite was located in chromosome 2 (not
shown). The centromere (grey circle) and the telomere (the grey vertical line at the end of the
chromosome) are depicted. Each vertical black line represents the location of each microsatellite.
B) Top: 9 microsatellites in g arm were represented: 1 is located 5 of the NF1 gene (grey
rectangle), 4 are located inside the gene, and 4 are located 3’ downstream. Bottom: specific
microsatellite profiles of four different cNFs from three independent NF1 patients. For each
patient, a microsatellite profile of cNF-derived eFbs is shown as well as microsatellite profiles
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from related cNF derived-SCs. Below each peak, the size of the amplified allele of each
microsatellite is indicated inside a square. LOH in SCs is indicated with arrows.

A summary of the LOH analysis of 6 independent cNFs is shown in Figure R32. All patients
had between 2 and 5 homozygous microsatellites.

Thus, with all these data, we discarded 18cNF, 18cNF2, and 21cNF2 as candidates for the
co-culture experiment since they harbored LOH as a somatic mutation.
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Figure R32. Summary of the results from the Multiplex Microsatellite PCR Amplification technique
in 9 independents cutaneous neurofibromas. Microsatellites are labelled in different colors.
Heterozygous microsatellites (white), homozygous microsatellites (grey), and LOH (black) are
shown.

After discarding 3 tumors exhibiting LOH at 17q, 6 cNFs were still available, and we had
to select only 4 of them.

We selected those that, after digestion, showed a high cellular content and the best SC
viability. Taking this into account, we excluded VGLIN as a candidate due to low cellular
density after tumor digestion and 21cNF1 due to low SC viability.

1cNF, 17cNF1 (17cNF from now on), 27cNF12 (27cNF from now on), and 28cNF1 (28cNF
from now on) were the selected cNFs (Table R8). SC cultures from selected cNFs were
analyzed to identify, using a custom Next Generation Sequencing panel (Castellanos et al.
2017), the specific constitutional and somatic NF1 point mutations that were validated
by Sanger sequencing.
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cNF LOH SC Cand. Constitutional Somatic mutation

culture mutation
1cNF No  Optimal Yes €.5898 5899delGA ¢.4120C>T
17cNF1 No Optimal Yes €.3826C>T c.4537C>T

21cNF1 No Not No
good
21cNF2 Yes Optimal No
18cNF1 Yes Bad No
18cNF2 Yes Bad No

27cNF No  Optimal Yes c.4309G>T €.810_833delAATCATTCTCCTTATCTTGTGTCC
28cNF  No  Optimal Yes €.3233C>G €.3158C>G
VGLIN No  Bad No

Table R8. Summary table showing all cutaneous neurofibromas analyzed. cNFs: cutaneous
neurofibromas. Loss of heterozygosity analysis (LOH); SC culture wield (SC culture), selected
candidates (Cand.), and constitutional and somatic mutations are shown.

Clinical data of patients and selected neurofibromas is shown in Table R9. Two were from
men (1 and 17), 46 and 34 years old, respectively, and two from women (27 and 28) 34
and 76 years old, respectively.

Patient information Tumor information

Patient Sex Decade Age (attumor Tumor ID Location Growth statusat  Type of

ID of birth  resection) the time of tumor

sampling

1 M 1970s 46 1CNF1 shoulder  10cm CNF
Diffuse

17 M 1980s 34 17CNF1 Leftarm  2-3cm CNF

27 F 1970s 34 27cNF12 - - CNF

28 F 1930s 76 28cNF1 - - CNF

Table R9. Patient and neurofibroma data from the 4 selected cutaneous neurofibromas.
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3.3. Co-culture experiment

cNFs are benign tumors containing many cells types with different proportions depending
on the cNF. However, the main cell types are SCs and eFbs and on average, they are
approximately composed by 60-70% of SCs and 30-40% of other cell types, mainly eFbs
(Carrié et al. 2018b). To reproduce in SC-eFb co-cultures the same proportion of cells
present in cNFs, we tested different number of SCs and eFb that needed to be seeded at
the beginning of the co-culture experiment to end up with approximately 70% SCs and
30% eFb.

We used a SC culture from 21cNF2 and an eFb culture from 1cNF. In addition to single
cell cultures, we seeded different proportions of cells, 70% SCs— 30% eFb, 80% SCs — 20%
eFb, and 90% SCs — 10% eFb in Poly-L-lysine and Laminin-coated dishes and Schwann cell
media (SCM) conditions without IBMX at 379C and 10% CO: (see Materials & Methods
for more details) (Figure R33). Twenty-four hours later, the media was changed to SCM
without forskolin nor IBMX, and cells were left in these conditions until 72 hours after
seeding them.

10% CO3
37eC
o o TN
Oh 24h 48h 72h
Seeding cells Change media Collect

SCM + F - IBMX SCM - F - IBMX

Figure R33. Schematic representation of the co-culture experimental conditions.

After 72 hours, single cultures and co-cultures were analyzed by flow cytometry using
p75 labeling (Figure R34). 98.1% of SC cultures were p75+, indicating an almost pure SC
culture. Contrarily, 2.6% of cells in eFb culture were positive for p75, indicating a low
proportion of SC “contaminating” EFb cultures. These results indicated that single
cultures were highly pure, although the presence of a small percentage of contaminating
cells. We then examined results from co-cultures bearing different initial proportions of
cells (Figure R34C). Flow cytometry analysis of p75 positive cells indicated that an initial
70% SCs— 30% eFb provided a proportion of 65.2% of 75+ at 72 hours. Initial conditions
of 80% SCs— 20% eFb provided a final 74.2% of p75+ cells. And the 90% SCs— 10% eFb of
initial cells ended up constituting a 84.7% of p75+ cells.

This analysis evidenced that seeding an initial proportion of 70% SCs— 30% eFb was
enough to obtain a percentage of cells at 72 hours closely resembling cNF composition.

147



Figure R34. Seeding 70% Schwann cell-30% endoneurial fibroblast co-culture is enough to obtain
a percentage of cells at 72 hours, closely resembling cutaneous neurofibroma composition. A)
Fortessa flow cytometry results for a SC-eFb co-culture at 72h incubated with the secondary
antibody Alexa Fluor 488. B) SC and eFb single cell cultures incubated with primary and the
secondary antibody Alexa Fluor 488. C) Co-cultures incubated with primary and the secondary
antibody Alexa Fluor 488. Percentages of p75 positive cells in SC-eFb co-cultures after 72h, at
different initial seeding conditions (70% SCs— 30% eFb; the 80% SCs— 20% eFb and the 90% SCs
—10% eFb; respectively). Percentages of p75 positive cells are indicated in yellow.

Moreover, we also characterized the expression of p75, S100B, and vimentin by
fluorescent immunocytochemistry in 70% SCs— 30% eFb co-cultures (Figure R35). So far,
there is no suitable antibody to label eFbs in culture selectively, not even CD34, widely
used in immunohistochemistry. Thus, we used vimentin, a type Il intermediate filament,
to label both cell types. S100B and p75 specifically labeled SCs. SCs displayed their typical
spindle morphology, were substantially smaller, and contained smaller nuclei than eFbs.
SCs in co-cultured liked to grow on top of eFbs.
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A DAPI Vimentin S100B Merge

B DAP p75 S100B Merge

Figure R35. Schwann cells preferentially located on top of endoneurial fibroblasts in Schwann
cell-endoneurial fibroblast co-cultures. A) A representative field from the immunostaining
analysis of vimentin and S100B of the 70% SC- 30% eFb co-culture conditions. Vimentin labels the
intermediate cytoskeleton of both cell types, while S100B specifically labels SCs. DAPI was used
to stain nuclei. Scale bars, 100 um. B) Same analysis for the co-staining of p75 and S100B markers.
DAPI was used to stain nuclei. Scale bars, 100 um.

After selecting 4 independent cNFs, determining the constitutional and somatic NF1
mutations of each tumor, identifying their individual coding genetic variation by exome
sequencing, and setting up adequate cell culture conditions for single cultures and SC-
eFb co-cultures, we initiated a final experiment.

Using a large pool of freshly grown SCs and eFbs from each neurofibroma, we cultured in
parallel, 4 independent single SC cultures, 4 independent single eFb cultures, and up to
16 combinations of SC-eFb co-cultures. We left cultures grow for up to 72h. At this point,
we processed cells of each culture and co-culture for flow cytometry analysis to
determine the proportions of SC and eFb, RNA analysis to analyze gene expression, DNA
analysis to authenticate samples, and we also collected all supernatants to analyze the
secretory profile (Figure R36).
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Figure R36. Schematic representation of the co-culture experimental design. Single SC and eFb
cultures and co-cultures (16 different combinations) were seeded. 24 hours later, media was
changed. Cultures were left for up to 72 hours. Cells of each single culture and co-culture were
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used for flow cytometry analysis, RNA extraction, and DNA extraction. We also collected all
supernatants.

To simplify the names of the samples in the co-culture experiment, we adopted a new
nomenclature (Table R10).

cNFs Simplified cNFs Simplified SC cultures Simplified eFb cultures
1cNF cNF1 SC1 Fbl
17cNF cNF2 SC2 Fb2
28cNF cNF3 SC3 Fb3
27cNF cNF4 SC4 Fb4

Table R10. Simplified nomenclature for cutaneous neurofibroma-derived Schwann cell and
endoneurial fibroblast cultures.

The exact proportions of SCs and eFbs in all co-cultures at the end of the experiment were
analyzed by flow cytometry, the precise proportions of each cell type (Figure R37, Table
R11). This information was used later on, and when required, in all bioinformatics
analyses performed.

A sc1 SC2 SC3

Figure R37 Flow cytometry analysis of single Schwann cell and endoneurial fibroblast cultures and
Schwann cell-endoneurial fibroblast co-cultures. Four single cNF-derived SC cultures, four single
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cNF-derived eFb cultures, and four different co-culture combinations at 72 hours are shown. The
exact percentage of cells expressing p75 is shown in yellow, analyzed using Fortessa flow
cytometer. A) 4 independent single SC cultures. B) 4 independent single eFb cultures. C) 4
independent co-cultures combinations using SC1 Schwann cells and eFbs from the 4 independent
cNFS (Fbl, Fb2, Fb3, and Fb4).

SC1 SC2 SC3 SC4
Fbl 64 57.3 714 69.3
Fb2 64.2 53.8 68.2 66
Fb3 64.4 60.6 69 76.2
Fb4 65.1 59.9 69.6 69.6

Table R11. Summary of the different percentages of p75-expressing cells in the sixteen different
co-culture combinations at 72 hours.
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3.4. Analysis of cell type-specific changes in gene expression due to
heterotypic interactions between Schwann cell and endoneurial
fibroblasts

RNA-seq was used to analyze the expression of primary SC and eFb single cultures, co-
cultures, and cNF counterparts. To determine the impact of the heterotypic interactions
within co-cultures on the transcriptional profiles of SCs and eFbs we used an in silico co-
culture approach, which we refer to as virtual co-cultures. For this, once we mapped the
NGS reads against the reference genome and transcriptome (GRCh38 and GENCODE), we
randomly sampled a number of reads from the BAM files of the single cell type cultures
and mixed them following the exact proportions of SC and eFb calculated by flow
cytometry for each specific co-culture combination (Table R11). In Figure R38 a schematic
representation of the bioinformatic analysis used for the generation of a virtual co-
culture is shown. These virtual co-cultures represented the expected transcriptional
profiles in co-cultures if there were no transcriptional changes due to the interaction
between SCs and eFbs.

Randomly sampling a number of reads from Mixing reads from each single culture with the
the BAM files of the single cultures exact proportions of co-cultures to create virtual
combinations

Schwann cells ® SC1
Virtual SC - eFb co-culture
_»-
SC1-Fh3
. Fb3 64.4% SCs
Fibroblasts ’ 35 6% Fbs 64.4% reads from SC1

35.6% reads from Fb3

Figure R38. Schematic representation of the in silico co-culture approach to generate virtual co-
cultures.

We performed a PCA comparing the expression data of all samples (Figure R39A). PC1
explained 39% of all expression variance and split the samples into two main groups: cNFs
on one side and cell cultures (either real or virtual) on the other. PC2 explained 21% of
the variance among samples and split them into three main groups: SC cultures, eFb
cultures, and a group consisting of cNFs and all co-cultures (either real or virtual),
indicating a higher expression similarity between co-cultures and cNFs considering the
represented genes. Notably, virtual co-cultures were located next to real co-cultures,
although not in the same spot, probably reflecting a transcriptional change due to the
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heterotypic interaction between SCs and eFbs. Real co-cultures were located closer to
cNFs than virtual co-cultures.

We then used DESeq2 (Love, Huber, and Anders 2014) to perform a differential
expression analysis between virtual and real co-cultures, thus capturing the impact of
SCs-eFbs (see Annex 2 Table 3). Differentially expressed genes were used in unsupervised
cluster analysis and plotted in a heatmap (Figure R39B).
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Figure R39. Gene expression analysis comparison of Schwann cell and endoneurial fibroblast
single cultures, real and virtual Schwann cell-endoneurial fibroblast co-cultures, and cutaneous
neurofibromas. A) PCA of the gene expression of SC cultures (green), eFb cultures (orange), real
SC-eFb co-cultures (brown), virtual co-cultures (salmon), and primary original cNFs (purple). B)
Heatmap representing an unsupervised cluster analysis of differentially expressed genes between
real and virtual SC-eFb co-cultures. The expression color range goes from dark blue, showing
down-regulated genes, to red, representing up-regulated genes. On the top part of the heatmap,
genes differentially up-regulated in real vs. virtual co-cultures are depicted. This group of genes
were used to generate Figure R40. On the bottom part, there are represented those genes
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differentially down-regulated in real vs virtual co-cultures SC (SC culture); Fb (eFb culture); SC-
eFb (real co-cultures); Tumor (primary cNF); Virtual_Co-culture_SC-eFb (in silico co-cultures
generated from SC and eFb single cultures).

3.4.1. Identification of signaling pathways

After identifying genes presumably differentially expressed by the interaction between
SCs and eFbs in co-cultures, we aimed to identify potential pathways represented by
these genes. These pathways could indicate the intercellular signaling or crosstalk
between these two cell types, resulting from physical interactions or secretion. The final
aim was to identify those influencing cNF development and growth. As a first step, we
performed an enrichment analysis of those differentially expressed genes (p-adjusted
value < 0.05) up-regulated in real co-cultures compared to virtual co-cultures using
clusterProfiler R package (Yu et al. 2012). We obtained Gene Ontology (GO), and KEGG
pathways enriched terms of those genes. We followed the same procedure to obtain
enriched terms of differentially expressed genes between eFbs and SCs to complement
this analysis.

Several of the biological processes captured by differentially up-regulated genes in real
versus virtual co-cultures are represented in Figure R40. Many of them represent
interesting pathways worth to be further analyzed at a functional level, both by studying
their secretion and by performing a functional evaluation of their role on SC and efFb
proliferation. To name a few, these biological processes were related to: the positive
regulation of GTPase activity; the regulation of cytokine (like interleukins) and chemokine
production involved in immune response; regulation of calcium homeostasis;
mesenchymal cell proliferation and development; and female pregnancy.
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Figure R40. Graphical representation of the biological processes captured by the differential upregulated genes in real vs. virtual co-cultures. Differentially
upregulated genes participating in these BPs are also represented. Lines define shared genes among the distinct BPs. The size of the sphere representing the
BP is proportional to the number of genes contained. We grouped some BPs together under five selected groups (green dashed circles): the positive regulation
of GTPase activity; the regulation of cytokine (like interleukins), and chemokine production involved in immune response; the regulation of calcium homeostasis;
mesenchymal cell proliferation and development; and female pregnancy. The products encoded by five genes highlighted in purple were also analyzed by
Luminex (see next section).
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3.5. Analysis of co-culture supernatants: cytokines, chemokines, and
other analytes

In parallel to RNA extraction and flow cytometry analysis, supernatants from single
cultures and SC-eFb co-cultures were collected (Figure R36). Several of the differentially
upregulated genes in real versus virtual co-cultures represented genes coding for
products secreted out of the cells. The analysis of culture and co-culture supernatants
gave us the opportunity to validate several of these secreted protein products potentially
induced by SC-eFb interactions.

Thus, we selected some of these gene products and analyzed them in the same
supernatants of cultures and co-cultures used for RNA-seq analysis.

All supernatants from SCs, eFbs, and SCs-eFbs co-cultures were analyzed using the
Luminex xMAP technology. The analytes assayed were chosen according to RNAseq data
and pathway analysis. A total of 22 analytes were assayed that were grouped in 3
different commercial panels listed in Table R12:

Human Cytokine/Chemokin Panel

EGF, FGF2, Eotaxin*, TGFa, G-CSF, fractalkine, MCP-3*, PDGF-AA, IL-1a, IL-1B*, IL-6%, IL-8,

CXCL10, MCP-1, MIP-1a, RANTES, VEGF

Human Neurodegenerative Panel 3

BDNF, sICAM-1*, NCAM

Human Neurodegenerative Panel 4

S100B and GDNF
Table R12. Summary of the different commercial panels used to analyze 22 analytes. *These five
analytes (Eotaxin (CCL11), MCP-3 (CCL7) IL-1B, IL-6, and sICAM-1) constituted hubs of the
biological processes represented in Figure R40.

Analyte analysis was performed using the manufacturer's guidelines, and plates were run
on Luminex 200 and analyzed using xPONENT software (Luminex). The supernatant
concentrations of a few analytes were out of a linear range and could not be quantified.
We generated graphics representing the secretion profiles obtained for all analytes
measured in single cultures (SC or eFb), and co-cultures (virtual and real) (Figure R41, 42).
The levels of secreted products of virtual co-cultures were calculated in a similar way as
the virtual co-culture expression (Figure R38). Co-culture virtual secretions were
generated using secretion data from single cultures and considering the exact
proportions of SCs and eFbs calculated by flow cytometry in each co-culture.

Notably, six analytes showed promising patterns: eotaxin (CCL11), rantes (CCL5), VEGF,
MCP-3 (CCL7), NCAM, and siCAM (Figures R41, 42).

- Eotaxin (CCL11) was not secreted in either of the single SC or eFb cultures.
However, there was a significant increase in real co-cultures compared to virtual
co-cultures (Figure R41B and C).
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Rantes (CCL5) was moderately secreted in single eFb cultures and almost not
secreted in single SC cultures. Significantly, secretion in real co-cultures was
remarkably increased compared to virtual co-culture (Figure R41B and C).

VEGF was secreted in single SC cultures at higher levels than in single eFb cultures.
A significant secretion increase was observed in real compared to virtual co-
cultures (Figure R41B and C).

MCP-3 (CCL7) and sICAM (ICAM1) were secreted in single SC and eFb cultures.
However, in real co-cultures their secretion was significantly higher than in the
virtual ones (Figure R42B and C). These genes were highlighted in purple in the
enrichment analysis (Figure R39).

NCAM was highly secreted in single SC cultures, not in eFb cultures, and secretion
was significantly higher in real compared to virtual co-cultures (Figure R42B and
C).

Notably, there was a high correlation between differential expression and secretion
analysis (Figure R41, Figure R42).

In the future, we will evaluate the functional impact of these 6 promising signaling
pathways on SC proliferation ether in single SC or SC-eFb co-cultures using agonists or
antagonists.
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Figure R42. Correlation between differential expression and secretion analysis of three more

genes (MPC-3, sICAM, and NCAM). A) Expression analysis from RNA-seq data of CCL7, ICAM1, and

NCAM1. B) Secretion analysis of CCL7, sICAM, and NCAM in SC (green) or eFb (orange) single

cultures and virtual (salmon) and real (brown) co-culture supernatants. C) Boxplots of CCL7,

sICAM, and NCAM in single SC (green) or eFb (orange) cultures and co-culture (virtual and real)

0.05).

supernatants. Non-parametric test was performed in real vs co-culture supernatants (a
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3.6. Differentially upregulated genes in real co-cultures were mostly
expressed in iPSC derived heterotypic spheroid 3D model

3.6.1. Endoneurial fibroblast cultures derived from cNFs and PNFs
exhibit a high expression similarity

The characterization of cNF-derived SC and eFb cultures gave us the opportunity of
comparing the transcriptome of these cell cultures from both types of neurofibromas,
cNFs, and pNFs. To analyze the similarities and differences between cells of both tumor
types, we first used RNA-seq data to perform a PCA of all samples (Figure R43A). Most of
the expression variance (68%) was captured by PC1 that split the samples according to
cell types regardless of neurofibroma type. However, the combination of PC1 and PC2,
split SCs in the ones derived from cNFs, from those derived from PNFs. Instead, eFbs
derived from both neurofibroma types remained mixed. This observation suggested that
eFbs from both neurofibromas were more similar than their SCs counterparts.

To gain more in-depth insight, we performed a differential gene expression analysis
between different sample types and globally identified 3373 differentially expressed
genes, summing up differentially expressed genes between SCs and eFbs, and between
cNF and PNF derived SC cultures. We only identified 195 differential expressed genes
between PNF-derived and cNF-derived eFbs (not shown). We performed an unsupervised
cluster analysis using this gene signature and plotted it in a heatmap (Figure R43B). These
results highlighted that eFb cultures were closely similar despite their different
neurofibroma origin, while SC cultures from distinct neurofibromas, despite many
similarities, exhibited a clear differentially expressed gene signature.
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Figure R43. Endoneurial fibroblasts derived from plexiform and cutaneous neurofibromas
displayed similar expression profiles. A) PCA of cNF-derived (salmon) and PNF-derived
(blue) eFbs (triangle) and SCs (circles) samples. B) Heatmap displaying the differentially
expressed genes in SCs and eFbs derived from PNFs and cNFs. The expression color
ranges from dark blue, showing down-regulated genes, to red, showing up-regulated
genes.

3.6.2. Expression analysis of differentially upregulated genes in cNF
Schwann cell- endoneurial fibroblast co-cultures in the heterotypic
PNF model

After observing the high expression similarity between PNF and cNF eFb cultures, we
wondered whether cNF SC-eFb co-cultures could inform us also about SC-eFb interaction
in PNFs, and specifically in the developed heterotypic spheroid model. This model was
composed by iPSC-derived NF1(-/-) differentiating SCs and primary PNF-derived eFbs,
grown as spheres. Again, RNA-seq analysis facilitated us to analyze the status of
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differentially expressed genes in real versus virtual cNF SC-eFb co-cultures in the PNF
heterotypic spheroid model.

We performed an unsupervised cluster analysis of the gene signature constituted by the
differentially upregulated genes in real co-cultures from the following samples: cNF, real
SC-eFb co-cultures, virtual SC-eFb co-cultures; homotypic and heterotypic spheroids from
different WT and NF1(-/-) cell lines. Results were plotted in a heatmap (Figure R44).
Remarkably, cNF real-coculture samples and PNF heterotypic spheroids clustered
together, indicating a higher degree of expression similarity compared to the other
samples. In fact, heterotypic spheroids expressed a significant part of the upregulated
genes in cNF SC-eFb co-cultures. Homotypic spheroids composed only by differentiating
SCs just expressed approximately 1/6 of these genes. These results suggest that the same
heterotypic interactions that we detected in cNF SC-efFb co-cultures might also be
occurring in PNF heterotypic spheroids, opening the possibility of identifying shared
signaling pathways influencing both cNF and PNF growth.
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Figure R44. iPSC-derived heterotypic spheroids express most genes upregulated in cutaneous
neurofiboroma Schwann cell — endoneurial fibroblast co-cultures. Heatmap showing the
unsupervised cluster analysis of differentially upregulated genes in SC-eFb co-cultures for
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different samples: homotypic (light turquoise) and heterotypic (dark turquoise) spheroids
generated from NF1(+/+) (WT) and NF1(-/-) (NF1) iPSCs; real (brown) and virtual (salmon) SC-eFb
cocultures; and in cNFs (purple). The expression color ranges from dark blue, showing down-
regulated genes, to red, showing up-regulated genes.
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1. Generation of an iPSC-based model

1.1. Why using iPSC as a model?

Plexiform neurofibromas (PNFs) are complex benign tumors composed of an admixture
of NF1(-/-) and NF1(+/-) cells. These tumors arise during development when a progenitor
cell completely inactivates the NF1 gene. In this context, the use of induced pluripotent
stem cell (iPSC) is a reasonable strategy to obtain the precise cell type to recreate PNF
initiation and formation, combining iPSC differentiation potential with the correct NF1
genotype.

There are at least two ways of generating these iPSC lines: reprogramming PNF cells with
distinct NF1 genotypes or editing the NF1 gene in already established iPSC lines. The
reprogramming approach allows the preservation of the entire genetic background, both
the NFI1 status and also any potential patient or PNF-specific genetic variants. The
persistence of gene expression and differentiation propensity of the starting cell has been
described in iPSCs (Marchetto et al. 2009; Ghosh et al. 2010; Hu et al. 2010; Feng,
Jacobsen, and Reik 2010). These observations led to speculation that iPSCs possess
epigenetic and transcriptomic remnants of the donor tissue, which was termed
"epigenetic memory" (Bar-Nur et al. 2011; Vaskova et al. 2013). This idea is controversial,
as subsequent studies did not find evidence of any epigenetic memory. Furthermore, the
reprogramming of PNF cells, as opposed to genome editing, overcomes any potential off-
target effect related to genome editing.

On the other hand, the editing approach allows the generation of isogenic NF1(+/-) and
NF1(-/-) iPSCs, with the advantage of also having the isogenic NF1(+/+) cell line. Although
not required for PNF modeling, NF1(+/+) cells can provide additional control to study the
effects of specific NF1 mutations. Moreover, any reprogramming bottleneck related to
culture conditions of PNF-derived cells, to cell type specificities, or to the lack of NF1
could be overcome with this approach.

In the present thesis, we characterize NF1(-/-) iPSCs generated using both strategies,
mainly by reprogramming PNF cells, but also by NF1 editing of control NF1(+/+) iPSCs. We
characterized these NF1(-/-) iPSCs for their proliferation capacity and their differentiation
ability towards neural crest (NC) and up to Schwann cells (SCs). So far, we identified
exactly the same behavior and biological properties in iPSCs generated with both
strategies, with no distinction.

1.2. The efficiency of reprogramming plexiform neurofibroma cells

Reprogramming to pluripotency is a complex process involving different stages, in which
multiple players synergistically converge to remodel transcriptional and epigenetic
programs. Various factors have been identified to affect the efficiency of reprogramming,
like cell cycle regulators, chromatin remodelers, and facilitators of the mesenchymal-to-
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epithelial transition (Buganim, Faddah, and Jaenisch 2013). Most somatic cell types
reprogram to pluripotency with a very low efficiency, and Yamanaka (Yamanaka 2009)
proposed two alternative explanations for this. In the elite-cell model, reprogramming
occurs only in a few predisposed cells within a population (Shakiba et al. 2019). On the
contrary, in the stochastic model, most or all cells are competent for reprogramming at
low probabilities (Hanna et al. 2009). Are all cells equally capable of reprogramming?
Recent technical developments that allow identifying and following single cells in
heterogeneous populations do not seem to indicate so. By combining cellular barcoding,
mathematical modeling, and lineage tracing approaches, Shakiba et al. (Shakiba et al.
2019) demonstrated that reprogramming dynamics in heterogeneous populations of
mouse embryonic fibroblasts (Fbs) were driven by dominant elite clones expressing
Wntl.

To model PNFs, both NF1(+/-) and NF1(-/-) iPSCs are required, but especially the latter,
since PNFs are initiated upon NF1 inactivation in specific cells during development. Our
group has attempted to reprogram 5 PNFs from 5 independent NF1 patients. We
obtained NF1(+/-) iPSCs from all of them but NFI(-/-) iPSCs only from 2, suggesting a
lower reprogramming efficiency of NFI(-/-) cells. Despite the low number of
reprogrammed tumors, which does not allow us to draw any definitive conclusions, we
identified several factors potentially influencing the reprogramming efficiency of PNF-
derived NF1(+/-) and NF1(-/-) cells worth mentioning. In addition to the possibility that
the complete loss of NF1 reduces reprogramming efficiency, other identified factors
were: the age of the PNF donor, the cell type, and culture conditions. Independently of
the reprogramming strategy used, we obtained NFI(-/-) iPSC clones from two PNFs
belonging to children of 10 years or younger. Young children present the most rapidly
growing PNFs (Akshintala et al. 2020). These tumors could exhibit a higher number of
elite or progenitor cells with a higher replicative capacity, two factors known to influence
reprogramming efficiency (Eminli et al. 2009; Utikal et al. 2009). These factors could have
facilitated the reprogramming of NF1(-/-) cells.

Another interesting observation is the lower reprogramming efficiency obtained in
NF1(+/-) endoneurial fibroblast (eFb) primary cultures (Table R2). In contrast, using the
same culture conditions, Fb-enriched cultures derived from skin produced many
NF1(+/-) clones, indicating that Fbs of different origins may have other reprogramming
efficiencies. The only apparent exception to this observation was the eFb culture from
13PNF that produced a high number of NF1(+/-) clones. However, it has to be taken into
account that 13PNF was the only analyzed PNF developing in the face of an NF1
individual. Pathology analysis of this tumor showed that it was highly vascularized. In
addition, RNA-seq analysis of 13PNF Fbs, revealed a clear, distinct expression pattern
compared to other PNF-derived eFb cultures, with some of the most differentially
expressed genes being markers of endothelial cells (like CD34). All these pieces of
evidence suggest the possibility that 13PNF eFb cultures were highly enriched also in
other cell types (like endothelial cells) with a higher reprogramming efficiency than eFbs,
explaining the different reprogramming efficiency observed in these eFb cultures.
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To our experience, NF1(-/-) reprogramming efficiency was increased when selective
culturing was avoided, and digested tumor cells were directly reprogrammed, as more
NF1(-/-) clones were obtained from the same PNF (Table R2). This strategy may reduce
selection pressure imposed by culture conditions and minimize loss of cell heterogeneity
during in vitro passaging. Nonetheless, when we used the selective culturing approach to
reprogram primary NF1(-/-) SCs, in one case, we established SC primary cultures that
were >95% enriched in NFI1(-/-) SCs and still only obtained NFI(+/-) iPSC clones,
suggesting that those NF1(-/-) cultures had low (if any) reprogramming capacity.

2. Establishment of a neural crest-Schwann cell in vitro
differentiation system and generation of an expression
roadmap signature

Our results showed that control NF1(+/+) iPSC could be differentiated with high efficiency
towards NCs, which homogenously expressed NC lineage markers and were able to
undergo further differentiation into NC-derived cell types (peripheral neurons and
melanocytes), as well as migrate, indicating a clear NC identity. Moreover, NC cells could
be maintained as a stable, self-renewing population and could be expanded, frozen, and
thawed without loss of self-renewing potential. NC batches could be produced and
cryopreserved for multiple subsequent differentiation assays.

We established a reproducible differentiation protocol towards SCs from NFI1(+/+) NCs.
Differentiating SCs expressed the classical stage-specific markers along the NC-SC
differentiation axis and properly myelinated axons from peripheral neurons when they
were in close contact. However, despite the genuine nature of generated SCs, at 30 days
of the in vitro NC-SC differentiation system, we cannot assure the specific stage
(immature SCs, mature SCs, etc.) that these cells have acquired, according to the current
multistep model of SC differentiation (Kristjan R. Jessen and Mirsky 2005). On the one
hand, SCs at 30 days express S100B marker, a marker of SC commitment, and other late-
stage markers (PLP, PMP22, ERG2). However, at the same time, these cells also express
markers of an earlier stage, like the specific SCP marker CDH19 (Kristjan R. Jessen and
Mirsky 2005). PNF-derived primary NFI1(-/-) SC cultures also express all these classical
markers simultaneously, although, as we discuss later, this expression pattern
characterizes only one SC subpopulation within PNFs. Besides, primary PNF-derived SCs
express a roadmap expression signature closely resembling that of SCs at 30 days of
differentiation. It seems that in vitro differentiated SCs at 30 days, as well as a
subpopulation of PNF SCs, adopted a singular committed SC identity. Altogether, we were
able to generate an imperishable model system to generate NCs and SCs.

After setting up a consistent NC-SC in vitro differentiation protocol, we performed RNA-
seq to characterize better the NC stage and several SC differentiation timepoints (7, 14,
and 30 days along with SC differentiation). Expression analysis of control NFI(+/+) cells
supported the robustness of the in vitro NC-SC differentiation process and allowed the
generation of a NC-SC in vitro expression roadmap, consisting of the sum of all
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differentially upregulated genes at the NC stage or SC differentiation timepoints.
Enrichment analysis of the roadmap signature revealed many biological processes related
to the development of the peripheral nervous system and Schwann cell biology,
strengthening the genuine NC-SC differentiation process. Classical markers of the NC-SC
axis (Kristjan R. Jessen and Mirsky 2005) had been obtained using developing mouse
embryos. The NC-SC in vitro system and the identified expression roadmap signature may
facilitate the discovery of new markers in a more amenable and straight forward
approach.

One of the limitations of using iPSCs to generate specific cell types is the need to use
highly efficient conditions to generate homogeneous cell cultures. When differentiating
NF1(-/-) cells in 2D, some cells committed to SCs, but most of the population ended up
scaping from the NC-SC axis. By RT-gPCR we were able to detect certain expression of
classic NC-SC markers. However, the roadmap signature was clearly different, and certain
cells of the NC-mesenchymal axis developed after engraftment. Contrarily, NF1(-/-)
heterotypic spheroids from NF1_B and NF1_C samples generated a NC-SC expression
roadmap closely resembling the one of NF1(+/+) cells at 30 days (either in 2D or in
heterotypic spheroids). The engraftment of these spheroids resulted in the most
consistent generation of neurofibroma-like tumors in vivo. These results suggest that the
roadmap signature may have a predictive value for proper PNF-model formation (both in
vitro and in vivo), also reflecting the generation of highly homogeneous spheroid cultures.
If so, then a NanoString panel analysis (or similar multiplex gene expression analysis tool)
of a selection of NC-SC roadmap genes may constitute a useful tool for monitoring the
correct development of heterotypic spheroids.

3. Role of NF1 in induced pluripotent stem cells, neural crest
cells, and differentiating Schwann cells

The work presented in this Ph.D. thesis clarified the role of the NF1 gene in the
proliferation and differentiation capacity of different types of cells, like iPSCs, NCs, or
differentiating SCs. It has been shown that NFI-deficient cells exhibit a higher
proliferation rate than their cellular counterparts carrying one or two wild-type copies of
the NF1 gene (H. A. Kim et al. 1995; H. A. Kim, DeClue, and Ratner 1997; Bollag et al.
1996). We quantify the effect of the NF1 status on the iPSC proliferation rate.

At the pluripotent stage NF1(-/-) and NF1(+/-) iPSCs exhibited a higher proliferation rate
compared to control NFI(+/+) iPSCs, specially neurofibromin deficient cells that on
average exhibited a 10%—15% increase in cell proliferation rate compared with controls.
This is quite a significant result since iPSCs are characterized by their already quick cell
cycle (Ruiz et al. 2011). These results indicate that cell proliferation rate in pluripotent
stem cells (PSC), as is the case for somatic cells, is influenced by neurofibromin activity.
This higher proliferation rate was not as pronounced at the NC stage. However,
differentiating NF1(-/-) SCs again exhibited a significantly higher proliferation rate
compared to control NFI1(+/+) cells. These highly proliferating cells had a natural
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tendency to form spheres, big enough to be visible to the naked eye. Under
differentiation conditions defined with NF1(+/+) NCs to generate genuine SCs (change in
morphology, marker expression, myelination capacity), NF1 deficient differentiating SCs
exhibited a poor ability to commit towards SCs. The majority of NF1 (-/-) cells in 2D
conditions adopted a NC-mesenchymal axis of differentiation, corroborated by in vivo
sciatic nerve engraftments. In addition, in 2D culture conditions, NF1I deficient
differentiating SCs showed poor ability to in vitro myelinate DRG axons. All these results
highlight the importance of the NF1 function to maintain a proper NC-SC differentiation
axis.

Interestingly, NFI1(-/-) CRISPR/Cas9 edited iPSCs exhibited the same proliferation
properties as PNF-derived NFI1(-/-) iPSCs. Differentiating SCs reproduced the same
altered proliferation and differentiation properties as those SCs generated from PNF-
derived NF1(-/-) iPSCs. These results indicated that all these altered properties were
mainly conferred by the loss of NF1 function and not by the reprogramming strategy used
or reprogrammed cell type.
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4. Comparing 2D and 3D models

Two-dimension (2D) cell cultures have been used since the early 1900s and are still used
for the majority of cell research for several reasons: they are inexpensive and well
established, there is a lot of comparative literature, and they are typically easier to
analyze than more complex cell culture systems. However, they have some inherent
disadvantages: they aren’t representative of real cell environments, and 2D cell testing
isn’t always predictive, which increases the cost and failure rate of new drug discovery
and clinical trials. For all this, in recent years, three-dimension (3D) cell culture techniques
have received much attention as they might provide more accurate and relevant cellular
and tissue models. In our case, we have established an in vitro and in vivo PNF model only
when applying a 3D culture system.

However, some aspects regarding the 3D PNF model should be addressed: NF1(-/-)
homotypic spheroids, as well as one of the three NF1(-/-) heterotypic spheroid lines
(NF1_A), were not following a clear NC-SC path upon SC differentiation protocol,
according to the expression roadmap profile, despite the detection of classical NC-SC
markers by immunostaining and RT-qPCR. NFI(-/-) homotypic spheroids generated
neurofibroma-like tumors upon engraftment into the sciatic nerve of mice, although less
consistently than NF1(-/-) heterotypic spheroids (fewer tumors and smaller).

Two of the NF1(-/-) heterotypic spheroid samples, NF1_B and NF1_C, expressed a quite
similar expression roadmap profile closer to the one displayed by NF1(+/+) differentiating
SCsin 2D cultures and by PNF-derived primary SC cultures. Furthermore, the engraftment
of these spheroids into the sciatic nerve generated neurofibroma-like tumors
consistently.

There are three factors that we think are key for the successful generation of PNFs upon
engraftment: a) the generation of NF1(-/-) cells from iPSCs facilitates the obtention of
large amounts of NF1(-/-) differentiating SCs for the spheroid formation and enough to
form a tumor; b) the higher proliferation rate of NF1(-/-) cells, much higher than NF1(+/+)
cells, not able to form tumors upon engraftment; c) eFbs present in heterotypic spheroids
aided maintaining the capacity of NF1(-/-) cells to highly proliferate and at the same time
preserving the SC commitment ability of descendant cells, suggesting a potential niche
effect.

To sum up, we have developed a human in vitro/in vivo 3D heterotypic to model PNFs.
This is the first time human PNFs can develop on the sciatic nerve of mice since engrafted
PNF cell lines, either immortalized or not, were not able to go further beyond a thickness
of a nerve or a little outgrowth (Ling et al. 2005; Perrin et al. 2007; H. Li et al. 2016b).
Furthermore, neither PNFs nor atypical neurofibromas (aNFs) have been able to grow
upon xenotransplant into mice sciatic nerve (Conxi Lazaro, Juana Fernandez-Rodriguez,
Alberto Villanueva, personal communication) using the same methodology as for the
successful generation of MPNST xenografts (Castellsagué et al. 2015).
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5. PNF cell of origin

PNFs are congenital. Most of what we know about the cell type originating PNFs come
from the generation of GEMMs in which the selective ablation of NF1 had been
performed in cells at different developmental stages along the NC-SC axis (Nancy M.
Joseph et al. 2008; Wu et al. 2008; Zheng et al. 2008; Y. Zhu et al. 2002). Altogether these
models point to a Schwann cell precursor (SCP) as the most probable PNF cell of origin
(Le et al. 2011). In this context, the development of an in vitro/in vivo NC-SC
differentiation system starting from NFI1(-/-) iPSCs could add very valuable information.
For instance, we know now that the engraftment of NF1(-/-) NCs in the sciatic nerve of
mice did not form neurofibroma-like tumors, in accordance with previous GEMM results
(Nancy M. Joseph et al. 2008). NF1(-/-) differentiating SCs at 7 days after SC induction
from NCs, did not form tumors either. Only NF1(-/-) cells that had differentiated for 14
days towards SCs were able to generate tumors. In addition, neurofibroma-like tumors
were robustly obtained when these NFI(-/-) differentiating SCs at 14 days of
differentiation were mixed with eFb primary cultures in 3D spheroids. These results seem
to indicate the existence of a specific window at which cells can form neurofibromas and
that a certain degree of commitment capacity towards a SC is required for a
neurofibroma to form.

There are different aspects of the in vitro NC-SC differentiation procedure that difficulties
a clear identification of a specific cell type: a) we have not identified SC stages but
generated a continuum in SC differentiation in which we sample at different timepoints;
b) in contrast to the obtention of NCs, SC differentiation cultures are not homogeneous,
and cells at specific differentiation points may be actually a mixture of different identities;
c) in the generation of heterotypic spheroids, we differentiate SCs in 2D up to day 5, and
then we led cells to differentiate for 9 more days in 3D, up to 14 days. We do not know
how differently these SCs differentiate compared to 2D cultures, but we know that the
expression roadmap signature of those neurofibroma-generating heterotypic spheroids
is similar to NF1(+/+) cells at 30 days of differentiation and to primary PNF-derived SC
cultures. Another piece of information obtained is that eFbs help maintaining an apparent
balance of NF1(-/-) cells between a precursor identity with self-renewal capacity and a SC
commitment ability. The NC-SC expression characterization at different timepoints may
help identify potential markers of cells originating neurofibromas. However, also, we will
have to dissociate, sort, and characterize specific single cells or SC subpopulations from
heterotypic spheroids to characterize better the cell that potentially originates
neurofibroma-like tumors after engraftment.
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6. Improvements and uses of the iPSC-based in vitro/in vivo
human 3D plexiform neurofibroma model

We have generated an iPSC-based 3D in vitro/in vivo human PNF model. However, some
improvements could be made. Only two out of three NF1(-/-) heterotypic spheroids were
able to generate neurofibroma-like tumors, while the third NF1(-/-) heterotypic spheroid
line (NF1_A) did not follow a clear NC-SC path.

One possibility could be that the eFbs that were part of the NF1_A heterotypic spheroids,
S5PNF-derived eFbs, were not correctly supporting NF1(-/-) cells as eFbs that were part of
the other two NFI(-/-) heterotypic spheroids, 3PNF-derived eFbs. To rule out this
possibility, we could generate different heterotypic spheroids combining the three NF1(-
/-) differentiating SCs with different PNF-derived eFbs (from 3PNF, 5PNF, and other PNFs)
and characterize these spheroids by expression and some by engraftment. Another factor
could be related to the purity of the PNF-derived Fb cultures, which are generated letting
the PNF-digested cells grow in DMEM media supplemented with 10% FBS. Using this
strategy, we obtained cultures highly enriched in eFbs. Nevertheless, other cell types like
endothelial cells, perineurial cells, immune cells and remaining SCs, might be present in
these eFb cultures. Thus, we should better characterize the cell type content of these eFb
cultures and understand each cell type's potential functional contribution. We could
purify the current PNF-derived eFb cultures either by Fluorescent Activated Cell Sorting
(FACS) or manually using some specific Fb markers.

Besides the potential role of eFb cultures, we need to generate homogeneous
differentiating NF1(-/-) SC populations. We know that the differentiation process is
effective and that it can be improved in terms of culture homogeneity. This could also be
a possibility why NF1_A culture did not follow a correct NC-SC path. In addition, we
observed that despite the generation of neurofibroma-like tumors, other types of
mesenchymal-derived tissues were also developing after homotypic spheroid
engraftment, particularly, and also, to a lesser extent, in some engrafted heterotypic
spheroids. We think that a correct and more homogeneous cell population of NF1(-/-)
cells initiating spheroid formation is critical for successfully correct heterotypic spheroid
formation. We will have to improve culture conditions, maybe using markers to sort
specific cell populations (FACS, magnetic bead sorting), to improve homogeneity.

6.1. Potential uses of the iPSC-based 3D plexiform neurofibroma
model

The 3D in vitro /in vivo human PNF model is a robust model that can be used to (i) study
neurofibromagenesis and tumor microenvironment, (ii) study tumor progression towards
malignancy, and (iii) constitute a platform for drug screening (Figure D1).
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6.1.1. Neurofibromagenesis and tumor microenvironment

The generation of spheroids from differentiating SCs combined with their capacity to
engraft into the sciatic nerve of nude mice and form neurofibroma-like tumors is a
powerful strategy to capture the exact identity of PNF-originating cells. Furthermore,
PNFs are complex cellular tumors, and microenvironment components can be easily
incorporated into 3D models (Weydert et al. 2020). In this regard, we incorporated niche
elements from the tumor microenvironment like the PNF-derived eFbs in the heterotypic
spheroid 3D PNF model. Nevertheless, other cell types involved in neurofibroma
development, like patient-derived immune cells, could also be added (Saraiva et al. 2020).
Spheroids with progressive cellular complexity to mimic PNFs can be envisioned.

6.1.2. Modeling neurofibroma progression towards malignancy

The molecular pathogenesis of PNF-aNF-MPNST progression is well established. While
PNFs bear the complete inactivation of NF1, aNFs in addition inactivate the CDKN2A locus
(Beert et al. 2011; Carrio et al. 2018a). The most frequent genetic alteration found in
MPNSTs added to the two-preceding tumor suppressors inactivation is the functional loss
of the PRC2 by mutations in the SUZ12 or EED genes (W. Lee et al. 2014). Alterations in
these three tumor suppressors constitute a core signature of MPNSTgenesis (Serra et al.
2020). iPSCs are especially amenable to CRISPR/Cas9 genome editing (Hockemeyer and
Jaenisch 2016). In this regard, NF1(-/-) iPSCs constitute a base in which to introduce in a
step-wise manner specific mutations to the core signature of genes involved in
progression towards MPNST. Due to their amenability, an alternative way of modeling
progression would be editing at the NC stage. In both scenarios, tumor formation capacity
and tumor type generation could be tested and analyzed by engrafting spheroids formed
with the newly edited cells into the sciatic nerve of nude mice.

6.1.3. Plexiform neurofibroma drug development platform

Spheroid and 3D technology have greatly improved. One example is the growing number
of available microplate systems for producing large quantities of individualized spheroids.
These multiplex systems allow collecting fluorescence and luminescence-based signals
without the need for transferring to other platforms, allowing the collection of different
physiological readouts, like viability, apoptosis, etc. 3D assay systems are being explored
to create more clinically relevant models of tumors for drug development (Weydert et al.
2020). Our developed multiplexed heterotypic spheroid 3D culture system is amenable
to mid and high throughput drug testing and could be used to speed up the testing of
new compounds on 3D PNF models.
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Figure D1. Schematic representation of the potential uses of the iPSC-based 3D plexiform
neurofibroma model. Plexiform neurofibroma (PNF) cells are reprogrammed and NFI1(+/-) and
NF1(-/-) iPSC clones are established and characterized. NF1(-/-) PNF-derived iPSC lines are then
differentiated towards the neural crest (NC)- Schwann cell (SC) lineage. These differentiated cells
can be used to generate tumor spheroids to study basic neurofibromagenesis either alone or
after adding microenvironment components, or to study PNF progression to malignancy by
incorporating specific mutations using genome editing. Either of these can then be transplanted
into xenograft models. PNF-derived differentiated spheroids can also serve as a drug screening
platform to identify and validate therapeutic targets.

7. Role and importance of endoneurial fibroblasts in

neurofibromas

efFbs were described more than 70 years ago (Brown 1946), but understanding its
physiological role in the PNS is still incomplete (Richard, Topilko, Magy, Decouvelaere, et
al. 2012). Similarly, the importance of eFb in neurofibroma formation was early
acknowledged (Krone, Zorlein, and Mao 1981; Peltonen et al. 1986), but precise
knowledge of the molecular and cellular basis of their implication in neurofibroma
formation is still lacking.

Our results, as previously highlighted, evidenced that eFbs present in heterotypic
spheroids allowed NFI1(-/-) differentiating SCs to maintain a specific NC-SC lineage
commitment and generate more consistently neurofibroma-like tumors.

Previous workin Lu Le’s laboratory (Liao et al. 2016) generated neurofibroma-like tumors
in mice upon the transplantation of in vitro 3D constructions containing mouse Nf1(-/-)
skin-derived precursors, Nf1(+/-) nerve tissues (DRGs or sciatic nerves), collagen Type |,
and human-derived Fbs as skin structure. They attributed to peripheral neurons being
the critical factor that drove Nf1(-/-) skin-derived precursors to generate neurofibroma-
like tumors. Our results highlight the impact of eFb cultures in the generation of
neurofibroma-like tumors. In eFb cultures, despite being composed mainly of eFbs, a
minority of other cell types is also present (endothelial cells, immune cells, SCs, etc.).
However, the presence of neurons is presumed to be scarce. In their 3D model, skin-
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derived Fbs as well as eFbs (being part of nerve tissues), were added into 3D
constructions. To study the role of eFb in helping maintain NF1(-/-) differentiating SCs in
the NC-SC path, we could generate new 3D heterotypic spheroids using NF1 patient-
derived skin Fbs and NF1(-/-) differentiating SCs and engraft them into the sciatic nerve
of nude mice. Considering the high heterogeneity of Fbs regarding their tissue of origin
(Lynch, 2018), it is more likely that eFbs forming part of nerve possess such niche capacity
than any other Fbs in the human body.

Moreover, the interaction between SCs and eFbs derived from cNFs changed the
expression profile of each cell type and generated an expression and secretion profile
favoring a pro-inflammatory reaction with the secretion of, for instance, IL1B, IL6,
sICAM1, CCL7 or CCL11. Interestingly, PNF heterotypic spheroids expressed a significant
part of this expression profile in ¢ctNF SC-eFb co-cultures. In contrast, PNF homotypic
spheroids composed of only differentiating SCs just expressed approximately 1/6 of these
genes. These results, together with the fact that eFbs from PNF and cNFs are very similar
to each other, according to their expression signatures, suggest that these interactions
could take place in vivo in cNFs, as well as in PNFs.

The importance of the immune system in neurofibroma development has already been
shown in the Nf1fev/flox: Dhh-Cre; Cxcr3-null mouse model (Fletcher et al. 2019). In the
Nf1flex/flox- Dhh-Cre PNF mouse model, the chemokine CXCL10 is expressed in Nf1(-/-) SCs
recruiting CXCR3 expressing T-cells and dendritic cells. However, in the Nf1fex/flox: php-
Cre; Cxcr3-null mouse model, although Nf1(-/-) SCs were present in the mice, no PNF was
formed. The authors argued the lack of PNF being related to the absence of the CXCL10
receptor CXCR3, impeding the recruitment of T cells and dendritic cells. These results
highlight the importance of infiltrating immune cells in neurofibroma initiation and
development. Our results showed, that although we could detect the secretion of CXCL10
in cNF-derived single cultures, either SC or eFb cultures, we could not detect a prominent
increased in the secretion of CXCL10 in co-cultures.

In the Prss56-Cre mouse model, the Nf1 gene is ablated in Prss56 expressing boundary
cap (BC) cells and their derivatives (Katarzyna J. Radomska et al. 2019). The authors
described the development of cNF in different stages. In stage 2, the authors described
an eFb accumulation and SC hyperplasia, followed by a stage in which micro-cNFs are
already observed with abundant eFbs present, and macrophages and neutrophils
infiltrating them, as signs of inflammation. Our results are in accordance with this model
and suggest that the modification of these pro-inflammatory signals might have an
impact on neurofibroma development. Thus, after validating in vitro some of the
promising signaling pathways identified due to the SC-eFb interaction, it would be wise
to validate them in Prss56-Cre mouse model and to study whether these therapies could
have a potential therapeutic (i.e., reducing the size of PNFs) or a preventive (i.e., avoiding
the appearance of cNFs) effect in neurofibroma development and progression, or
hopefully both.

Some markers are used in a clinical pathology setting to detect eFb in neurofibromas, like
CD34 (Hirose et al. 2003). However, most PNF- and cNF-derived eFb cultures did not
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express this marker. There is a need to identify new eFb markers to characterize
neurofibromas and derived cell cultures. We will use the data generated in this thesis to
identify new potential markers and to study their expression in PNFs and cNFs and their
derivative eFb cultures.

eFbs derived from PNFs and cNFs were remarkably similar according to their expression
pattern. However, eFb cultures might be complex cultures since, in addition to the
potential “contamination” by other cell types (endothelial cells, immune cells, etc.),
scRNA-seq analysis of PNFs identified distinct subpopulations of eFb.

Moreover, eFbs have been postulated to arise from NC cells (Morrison et al. 1999; N. M.
Joseph 2004; Richard, Topilko, Magy, Decouvelaere, et al. 2012), and our data seem to
agree with these results. Single-cell data from the Fb compartment show that these cells
express two essential transcription factors that define the NC-mesenchymal
differentiation axis: PRRX1 and TWIST1 (Soldatov et al. 2019). Further characterization of
eFb subpopulations are needed to uncover the real nature of these cells.

8. Heterogeneity of the Schwann cell component of plexiform
neurofibromas

RT-gPCR and RNA-seq analysis from primary PNF-derived SC cultures evidenced the
expression of markers expressed along the NC-SC lineage (Kristjan R. Jessen and Mirsky
2005a). To rule out whether this marker expression covering the whole NC-SC axis was
happening homogeneously in all SCs or heterogeneously in cultured cells, we used two
markers of the NC-SC axis: p75, expressed from NC up to mature SC, and S100B expressed
from committed SC up to mature SC. Thus, detecting both markers at the same time, we
were able to identify cells at an early stage (p75+, S100B -) or a later stage (p75+, S100B+).
Co-immunostaining and flow cytometry analysis evidenced distinct subpopulations of SCs
within PNFs, some cells only expressing p75, others expressing both markers, and some
only S100B. These results suggested that PNFs were composed by SCs at different mature
states, some committed to SCs and others not.

This heterogeneity of the SC component was also identified by single-cell RNA-seq
analysis. Results evidenced the existence of at least two SC subpopulations, one
expressing only early NC-SC lineage markers, suggesting a precursor-like cell, and another
expressing the same markers together with later NC-SC lineage markers present in
committed SCs, denoting a singular committed SC type, expressing at the same time most
of the classical markers of the NC-SC axis. These unexpected results evidence the complex
biology of the SC compartment and suggest that the precursor-like SC population being
the source of all PNF SCs, some remaining at an early stage and others undergoing SC
commitment, possibly by the presence of niche effects of surrounding eFbs. These results
may change the current view of PNF development and growth.
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Flow cytometry analysis of ctNFs using p75 and S100B co-staining also uncovered a similar
SC heterogeneity, as in PNFs (Figure A2-2). These findings suggest that cNFs might
probably be composed of similar SC subpopulations as in PNFs.

The different SC subpopulations composing neurofibromas need to be further
characterized, and their role in neurofioroma growth established. Functional
characterization of them might help designing better treatments for neurofibromas since
different subpopulations might exhibit different responses to specific therapies
(Rybinsky, 2016).
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The main conclusions of this thesis are:

Two NFI1(-/-) induced pluripotent stem cell (iPSC) lines were generated directly
from plexiform neurofibromas (PNFs), sharing the same constitutional and
somatic NF1 mutations; as well as the entire genetic background, as the cell
originating them. In addition, five independent NF1(+/-) iPSCs were generated
from 5 PNFs, two being isogenic to the NF1(-/-) iPSC lines established. These iPSCs
represent an imperishable source of cells to generate cell-based PNF models.

A robust differentiation protocol to generate bona fide neural crest (NC) cells from
iPSCs was established. NC cells were able to migrate and differentiate into
different NC-derived cell types indicating their multipotency capacity.

A reproducible differentiation protocol to generate Schwann cells (SCs) from NCs
was established. NFI(+/+)-derived SCs were capable of myelinating axons,
indicating they were able to reach a functional mature state.

Neurofibromin function influences iPSC cell proliferation since NFI(-/-) iPSCs
exhibited a significantly higher proliferation rate compared to control NFI1(+/+)
iPSCs. Neurofibromin is also involved in the proliferation and differentiation of
cells of the NC-SC lineage. NFI1(-/-) differentiating SCs exhibited a higher
proliferation rate than controls, showed a natural tendency to form spheres and
a poor ability to myelinate axons. These same properties were observed in NF1(-
/-) CRISPR/Cas9 edited iPSCs, demonstrating a direct involvement of NF1 function.

A gene expression roadmap signature was obtained from the NC-SC in vitro
differentiation system, consisting of thousands of differentially expressed genes
at NC-SC stages and differentiation timepoints. NC-SC expression roadmap may
facilitate the identification of new lineage markers and may constitute a useful
tool for monitoring the correct development of heterotypic spheroids as PNF
models.

NF1(-/-) differentiating SCs in 2D cultures did not constitute an adequate system
to model PNFs, since they did not adopt a correct expression of NC-SC markers,
did not generate homogeneous populations of functional SCs and were not able
to generate neurofibroma-like tumors upon engraftment in mice.

A reproducible multiplexed 3D homotypic and heterotypic SC differentiation
model was established using NF1(+/+) and NF1(-/-) iPSCs. Only NF1(-/-) spheroids
were able to form neurofibroma-like tumors after their engraftment in the sciatic
nerve of nude mice. However, the engraftment of heterotypic spheroids,
composed of NF1(-/-) differentiating SC and primary endoneurial fibroblasts
(eFbs), represented the most efficient and consistent way of producing them. This
is the first time that human neurofibroma-like tumors are generated in mice.
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We identified the existence of different SC subpopulations within PNFs according
to their marker expression. We identified at least two distinct SC subpopulations,
one expressing markers appearing early in the NC-SC axis, suggesting a precursor-
like identity, and another subpopulation expressing both early and late markers
along the NC-SC lineage, suggesting a singular committed SC.

We identified differentially upregulated genes due to the interplay between SCs
and eFbs derived from cNFs. Most of these genes were also expressed in iPSC-
derived heterotypic spheroids modeling PNFs. Among the enriched signaling
pathways represented by these genes, those involved in the infiltration of
immune cells were significantly represented, and were confirmed by the
secretion profile analysis of SC-eFb co-cultures.

A human in vitro/in vivo multiplexed 3D heterotypic model system was
established to model PNFs. This model system: (i) will facilitate the study of PNF
formation and the role of tumor microenvironment; (ii) constitute the basis to
model PNF progression to malignancy; (iii) could be used as a multiplexed drug
testing platform.
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1. Generation of a NFI(-/-) iPSC line using CRISPR/Cas9
technology

1.1. Editing strategy and NF1(-/-) iPSC clone generation

We generated NFI1(-/-) iPSC lines from control NF1(+/+) FiPS cell line using the genetic-
editing clustered regularly interspaced short palindromic repeats-CRISPR associated
protein 9 (CRISPR-Cas9) technology.

The Cas9 and the guided RNA (gRNA) were introduced into the cells using the ArciTect
ribonucleoprotein (RNP) system from StemCell Technologies (Kim 2014).

The sgRNA was designed to guide the Cas9 to exon 2 of the NF1 gene in the negative
strand (Table A1-1).

Gene Name Exon Strand SgRNA

NF1 RNP1 2 - GTTGTGCTCAGTACTGACTT

Table A1-1. gRNA used in CRISPR-Cas9 system to edit the NF1 gene. The gRNA recognized and cut
20 bp sequences of the exon 2 in the NF1 gene.

RNP complexes were prepared following StemCell Technologies manufacturer’s
instructions. Transfection of RNP complexes into iPSCs was performed using TransILT
reagent (Mirus). 72 hours after transfection, cells were detached and plated in 96-well
Matrigel coated plates at a density of 1-2 cells/well to generate single-cell clones. Clones
were amplified and DNA from them was extracted to analyze NF1 mutation by Sanger
sequencing.

We analyzed 15 clones, and 2 of them were compound heterozygous for NF1. Figure
Al-1 shows the NF1 mutations generated in the two alleles of clone D12. Both mutations
consisted in deletions near the protospacer adjacent motif (PAM) of the NFI sgRNA.

Clone D12
Allele 1 of the NF1 gene
PAM |gRNA NF1_1

AACACACATACCAAAGTCACTACTGAGCACAACAA
Conflict

Clone D12
Allele 2 of the NF1I gene
PAM gRNA NF1_1

AACACACATACCAAAGTCAGTACTGAGCACAACAA
Conflict

AACACACAT == === == TCAGTACTGAGCACAACAA AACACACATACCAAAGT----ACTGCAGCACAACAA
AACACACAT-=-=-=--=-- TCAGTACTGAGCACAACAA AACACACATACCAAAGT====ACTGCGAGCACAACAA

0 f\ f\ f

T e O O AT

/ \ / \\ A/ | A A /\' [ Il
MWW \ MYV WY WY AVANVARAWAA A LYYV VY

I f VY z’f\\ [,\ /\/\ /‘\/\ /\/\/\ /\f\ /\ A\

AW A VWAN AW WA N

Figure A1-1. The specific NF1 mutations in clone D12. At the top the reference sequence, below
the Sanger sequencing of the specific NF1 allele. The software pinpoints the conflict zone and

209



alignments the rest of the sequence. In clone D12 both mutations are deletions, a deletion of 7
nucleotides (left), and a 4-nucleotide deletion (right). Both mutations create a frameshift.

Clone allele gDNA mutation cDNA Protein
Clone D12_1 g.66040_66046del  ¢.94_100del p.T32_Sfs*9
Clone D12_2 g.66048 66052del  ¢.102_105del p.S35_Lfs*7

Table A1-2. The specific gDNA, cDNA, and protein mutation in the two NF1 alleles of the clone
D12.

Both NF1I mutations are deletions, a deletion of 7 nucleotides, and a 4-nucleotide
deletion (Table A1-2). Both mutations create a frameshift, which theoretically implies a
complete knock out cell line without any expression of neurofibromin.

This clone D12 is used in the thesis named as NF1(-/-) edited iPSC line or NF1_C.

1.2. NF1(-/-) edited iPSC line characterization

Clone D12 showed the typical iPSC compact colony morphology and expressed the
pluripotency markers OCT3/4 and Tral-81 by immunocytochemistry (ICC) corroborating
that the NF1(-/-) edited iPSC line remained pluripotent (Figure A1-2).

OCT3/4

TRA1-81

Figure Al1-2. The OCT3/4 and TRA1-81 expression in clone D12 by immunocytochemistry. DAPI
was used to stain nuclei. Scale bar: 100 um

1.3. NF1(-/-) edited iPSC line differentiation towards neural crest cells

The NF1(-/-) clone D12 was differentiated into neural crest (NC) cells following the
protocol previously described in the thesis.
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Flow cytometry analysis confirmed the NC identity of differentiated cells showing
coexpression of both p75 and Hnkl markers (Figure A1-3A). These results were
corroborated by immunocytochemistry (ICC) for SOX10, TFAP2A, and p75 (Figure A1-3B).

A
2ary Ab p75 + Hnkl

Hnk1l
Hnk1l

Figure A1-3. The neural crest-differentiated clone D12 expressed neural crest markers. A) Flow
cytometry analysis of the expression of the p75 and Hnk-1 expression. In the x-axis the p75
expression is graphed while in the Y-axis the Hnk1. The left graph shows the distribution of cells
without primary antibody. The right graph shows the distribution of the cells analyzed for p75
and Hnk1. B) ICC analysis of SOX10, TFAP2A and p75 in the NC-differentiated clone D12. Scale
bar: 100 um

1.4. NF1(-/-) edited iPSC line differentiation towards Schwann cells in
2D

The NF1(-/-) edited NC was further differentiated into Schwann cells (SCs) using the same
differentiation protocol as previously described in the thesis (see Material & Methods).
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The NFI1(-/-) edited cells upon SC differentiation expressed specific NC-SC markers
analyzed by RT-gPCR (Figure A1-4) like SOX10, NGFR, and S1008B; although the expression
was lower than control differentiating NF1(+/+) SCs (Figure R6B, D).

Moreover, as NF1(-/-) PNF-derived iPSC, NF1(-/-) edited differentiating SCs did not stop
proliferating, naturally detached from plate surfaces and formed sphere-like structures
visible to the naked eye (Figure A1-5).
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Figure Al1-4. Schwann cell differentiation from differentiated neural crest NF1(-/-) edited iPSCs.
RT-gPCR in NF1(-/-) edited iPSC at five different timepoints during differentiation: pluripotent
stage (PSC), neural crest stage (NC) and at 7, 14, or 30 days of SC differentiation. Values are
expressed as the mean of the Normalized Relative Expression (Y-axis) + SEM from three
independent differentiation experiments.
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SC DIFFERENTIATION (DAYS)

NF1(+/+)
FiPS

NF1(-/-)
Clone D12

Figure Al1-5. Phase contrast images from the Schwann cell differentiation process of control
NF1(+/+) iPSC and the plexiform neurofibroma-derived iPSCs and the NF1(-/-) edited iPSC. Scale
bar; 250 um.
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1. Additional results
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Figure A2-1. In silico validation of chondrocyte and muscle gene expression of NF1(-/-) cells in 2D
cultures. Relative expression of chondrocyte developmental markers (A) and muscle
developmental markers (B) using RNA-seq data of control NF1(+/+) iPSC line (WT) and NF1(-/-)
iPSC lines (NF1_A, NF1_B, and NF1_C) from pluripotent stem cell stage (PSC), neural crest (NC),
and 7, 14 and 30 days of the SC differentiation process.
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21cNF5

_

21cNF5
21cNF8
21cNF6 D
21cNF26
21cNF26
21cNF27
21cNF27
26cNF1
26CNF1 D
26cNF2
[
p75-/S100B- p75+/5100B- p75+/S100B+ . p75-/S100B+

Figure A2-2. P75 and S100B double staining uncovered cell heterogeneity of the Schwann cell
component within cutaneous neurofibromas A) Flow cytometry analysis of p75 and S100B of 6
cNFs (4 from patient 21 and 2 from patient 26). Left panel of cNFs reflects the signal of the
secondary antibodies (2ary Ab) as controls. In the X-axis, the p75 expression is represented, while
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in the Y-axis, the S100B expression. Each dot represents a cell. Each dissociated-cNF exhibited a
homogenous negative population for both antibodies. Right panels, each dissociated-cNF was
incubated with primary and secondary antibodies. Double-negative p75-/S100B- cells (light blue),
p75+/S100B- cells (orange), double-positive p75+/S100B+ cells (yellow), and p75-/S100B+ cells
(purple) are shown. B) Companion graphs showing the proportions of each different cell
population within cNFs. The entire square represents 100% of the population, and the area of
each color represents the proportion of each cell population. Some cNFs as 21cNF6, 21cNF 26 or
26¢NF2 displayed a high proportion of double-positive p75+/S100B+ cells while others as 21cNF5

presented a high proportion of the p75+/S100B- cells.
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BMP7 IL18R1 LGR5
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IP6K3 COL22A1 COL11A2
KLHL41 IL11 SLIT3
CCDC33 GPAT3 SSC5D
EDN3 ACTAl1 DIO2
ALDH1A2 RCAN1 LTBP1
PPP1R14C FBX032 NFIA
COL20A1 BMP5 MN1
NR2F1 CD93 MXRAS8
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IGF2 GAD1 PTK7
PRTG PDE4D ARMCX2
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PRPSAP1
ELP3
ACAD9
MAPRE2
PCM1
XPC
SCAF8
Cllorf95
CAMKK2
IPO9

Table A2-1. Neural crest-Schwann cell in vitro differentiation expression roadmap signature.

Neural crest 7 days 14 days 30 days
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BTG2 SEMA3D DAG1
CDON SOX11 ERBB3
CITED2 GFRA3
CNTNAP1 LAMA?2
DCHS1 LGI4
DCLRE1B LPAR1
DCX MEF2C
DCXR NEFL
DENND2A PLP1
DERA S100B
DET1 SYT11
DMXL2 TRPV1
DNAH6

DNAJCS

DOCK10

DPF1

DPYSL5

DUSP27

DUSP7

DUSP9

DYM

DYNC2H1

DYNLL2

DYRK3

E2F2

E2F5

EBF2

EDN3

EFNAS
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EFNB1
EFNB2
ELOVL2
ELP3
ENOSF1
ENPP2
EPHB2
EPOP
ERBB4
ERI2
EZH2
FOXO03
FRZB
GFRA1
IFT52
INKA1
INTS6L
INTSS
[PEK3
IPO9
IQGAP3
ITGAS
TIH4
JRK
JUN
KCNC1
KCNJ12
KCNJ8
KDM4D
KIAAO586
KIAA1614
KIF24
KLF3
KLHL41
KNL1
LAPTMS
LBR
LDAH
LIN52
LMO4
LMOD3
LPARG
LPIN1
LRP4
LRRC4
LRRC4B
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LRRC8C
LRRK2
LSS
LUC7L2

MACROH2A2

MAN1C1
MAPK10
MAPRE2
MBNL3
MCC
MCF2L
MDGA1
MDGA2
MDK
MECOM
MED12
MEGF10
MEOX1
MEOX2
MGAT3
MGLL
MMAB
MMRN1
MPP5
MRPL40
MSH5
MSI1
MSTN
MT2A
MTBP
MTCH2
MTMR4
MTR
MTSS1
MUSTN1
MYH15
MYO10
MYO7A
NAA40
NAALAD?2
NAIP
NCALD
NCR3LG1
NETO2
NFATC3
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NFRKB
NFYA
NIT2
NKD1
NLGN2
NLRP14
NONO
NOS3
NPL
NQO1
NR2F1
NR2F2
NRGN
NSD2
NSDHL
NT5C3B
NTRK1
OBI1
OBSCN
OoDC1
PARD3
PARP16
PAX3
PBK

PC
PCDH15
PCLO
PCM1
PCSK6
PCTP
PCYT2
PEAR1
PEG10
PGAP1
PGD
PHF6
PHKB
PIAS1
PIK3R1
PIK3R3
PIR
PLCB4
PLCD1
PLCXD2
PLEKHA8
PLIN2
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PLPBP
PLXNA2
POLR3B
POP1
POU4F1
SLC8A3
SNCA
SOX9
TENM4
TIAM1
TMEM107
TTC218B
TWIST1
ZFP36L1

Table A2-2. Selection of the genes in the neural crest-Schwann cell in vitro differentiation
expression roadmap signature containing biological processes that contained any of the
following terms: peripheral, glial, neural, Schwann cell, myelin, and gliogenesis
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ADAMTS14
PLPPR4
SLAMF8
DCLK3
C30rf80
COL7A1
MAG
HAPLN1
ACSBG1
PTGIS
MYH2
IGFBP5S
MBP
AOX1

GLI1

OXTR
GPR68
LINC02257
COL6A3
BDKRB1
CAVIN2
PLXDC1
WNT5A
RASL12
CDX1
GGT5
HEYL
LINC01929
DKK1
EDARADD
PDGFRB
LINCO1614
LINC01279
cLICc3
KRT3
CLDN14
ST6GAL2
LINC02547
POU2F2
TNXB
ACTC1
GFPT2
CCL11
ATOHS8
CILP
RPLPOP2

PTX3
PSG5
LIPG
RASL10B
DHRS3
CEMIP
ADAMTSL3
PECAM1
KRT14
ISLR2
TMEM51
GPR1
DTX4
ADGRD1
CD82
TNFSF10
ACAN
EFEMP1
POM121L9P
SLC1A3
PPP1R1C
KCNQ5
CITED2
S1PR1
MYPN
IL1B
NPAS1
OSR1
TIMP4
HSPB7
TMEM132E
NTRK1
PRR15
COL10A1
DLX2
NKD2
DRAXIN
FMN2
DAPK1
TMEM26
SLC6A7
GJB2
FRAS1
IGFBP3
ADH1B
LINCO0536

KIT
BDKRB2
PDE1A
ZC3H12A
LOC101928985
DES
FOXS1
TARID
PODXL
RGS16
SPINT2
CHRNAS
SH2D4A
RGS7BP
JAG1

IL6

CCL7
INMT
GREM2
CCDC85A
GLDN
CAPS
LINCO0968
SH2D2A
CD22
ASPN
LINCO1142
RNF152
SUSD4
HSD11B1
Cllorf96
KIF21B
LINC02015
PADI2
TDO2
TNFAIP3
PLPPR5
CSF2RB
ADGRD1-AS1
OTOGL
CRYBA2
SLC1A7
TNNI1
PTHLH
LINCO2511
AZIN2

CXCL14
TGFA
SERPINAYS
TGFB3
IBSP
ICOSLG
IL411
RGS2
CPNE7
SVEP1
TNFAIP6
ICAM5
IL33
MAP3K5
LOC102723996
ARPP21
KRT19
UBE2QL1
LYPD6B
LINC01592
PTGDR
PSG4
GUCY1A1
LRRC18
C1QTNF1
INHBE
Cllorf87
GRIK3
LINC02539
LINC02783
FAMA43B
SERPINB7
F2RL1
COL11A2
TSPAN9
MEGF10
RGS7
AKR1B15
AREG
ALDH1A1
CHST9
CLEC3B
ELOVL3
VSIR
KALRN
CCDC80



CACNA2D3  EDNRA SAMD11 CLEC2L

SLC38A4 FAM216B LOC101928143 LHX9
LINC01050 PRDM1 GNA15
ICAM1 PTPRB FST

LRRN4CL RAP1GAP RIMS1
Table A2-3. Differentially expressed genes between cutaneous neurofibroma real and virtual
Schwann cell-endoneurial fibroblast co-cultures.

237



Appendix 3

238



1. Paper: Carrio et al. 2019

239



Please cite this article in press as: Carrio et al., Reprogramming Captures the Genetic and Tumorigenic Properties of Neurofibromatosis Type
1 Plexiform Neurofibromas, Stem Cell Reports (2019), https://doi.org/10.1016/j.stemcr.2019.01.001

Stem Cell Reports

Resource

ISSCR

OPEN ACCESS

Reprogramming Captures the Genetic and Tumorigenic Properties of
Neurofibromatosis Type | Plexiform Neurofibromas

Meritxell Carrio,! Helena Mazuelas,” Yvonne Richaud-Patin,?*° Bernat Gel,! Ernest Terribas,! Imma Rosas, !
Senda Jimenez-Delgado,** Josep Biayna,'” Leen Vendredy,'® Ignacio Blanco,* Elisabeth Castellanos,’
Conxi Lazaro,®> Angel Raya,?>*%* and Eduard Serra'-*

THereditary Cancer Group, Germans Trias i Pujol Research Institute (IGTP)-PMPPC-CIBERONC, Can Ruti Campus, Badalona, Barcelona 08916, Spain
2Center of Regenerative Medicine in Barcelona (CMRB), Hospitalet de Llobregat, Barcelona 08098, Spain

3Center for Networked Biomedical Research on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Hospitalet de Llobregat, Barcelona 08098,
Spain

4Clinical Genetics and Genetic Counseling Program, Germans Trias i Pujol University Hospital (HUGTiP), Can Ruti Campus, Badalona, Barcelona 08916, Spain
SHereditary Cancer Program, Catalan Institute of Oncology (ICO-IDIBELL-CIBERONC), L’'Hospitalet de Llobregat, Barcelona 08098, Spain

SInstituci6 Catalana de Recerca i Estudis Avangats (ICREA), Barcelona 08010, Spain

7Present address: Genome Data Science Group, Institute for Research in Biomedicine (IRB), Barcelona, Spain

8Present address: Peripheral Neuropathy Research Group, University of Antwerp, Antwerp, Belgium

9These authors contributed equally

*Correspondence: araya@cmrb.eu (A.R.), eserra@igtp.cat (E.S.)

https://doi.org/10.1016/j.stemcr.2019.01.001

SUMMARY

Neurofibromatosis type 1 (NF1) is a tumor predisposition genetic disease caused by mutations in the NFI tumor suppressor gene.
Plexiform neurofibromas (PNFs) are benign Schwann cell (SC) tumors of the peripheral nerve sheath that develop through NFI
inactivation and can progress toward a malignant soft tissue sarcoma. There is a lack of non-perishable model systems to investigate
PNF development. We reprogrammed PNF-derived NFI1(—/—) cells, descendants from the tumor originating cell. These NF1(—/-)-
induced pluripotent stem cells (iPSCs) captured the genomic status of PNFs and were able to differentiate toward neural crest stem cells
and further to SCs. iPSC-derived NF1(—/—) SCs exhibited a continuous high proliferation rate, poor myelination ability, and a tendency to
form 3D spheres that expressed the same markers as their PNF-derived primary SC counterparts. They represent a valuable model to study

and treat PNFs. PNF-derived iPSC lines were banked for making them available.

INTRODUCTION

Neurofibromatosis type 1 (NF1) is a tumor predisposition
genetic disease (VM & Riccardi, 1992) caused by the inher-
itance of a mutated copy of the NF1 gene, a negative regu-
lator of Ras (Ratner and Miller, 2015). The major disease
features involve the nervous system, the skin, and the
skeletal system. There is a great variability in the clinical
expressivity of the disease, but the development of
different tumors of the peripheral nervous system, such
as cutaneous neurofibromas (CNFs), plexiform neurofi-
bromas (PNFs) or, less frequently, malignant peripheral
nerve sheath tumors (MPNSTs), constitute one of the
hallmarks of the disease (Ferner, 2007).

PNFs are mainly developed in the context of NF1 and are
thought to be congenital. They are identified in around
50% of NF1 individuals if MRI is used (Mautner et al.,
2008). This tumor type constitutes a major source of
morbidity (Prada et al., 2012) and, in some cases, undergoes
malignant transformation (McCarron and Goldblum,
1998). Surgery is still the standard therapeutic option.
However, complete resection can cause important func-
tional deficiencies and sometimes can be unfeasible
because of the size or location of the tumor (Packer and
Rosser, 2002). Recently, the MEK inhibitor Selumetinib

has been used in children with inoperable PNFs showing
confirmed partial responses (Dombi et al., 2016).
Neurofibromas are composed of different cell types,
mainly Schwann cells (SCs) and endoneurial fibroblasts,
as well as perineurial cells and infiltrating immune cells,
all embedded in an abundant collagen-rich extracellular
matrix (Krone et al., 1983; Peltonen et al., 1988). PNFs arise
through a biallelic inactivation of the NF1 gene (Dédschner
et al., 1997; Hirbe et al., 2015; Kluwe et al., 1999; Rasmus-
sen et al., 2000). Only neurofibroma-derived SCs bear this
NF1 inactivation (Kluwe et al., 1999; Li et al., 2016; Maert-
ens et al., 2006; Muir et al., 2001; Serra et al., 2000). Like
CNFs, different PNFs arising in the same individual bear
different somatic NF1 mutations (Pemov et al., 2017).
Also, like CNFs (Garcia-Linares et al., 2011), no recurrent
gross genomic alterations or recurrent point mutations
have been identified in PNFs besides the involvement of
chromosome 17 in the inactivation of the NF1 locus (Beert
et al., 2011; Carrio et al., 2018; Miller et al., 2009; Pemov
et al., 2017). PNF progression to malignancy often occurs
through the formation of a pre-malignant lesion termed
atypical neurofibroma, which involves the additional loss
of the CDKNZ2A/B locus (Beert et al., 2011; Higham et al.,
2018). It has been shown in one case (Hirbe et al., 2015)
that somatic NF1 inactivating mutation is shared by PNF
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and their subsequent MPNST and metastasis, linking the
PNF and MPNST cell of origin.

Different models for PNFs have been developed, both
in vitro (primary cells, immortalized cells, 3D culture
models) and in vivo (genetically modified mouse models).
Primary SC cultures from PNFs have been established
(Wallace et al., 2000). However, these cultures are perish-
able after several passages, limiting their use for molecular
and cellular analyses that require large amounts of cells. To
overcome this problem, immortalized cell lines have been
generated (Li et al., 2016), but inextricably alter the biolog-
ical status of the cells. These cells have also been used to
generate 3D models (Kraniak et al., 2018) to better recapit-
ulate the natural PNF environment of SCs. In addition,
different genetically modified animal models using the
Cre/lox system to ablate NFI in specific cell stages of the
neural crest stem cells (NCs, for simplicity)-SC axis during
development have been generated that develop PNFs
(reviewed in Buchstaller et al., 2012). Furthermore, Chen
et al. (2014) established a non-germline model of PNF,
consisting of the transplantation of NfI-deficient embry-
onic dorsal root ganglia/nerve root neurosphere cells to
sciatic nerves of nude mice.

Another way of obtaining imperishable cell-based model
systems is the generation of induced pluripotent stem cells
(iPSCs) (Takahashi and Yamanaka, 2006). iPSCs have been
generated to model hereditary cancer syndromes (Papape-
trou, 2016), like Fanconi anemia (Raya et al., 2009). iPSCs
for NF1n have also been developed (Anastasaki et al.,
201S5; Larribere et al., 2015; Wegscheid et al., 2018). How-
ever, as for most other cancer syndromes, NF1 iPSCs have
been generated from patient fibroblasts and not directly
from cells of the associated tumors.

iPSC technology has been used to reprogram cancer cells,
encountering different obstacles, such as their chromo-
somal and genomic composition or the necessity of remod-
eling their epigenetic state. Another limiting factor is the
cell type to be reprogrammed. These aspects make the effi-
ciency of generating iPSCs from cancer cells low (Kim and
Zaret, 2015). Despite the low efficiency, there are several ex-
amples of iPSCs generated from cancer cells (Pan et al.,
2017), mainly from established cancer cell lines (Bernhardt
et al., 2017) and much less common from primary tumors
(Kim et al., 2013; Kotini et al., 2017). However, the genera-
tion of iPSCs from benign tumors or pre-malignant lesions
has been less explored (Papapetrou, 2016). To generate a
non-perishable cell-based model system that recapitulates
the genetic content and tumorigenic properties of NF1
benign PNFs, we generated iPSCs directly from PNF-derived
primary cells. These iPSCs were differentiated to NCs and
further to SCs. NF1(—/—) SCs obtained from PNF-derived
iPSCs were extensively characterized and compared with
primary NF1(—/—) SCs derived from primary tumors.

2 Stem Cell Reports | Vol. 12 | 1-16 | February 12,2019

RESULTS

Generation of PNF-Derived iPSC Lines

We obtained five different PNFs (code-named 3PNF, 5PNF,
6PNEF, 7PNE, and 13PNF) from five independent patients
diagnosed of NF1 according to standard diagnostic criteria
(DeBella et al., 2000). For most of them, histological infor-
mation is available (Carrio et al., 2018). PNFs are composed
of different cell types, mainly SCs and endoneurial fibro-
blasts. SCs within PNFs are the only cells bearing the two
NF1 alleles inactivated, one by a constitutional mutation
shared by all cells of the individual, and the other by a so-
matic mutation specific for each PNF. Our intention was to
create an imperishable cell-based model resource by reprog-
ramming NF1(—/—) cells present in PNF descendants from
the cell originating them. In addition, we planned to
obtain NFI(+/—) isogenic iPSCs from the same tumors.
We first determined the NF1 germline mutation of each pa-
tient by next-generation sequencing panel analysis (Castel-
lanos et al., 2017) and also the NFI1 somatic mutation of
each excised PNF (Table 1; Figure S1). NF1(—/—) iPSCs
were generated either from pure cultures of PNF-derived
NF1(—/-) SCs (Serra et al., 2000) or directly from a short
culture of PNF-dissociated cells. NF1(+/—) iPSCs were ob-
tained by reprogramming either cultures of PNF-derived
NF1(+/—) endoneurial fibroblasts, directly from PNF-disso-
ciated cells or from skin-derived fibroblast cultures of the
same patients (see Table S1 for details). Reprogramming
to pluripotency was induced by retrovirus- and/or Sendai
virus-mediated transduction (Ban et al., 2011; Takahashi
and Yamanaka, 2006) of the patient-derived cells. Table 1
summarizes information on patient (sex, age, and germline
mutation), tumor (diagnostic and NF1 somatic mutation),
and iPSC (name and banking information). Further reprog-
ramming information is summarized in Table S1.

Overall, we generated seven genetically different iPSC
lines from five independent NF1 patients. We were able
to isolate two independent NF1(—/—) iPSCs, bearing the
constitutional and somatic NFI mutations, from five
distinct PNFs. From all five patients we obtained
NF1(+/-) iPSCs bearing only the constitutional mutation.
Thus, from two different tumors, 3PNF and SPNF, we
were able to generate isogenic iPSC lines bearing two
distinct NF1 genotypes: NF1(+/—) and NF1(—/-) (Table 1).

Characterization of PNF-Derived iPSC Lines

After confirming the NF1 genetic status, selected iPSC
clones representing each patient and NF1 genotype were
further expanded and characterized. Figure 1 illustrates
the characterization of the isogenic iPSC lines derived
from 3PNF and 5PNF; the characterization of the remain-
ing banked iPSC lines is shown in Figure S2. We selected
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Table 1. Patient, Tumor, and iPSC Line Information

Patient Information Tumor Information iPSC Lines Generated

Patient Age (at PNF NF1 Germline NF1 Somatic iPSC Line (Named iPSC Line
ID Sex Resection)  Mutation Tumor ID  Diagnostic Mutation in the Paper) (Banking Name)
3 XX 8 €.3943C>T; 3PNF PNF with diffuse LOH (HR) 3PNFiPS(NF1+/—)  3PNF_FiPSsv_PM
p.Gln1315* extraneural invasion whole ch.17q
3PNFiPS(NF1—/—)  3PNF_SiPSsv_MM
5 Xy 10 intragenic deletion  5PNF PNF with diffuse LOH (3.8Mb del)  5PNFiPS(NF1+/—)  5PNF_TDiPSsv_PM
(E16-35) extraneural invasion B .
5PNFiPS(NF1—/—)  5PNF_TDiPSsv_MM
6 XX 33 c.2946delT; 6PNF PNF with diffuse €.2033dupC; 6PNFiPS(NF1+/—)  6PNF_SiPSrv_PM
p.Leu983* extraneural invasion  p.Ile679Aspfs*21
7 XX 66 €.2033dupC; 7PNF PNF with diffuse LOH (1.4Mb del)  7PNFiPS(NF1+/—)  7PNF_TDiPSrv_PM
p.Ile679Aspfs*21 extraneural invasion
13 Xy 14 c.1318C>T; 13PNF PNF with diffuse LOH (HR) 13PNFiPS(NF1+/—) not banked
p.Arg440* extraneural invasion whole ch.17q

LOH, loss of heterozygosity; HR, homologous recombination. The link below will take you to the Spanish National Stem Cell Bank-Institute of Health Carlos
III, where the iPSC lines have been deposited to be able to be distributed. http://www.eng.isciii.es/ISCIII/es/contenidos/fd-el-instituto/fd-organizacion/
fd-estructura-directiva/fd-subdireccion-general-investigacion-terapia-celular-medicina-regenerativa/fd-centros-unidades/fd-banco-nacional-lineas-

celulares/fd-lineas-celulares-disponibles/lineas-de-celulas-iPS.shtml.

clones that displayed a compact embryonic stem cell-like
morphology, were positive for alkaline phosphatase stain-
ing, and expressed high levels of pluripotency-associated
transcription factors and surface markers (Figures 1A
and 1B). Moreover, selected clones showed pluripotent dif-
ferentiation ability in vitro and in vivo (teratoma formation),
demethylation of POU5F1 and NANOG promoters, and kar-
yotype stability after more than 15 passages (Figures 1C-1F
and S2). It is worth noting that SPNFiPS(—/—) carried a
chromosomal translocation (karyotype: 46,XYt(17; 22)
(q11.2; q13.3)) also present in the parental reprogrammed
SCs, as the cause of NF1 somatic inactivation (Figure S2G).
Finally, we confirmed by PCR-based DNA fingerprinting
analysis that the iPSC lines generated genetically matched
their parental tumors (Table S2). As expected, the levels of
neurofibromin were reduced in NF1(+/—) iPSCs compared
with control NFI(+/+) pluripotent cells, and were absent
in NF1(—/—) iPSCs (Figure 2G). Altogether, these data
demonstrated that we successfully generated iPSCs from
PNF-derived NF1(+/—) and NFI1(—/—) cells, and indicated
that reduced levels or even absence of neurofibromin did
not appear to compromise somatic cell reprogramming
to pluripotency, maintenance, or differentiation capacity
of iPSCs.

PNE-Derived NF1(—/—) iPSCs Exhibit a Higher
Proliferation Rate Than Control Pluripotent Cells

It has been shown that NF1-deficient cells exhibit a higher
proliferation rate than their cellular counterparts carrying
one or two wild-type copies of the NF1 gene (Kim et al.,
1995, 1997; Rosenbaum et al., 1995). Consistent with

this, we noticed that cultures of NF1(—/—) 3PNFiPS and
SPNFiPS needed to be split more frequently than control
iPSCs or human embryonic stem cells (hESCs) maintained
in parallel. To quantify the effect of the NF1 status on iPSC
proliferation rate, we used a flow cytometry-based Click-iT
EdU assay. We compared PNF-derived NFI1(+/—) or (—/-)
iPSC lines with control NF1(+/+) pluripotent stem cells
(PSCs). Control cells included iPSCs from skin fibroblasts
of a healthy donor (FiPS cell line) and embryonic stem cells
(ES4 cell line). On average, NF1(—/—) 3PNFiPS and SPNFiPS
cell lines exhibited a 10%-15% increase in cell proliferation
rate compared with control PSCs (Figure 2H). NFI1(—/—)
iPSCs also exhibited a higher proliferation rate than
NF1(+/—) iPSCs (p < 0.05). These results indicate that cell
proliferation rate in PSCs, as is the case for somatic cells,
is influenced by neurofibromin activity.

PNF-Derived iPSCs Capture the Genomic Status of
Their Cell of Origin

We extensively characterized the genomic content of the
different iPSC lines generated from PNFs. We performed cy-
togenetic karyotyping, exome sequencing, and molecular
karyotyping by SNP array analysis comparing tumors,
NF1(—/-) SC and NF1(+/-) fibroblast cultures and iPSCs.
All samples were 2n according to the cytogenetic and mo-
lecular karyotypes (Figures 1F, 2A, S2, and S3). As previously
observed in CNFs (Garcia-Linares et al., 2011), the only
genomic alterations present resulted from the somatic
inactivation of the NF1 gene, in some cases affecting the
structure of chromosome 17q (Figures 2 and S3) (Carrio
et al., 2018). Gross somatic mutations affecting the NFI

Stem Cell Reports | Vol. 12 | 1-16 | February 12,2019 3


http://www.eng.isciii.es/ISCIII/es/contenidos/fd-el-instituto/fd-organizacion/fd-estructura-directiva/fd-subdireccion-general-investigacion-terapia-celular-medicina-regenerativa/fd-centros-unidades/fd-banco-nacional-lineas-celulares/fd-lineas-celulares-disponibles/lineas-de-celulas-iPS.shtml
http://www.eng.isciii.es/ISCIII/es/contenidos/fd-el-instituto/fd-organizacion/fd-estructura-directiva/fd-subdireccion-general-investigacion-terapia-celular-medicina-regenerativa/fd-centros-unidades/fd-banco-nacional-lineas-celulares/fd-lineas-celulares-disponibles/lineas-de-celulas-iPS.shtml
http://www.eng.isciii.es/ISCIII/es/contenidos/fd-el-instituto/fd-organizacion/fd-estructura-directiva/fd-subdireccion-general-investigacion-terapia-celular-medicina-regenerativa/fd-centros-unidades/fd-banco-nacional-lineas-celulares/fd-lineas-celulares-disponibles/lineas-de-celulas-iPS.shtml

Please cite this article in press as: Carrio et al., Reprogramming Captures the Genetic and Tumorigenic Properties of Neurofibromatosis Type
1 Plexiform Neurofibromas, Stem Cell Reports (2019), https://doi.org/10.1016/j.stemcr.2019.01.001

3PNFiPS
N

L — [— \ . [— —

NF1(+-)

5PNFiPS

NF1(-I-)

D E NANOG  OCT4 F
aFETA ® 3?@%@ §§§§ Xood o 0w
& o E o tore SR otaret \:'/ W oo oo ouw
;\/ % U) ‘Lt Mow o0 LT TR
CS @ 2
O 5 83 o u ow s
D 2 S o o 2 "
[ 5 33338 83883 =
& R Lo d o=
Sy et 533 ig@g L L T T
E ﬂ_-g 86553 08083 Slumy waun
P4 LZL € w2
oz
s HE
% 33358 383 T W n i
+
G T~ T -~ S Ko w o
oz \\L X E ;gi!§ 2 LZL honu [T )
T o 9 ] 83 o
T & S‘—_ ﬁ‘—_ % % control fibroblasts o nou oo b
IO zZ Z O =z Z %
o o oo o )
Wik o & Wik o © 0 =7 Iy it fo 1
Neurofibromin = — — -—— 260 KDa = |46 ,
TN w oty
alpha tubulin WWwesss ewwawesesww 5/ KDg E I 8% o
T w I’ 2

EDU positive Cells (%)

(legend on next page)

4 Stem Cell Reports | Vol. 12 | I-16 | February 12,2019



Please cite this article in press as: Carrio et al., Reprogramming Captures the Genetic and Tumorigenic Properties of Neurofibromatosis Type
1 Plexiform Neurofibromas, Stem Cell Reports (2019), https://doi.org/10.1016/j.stemcr.2019.01.001

gene were found in four of the tumors and consisted
in either large deletions of 1.4 Mb (7PNF) and 3.8 Mb
(5PNF), both involving the NF1 and SUZ12 genes, or ho-
mologous recombination (3PNF and 13PNF) generating
loss of heterozygosity (LOH) in almost the entire 17q arm
(Figure 2B) and bringing the constitutional NF1 mutation
into homozygosity, as described previously (Serra et al.,
2001; Steinmann et al., 2009). Somatic NF1 inactivation
in 6PNF was due to a point mutation (Table 1; Figure S1).
The same somatic NF1 inactivation was shared by PNF
and its derived NF1(—/—) SC culture, but was not present
in fibroblast cultures or in NFI(+/—) iPSCs (Figures 2 and
S3). We also performed exome sequencing to identify the
presence of small pathogenic variants. On average, we
identified the presence of ten additional point mutations
in the whole exome of PNF-derived iPSCs that were not pre-
sent in PNFs or primary SC cultures (Figure 2C; Table S3).
The low number of mutations is consistent with the reprog-
ramming and clonal expansion of a cell already containing
these mutations, which would not be detectable in the bulk
cell population of PNFs or primary SC cultures. None of the
identified somatic point mutations was recurrent among
the five PNFs (data not shown for 13PNF). These results
are in agreement with data from recent exome analysis of
PNFs and CNFs (Gosline et al., 2017; Pemov et al., 2017).

Neural Crest Differentiation of PNF-Derived iPSCs

We posit that PNF-derived iPSCs constitute a non-perish-
able cell-based experimental system that should facilitate
the identification of the PNF cell of origin as well as the
development of therapeutic strategies against these types
of tumors. Thus, we next set out to differentiate PNEF-
derived iPSCs toward the NC-SC axis. To generate NCs,
we used a previously described differentiation protocol
that employs chemically defined medium to activate Wnt
signaling while inhibiting Activin/Nodal/transforming
growth factor B signaling (Lee et al., 2007; Menendez

et al., 2013) (see Supplemental Experimental Procedures
for details).

Control PSCs, as well as all NF1(+/—) and NF1(—/—) PNEF-
derived iPSC lines tested, successfully differentiated toward
NC cells when applying this protocol. Approximately
12 days after NC induction, cells adopted a stellate
morphology typical of NCs (Figure 3A), which was main-
tained throughout the passages. To characterize the gener-
ated NCs we performed flow cytometry analysis using two
specific NC markers, p75 (NGFR) and HNK1 (Lee et al.,
2010), at early (7-10 days, passage 1) and late (>20 days,
passage 4-5) differentiation stages (Figure 3B). Although
both markers were heterogeneously expressed in early pas-
sages, NCs from both control and PNF-derived iPSCs ho-
mogeneously co-expressed high levels of p75 and HNK1
at later differentiation stages, indicating a clear NC iden-
tity. NCs cultured under these specific conditions could
be maintained as a stable, self-renewing population for
up to 20 passages without losing NC identity (see below),
enabling the freezing and cryopreservation of NC batches
for subsequent differentiation assays.

NC identity was further confirmed by immunofluores-
cence (Figure 3C) and qRT-PCR (Figure 3D) analyses of
the NC markers SOX10, p75, and AP2. qRT-PCR analyses
also showed that PSC-derived NCs did not express the plu-
ripotency-associated marker OCT4 (POUS5FI), or the SC
lineage-specific marker S100b, present in PNF-derived
SCs (Figure 3D). Moreover, we also functionally tested
NC biological capacities such as migration and differentia-
tion potential. A scratch assay showed the ability of all
NCs (control and PNF derived) to start migrating already
at 6 h and to be able to close the scratch in less than
24 h (Figure S4A). Furthermore, PSC-derived NCs were
able to undergo further differentiation into NC-derived
cell types, such as peripheral neurons and melanocytes
(Figure S4B), confirming their NC multi-lineage differenti-
ation ability.

Figure 1. Characterization of PNF-Derived iPSC Lines

(A) Morphology and alkaline phosphatase staining of 3PNF and 5PNF iPSC colonies. Scale bars, 100 pum.

(B) Characterization of pluripotency markers. Representative images of 3PNF and 5PNF iPSC colonies stained positive for the pluripotency-
associated markers NANOG, 0CT4, and SOX2 (in green), and TRA-1-81, SSEA3, and SSEA4 (in red). Scale bars, 100 pum.

(C) In vitro differentiation potential of 3PNF and 5PNF iPSC lines. Generation of cell derivatives of the three primary germ layers including
ectoderm (TUJ1 in green and GFAP in red), endoderm (AFP in green and FOXA2 in red) and mesoderm (SMA in green and GATA4 in red).
Scale bars, 100 pm.

(D) Teratoma formation from 5PNF iPSC, showing their differentiation toward ectoderm (TUJ1 in green and GFAP in red), endoderm (AFP in
green and FOXA2 in red) and mesoderm (SMA in green and GATA4 in red). Scale bars, 100 pum.

(E) Bisulphite sequencing showing demethylation of NANOG and POU5F1 promoters in the 3PNF and 5PNF iPSC lines.

(F) Karyotype of 3PNF and 5PNF iPSC lines at passage 20.

(G) Western blot analysis showing the absence of neurofibromin in 3PNFiPS(—/—) and 5PNFiPS(—/—). The human embryonic stem cell
(hESC) line ES4 and a control iPSC line generated from foreskin fibroblasts (FiPS), both NF1(+/+), were used as control cell lines.

(H) Proliferation capacity of 3PNF and 5PNF iPSC lines assessed by Click-iT EdU Flow Cytometry Assay. Double-positive cells (in S phase) are
represented in the graph. Bars represent means from three independent experiments.*p < 0.05 (unpaired t tests).
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SC Differentiation of PNF-Derived NCs

We then set up an SC differentiation protocol starting from
the established NCs. We differentiated NCs from control
FiPS and PNF-derived iPSC lines into SCs (Figure 4A) (see
Supplemental Experimental Procedures). The differentia-
tion process was monitored by immunocytochemistry
and qRT-PCR analysis of various markers of the NC-SC
lineage at different time points (7, 14, and 30 days).

After 7 days under SC differentiation conditions, NCs
from NF1(+/+) control FiPS already changed morphology,
becoming more elongated. This phenotype progressed
over time until reaching the typical bipolar spindle-like
morphology of SCs between 14 and 30 days of differentia-
tion (Figure 4B). SC markers such as p75 and S100b were
expressed homogenously in the culture throughout the
whole differentiation process (Figure 4B). qRT-PCR analysis
confirmed expression of NC-SC lineage-specific markers
throughout the differentiation process (Figure 4D). NGFR
and SOX10, two key regulators of NC formation and SC
fate determination, persisted during the entire differentia-
tion process. Expression of SC precursor markers such as
CDH19, ITG4A, and MPZ had a remarkable increase after
7 days of differentiation. GAP43 was also highly expressed.
SC markers such as PLP, PMP22, and S100b were already
detected after 1 week of differentiation and reached
maximum expression by day 30. EGR2 (KROX20), a master
regulator for myelinating SC was detected already in NCs
and had a peak at 30 days of differentiation, as reported
previously (Jessen and Mirsky, 2005; Reiprich et al., 2010)
(Figure 4D).

At 7 days of differentiation NFI1(—/—) NCs resembled
control NF1(+/+) cells, both morphologically and accord-
ing to SC marker expression (p75 and S100b) (Figure 4C).
After 14 days of differentiation, NFI(—/—) cells already
acquired the slender, elongated morphology of SCs.
However, whereas control NFI1(+/+) cultures progressively
stopped proliferation, maintaining a homogeneous expres-
sion of SC markers, NF1(—/—) cells continued to exhibit a
high proliferation capacity and heterogeneously expressed
some of the markers, such as S100b (Figure 4C). This altered
differentiation process of NF1(—/—) SCs was also observed

by qRT-PCR analysis (Figure 4E). While markers of
the NC-SC lineage were expressed in differentiation
NF1(—/-) SC cultures, those markers related to SC matura-
tion were not maintained through the differentiation pro-
cess compared with control NF1(+/+).

NF1(—/-) Differentiating SCs Exhibited a Continuous
High Proliferation Rate and a Lack of Myelination
Capacity

NF1(—/-) differentiating SCs proliferated so much during
differentiation experiments that cultures were generated
with a high cell density and a natural tendency to form
sphere-like structures visible to the naked eye. Spheres
grew either attached to the plate surface or as free-floating
cultures resembling 3D spheroids (Figures SA and 5B). We
quantified the proliferation capacity of differentiating SCs
by Ki-67 immunostaining (Figure 5C), confirming a statis-
tically significant higher proliferation rate in NFI(—/—)
cells, both at 7 and at 30 days of SC differentiation,
compared with control NF1(+/+) and NF1(+/—) cell lines
(Figure 5SD).

In addition to the proliferation rate of differentiating
SCs, we also tested their ability to myelinate axons.
NF1(+/+) FiPS-derived SCs, co-cultured with rat dorsal
root ganglion (DRG) neurons in the presence of myelinat-
ing medium, were capable of associating and myelinating
peripheral neuron axons, as demonstrated by the co-local-
ization of S100b/myelin protein zero (MPZ)-positive cells
with neuron-specific tubulin (TUJ1)-positive axons (Fig-
ure SE). We identified fragments of myelinated axons
longer than 400 um in three independent experiments
(Figure S5). These functional assays confirmed the myeli-
nating capacity of FiPS-derived SCs and validated the pro-
tocol used to differentiate NCs into SCs. However, when
we co-cultured NF1(—/—) iPSC-derived SCs with DRG neu-
rons, they kept proliferating during the assay and were not
able to properly associate and form myelinating axons,
neither cells growing in monolayer nor sphere-forming
cells, as happens in PNFs (Figure 5F). NF1(—/—) differenti-
ating SCs generated either spheres or wide lanes of orga-
nized cells. In addition, NFI1(—/—) cells expressed the

Figure 2. Genomic Characterization of PNFs, Primary Cells, and Generated iPSCs

(A) B allele frequency (BAF) data from SNP array analysis characterizing the genomic structure of five samples associated with 3PNF tumor;
fibroblasts; PNF-derived Schwann cells; 3PNFiPS(+/—) and 3PNFiPS(—/—). The genome of all samples was mostly 2n, denoted by a BAF
signal around 0.5. A blue shaded region indicates somatic copy neutral (CN)-loss of heterozygosity (LOH).

(B) A detailed view of BAF for chromosome 17. Somatic NFI inactivation was produced by mitotic recombination generating CN-LOH in 17q
and the reduction to homozygosity for the constitutional NF1 mutation. LOH is observed in 3PNF and in 100% of cells in 3PNF-derived
Schwann cells and in 3PNFiPS(—/—). Fibroblast primary culture (3PNF fibroblasts) is an early passage and still exhibit a residual LOH due to
the presence of “contaminating” tumor SCs.

(C) Summary of somatic exonic variants identified by exome sequencing. All samples associated with a PNF are represented by wide
horizontal line of the same color covering all chromosomes. Color dots indicate the type of genetic variant: missense (black), frameshift
(orange), in-frame deletion (purple), and non-sense (red). Position of genes containing the variants is marked with vertical lines.
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Figure 3. PNF-Derived iPSCs Correctly Differentiate into NCs

(A) Schematic representation of the protocol used for differentiating iPSCs into NCs. Control (ES4 and FiPS) and PNF-derived
iPSCs were seeded on Matrigel and cultured in NC induction medium for 20 days (see Supplemental Experimental Procedures).
Representative bright-field images during the differentiation process over time (in days, D) are shown. PSC, pluripotent stem cell. Scale
bar, 50 um.

(B) Flow cytometry analysis for p75 and Hnk1 before and after NC differentiation. The percentage of double p75 and Hnk1-positive cells is
shown inside the graph. P1, passage 1; P4-5, passages 4-5.

(legend continued on next page)
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neuronal marker TUJ1, complicating the analysis. Since
TUJ1 was not expressed by NFI(+/+) differentiating SCs
in the co-culture assay, we analyzed PNF-derived primary
SC cultures and found that they also expressed TUJ1
(Figure 5G).

Sphere-Forming SCs from NF1(—/-) iPSCs

Recapitulate the Expression Pattern of Their PNF-
Derived Primary SC Counterparts

To have a better idea to which extent sphere-forming
NF1(—/-) differentiating SCs from PNF-derived iPSCs reca-
pitulated the expression of their primary PNF counterparts,
we compared the expression of SC markers in NFI(—/—)
spheres at 30 days of differentiation with the expression
of their parental PNF-derived primary SCs (Figure 6A).
In contrast to the heterogeneous expression of SC markers
(s100b) exhibited by differentiating SCs growing in
monolayer (Figure 4C), sphere-forming SCs homogeneous-
ly expressed all markers tested. When we analyzed the
expression of p75, s100b, SOX10, GAP43, and PLP by
immunofluorescence, the expression pattern of PNF-
derived SCs and sphere-forming SCs were strikingly similar
(Figure 6A).

Sphere-forming SCs bore the same genetic and genomic
content as their primary SC counterparts and recapitulated
both a high proliferation rate and the same expression
pattern in a homogeneous manner. Taking everything
together, NF1(—/—) iPSC-derived spheres represent a valu-
able experimental model to study PNF formation, and to
test potential therapeutic options in vitro (Figure 6B).

DISCUSSION

There exists a lack of imperishable cell-based systems to
model benign tumor progression and assay therapeutic
strategies. PNFs are benign SC tumors of the peripheral ner-
vous system associated to NF1 that can progress toward a
malignant soft tissue sarcoma. We have generated
NF1(—/-) iPSC lines directly from PNFs, sharing the same
constitutional and somatic NFI mutations as the cell
originating them. We also generated five independent
NF1(+/-) iPSCs from five PNFs, two being isogenic to the
NF1(—/-) iPSC lines established. These cells have the ge-
netic and genomic content of their parental primary cells,
and can be differentiated toward NCs and further to SCs.

SCs derived from NF1(—/—) iPSCs exhibit a high prolifera-
tion rate, show poor ability to myelinate, and show a ten-
dency to form spheres in culture that resemble PNFs and
preserve the same expression marker profile of the NC-SC
axis as their parental NFI1(—/—) primary SCs.

iPSC technology has been used to reprogram cancer cells,
encountering different obstacles, like the chromosomal
and genomic composition of cancer cells or the necessity
of remodeling their epigenetic state. The NF1(—/—) iPSCs
described here may have overcome these problems since
they have been generated from benign tumors. Reprogram-
ming technology has been previously used to model hered-
itary cancer syndromes (Papapetrou, 2016), NF1 among
them (Anastasaki et al., 2015; Larribere et al., 2015; Wegsc-
heid et al., 2018), but never from cells of the associated tu-
mors. PNFs have the potential to progress to malignancy. In
this regard, we believe that these iPSCs could constitute an
excellent model for investigating tumor progression when
combined with existing DNA-editing tools (CRISPR-Cas9)
to better identify the genetic and epigenetic changes
required for malignant transformation.

Even though the relatively low number of samples com-
plicates drawing strong conclusions, we noticed that the ef-
ficiency of generating NF1(—/—) iPSC lines from PNFs (also
NF1(+/-)) varied depending on the tumor and on the start-
ing cell type. Different factors could be involved, such as
the culture conditions used, the different reprogramming
efficiency of distinct cell types (reviewed in Ebrahimi,
2015) or the age of the PNF donor, although all these as-
pects would need to be further explored.

Whereas NFI1(+/+) differentiating SCs progressively
stopped proliferation, maintained a homogeneous expres-
sion of SC markers, and had the capacity to myelinate
axons, NF1(—/—) cells continued exhibiting a high prolifer-
ation capacity and heterogeneously expressed S100b dur-
ing differentiation, and exhibit a poor ability to myelinate
axons. These results are consistent with the biological sta-
tus of SCs within PNFs. The exact mechanism and role of
the NF1 gene in relation to the altered SC differentiation
is an exciting topic for further research.

The PNF-resembling spheres generated by the high pro-
liferation capacity of differentiating SCs from PNF-derived
NF1(—/-) iPSCs constitute a very promising non-perish-
able model for PNFs, even more so taking into account
that currently there is no tumoroid model generated
directly from primary PNF cells. An in vitro 3D PNF model

(C) Immunocytochemistry analysis showing that both control (ES4 and FiPS) and PNF-derived iPSCs differentiated to NCs (passage 5)
express p75 (green), AP2 (green), and SOX10 (red). DAPI was used to stain cell nuclei. Scale bar, 50 um.

(D) gRT-PCR expression analysis of pluripotent (POU5F1), NC (NGFR, SOX10, AP2), and SC (S100B) markers, in pluripotent cells (PSCs), PSCs
differentiated to NCs and PNF-derived SCs. qRT-PCR values are expressed as the mean normalized relative expression (NRE) = SEM from

three independent differentiation experiments.
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Figure 4. Schwann Cells Differentiation of iPSC-Derived NCs

(A) Top: schematic representation of the protocol used for differentiating NCs to Schwann cells (SCs). NCs were seeded on poly-L-lysine and
laminin-coated plates and cultured in SC differentiation medium (see Supplemental Experimental Procedures). After 7, 14, and 30 days, SC
differentiation was monitored by qRT-PCR and immunocytochemistry analysis. Representative bright-field images during the differen-
tiation process from a control cell line are shown. Scale bars, 50 pm. Bottom: diagram showing the expression of markers associated with
the NC-SC lineage. The colored horizontal bars represent the temporal window during differentiation when the corresponding marker is
expressed in vivo, according to the literature (Jessen and Mirsky, 2005). SCP, Schwann cell precursor; iSC, immature Schwann cells (iSCs).
(B and C) Immunocytochemical analysis for S100b and p75 at different stages of SC differentiation (7, 14, and 30 days) in control NF1(+/+)
FiPS (B) and 3PNFiPS(—/—) cells (C). DAPI was used to stain cell nuclei. Scale bars, 50 pm.

(D and E) gRT-PCR in control NF1(+/+) FiPS (D) and NF1(—/—) iPSCs (E) at five different time points during differentiation: pluripotent
stage (PSC), neural crest stage (NC) and at 7, 14, or 30 days of SC differentiation. For NF1(—/—) iPSC graphs (E): light bar represents SC
differentiation for 3PNF and dark bar for 5PNF. As control cells for marker expression, primary SC cultures (gray bars) from 3PNF (light gray)
and 5PNF (dark gray) were used. Values are expressed as the mean NRE + SEM from three independent differentiation experiments.
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will facilitate the testing of therapeutic agents in a PNF-
resembling environment before jumping to an in vivo
model, although further development will be necessary.

In the field of NF1 research, there is still an open debate
regarding the cell of origin of neurofibromas (Buchstaller
et al., 2012). PNFs are thought to be congenital but the
identity and biological capacity of the cell type that re-
ceives the inactivation of NF1 is still not completely under-
stood. Essential information has been obtained from the
different genetically modified mouse models that develop
PNFs in which NF1 ablation is driven by Cre recombinase
expressed under promoters active along the NC-SC differ-
entiation axis. The ability to differentiate PNF-derived
iPSCs toward NCs and SCs could complement the informa-
tion coming from genetically modified mice.

In summary, we have generated NF1(—/—) iPSCs directly
from PNFs. They represent an iPSC-based non-perishable
cell model system for a benign tumor. NFI(—/—) iPSCs
contain the same naturally occurring mutations as their
primary counterparts and preserve their proliferative prop-
erties when differentiated from NCs toward SCs. SCs differ-
entiated from PNF-derived iPSCs have a high tendency to
form spheres. This cell-based model system constitutes a
great tool to investigate the PNF cell of origin, the genetic
and epigenetic changes required for progression toward
MPNSTs and finally, a model to test new therapeutic strate-
gies before pre-clinical in vivo models.

EXPERIMENTAL PROCEDURES

Patients, Plexiform Neurofibromas, and Tumor
Processing

Tumor samples were kindly provided by NF1 patients after giving
written informed consent for iPSC generation and genomic anal-
ysis studies. The study was approved by our Institutional Review
Board and local ethical commitees. The patients were diagnosed
according to standard diagnostic criteria (DeBella et al., 2000). Tu-
mor specimens were obtained after surgery of five PNFs from five
independent patients (two males, three females; ages 8-66 years).
Immediately after excision, tumor samples were placed in DMEM

medium (Gibco) containing 10% FBS (Gibco) + 1x Glx (Gibco) +
1x normocin antibiotic cocktail (InvivoGene), and shipped at
room temperature to our laboratory. Tumors were processed as fol-
lows: surrounding fat tissue and skin were removed and tumors
were cut into 1-mm pieces and cryopreserved in 10% DMSO
(Sigma) + 90% FBS until used.

PNEF-Derived SCs and Fibroblasts Cultures

PNF-derived SCs and fibroblasts were isolated as described previ-
ously (Serra et al., 2000). In brief, PNF pieces that were preserved
in liquid nitrogen were thawed and digested with 160 U/mL colla-
genase type 1 and 0.8 U/mL dispase (Worthington, Lakewood, NJ)
for 16 h at 37°C. Dissociated cells were washed and seeded onto
0.1 mg/mL poly-L-lysine (Sigma) and 4 pg/mL laminin (Gibco)-
coated dishes in Schwann cell medium (SCM) and maintained at
37°C under a 10% CO; atmosphere. SCM is DMEM (Gibco) with
10% FBS, 500 U/mL penicillin/500 pg/mL streptomycin (Gibco),
0.5 mM 3-iso-butyl-1-methilxantine (Sigma), 2.5 mg/mL insulin
(Sigma), 10 nM heregulin-p1 (PeproTech), and 0.5 uM forskolin
(Sigma). One day after plating, culture medium was replaced by
SCM without forskolin for an additional 2-3 days. This process
was repeated in cycles and cells were passaged as needed with
trypsin 0.05% (Gibco). SC purity was assessed by performing
S$1008 staining as described previously (Serra et al., 2000). To isolate
fibroblasts, dissociated cells were plated in DMEM 10% FBS media
and passaged when necessary.

Reprogramming of SCs, Fibroblasts, and Digested
Tumors

Between 1 x 10* and 2 x 10* cells were reprogrammed through
the retroviral delivery of human cDNA coding for OCT4, SOX2,
KLF4, and ¢cMYC transcription factors as described previously
(Raya et al., 2009). For non-integrative reprogramming, a Cyto-
tune-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific)
was used according to the manufacturer’s protocol. Approximately
3 or 4 weeks after transduction, colonies displaying embryonic
stem cell-like morphology and behavior were selected for further
characterization and genotyping. iPSC established lines were
grown on dishes coated with growth factor-reduced Matrigel (BD
Biosciences) in mTESR1 medium (STEMCELL Technologies).
See Supplemental Information for a detailed description of iPSC
characterization.

Figure 5. NF1(—/—) Differentiating SCs Exhibited a Continuous High Proliferation Rate and a Lack of Myelinating Capacity

(A) Representative bright-field images after 20 days of differentiation from NC to SC for different NFI1 genotypes. 3PNFiPS(—/—) and
5PNFiPS(—/—) cells exhibited a high cell density and the formation of 3D spheres. Scale bars, 50 um.

(B) Macroscopic detail of sphere formation in 3PNiPS(—/—) and 5PNFiPS(—/—) cells during SC differentiation.

(C) Proliferation capacity of differentiating SCs. Representative immunofluorescence images of Ki-67 (green) at 7 and 30 days of dif-
ferentiation. DAPI was used to stain cell nuclei. Scale bars, 50 pm.

(D) Quantification of Ki-67-positive cells (percentage over total DAPI-positive nuclei) expressed as the mean + SE (n = 3 independent
differentiation experiments). At least 300 nuclei were counted per time point and sample. *p <0.05, **p <0.01, ***p <0.001 (unpaired t
test).

(E and F) Myelination capacity of control NF1(+/+) FiPS (E) and NF1(—/—) iPSCs (F). Myelination was assessed by co-culturing differ-
entiated SCs (at 7 days) with rat DRG neurons for 30 days. SC myelination capacity was measured by immunostaining for TUJ1, S100b, and
MPZ. Scale bars, 50 pm.

(G) PNF-derived SC immunostained with TUJ1, S100b, and MPZ. Scale bars, 50 pum.
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Figure 6. Sphere-Forming SCs from NF1(—/—) iPSCs Recapitulate the Expression Pattern of their PNF-Derived Primary SC Coun-

terparts

(A) Representative immunofluorescence images showing expression of S100b, p75, SOX10, GAP43, and PLP, in 5PNF primary SCs (PNF SC)
compared with sphere-forming 5PNFiPS(—/—) differentiating SCs, at 30 days of differentiation. Scale bars, 100 um.

(B) Schematic representation of the generated PNF model.

Differentiation toward NCs and SCs
Neural crest differentiation was performed as described by Menen-
dez et al. (2013) with some modifications. In brief, 9 x 10* cells/
cm? were plated onto Matrigel-coated plates in mTESR medium.
The following day, the medium was replaced with hESC mainte-
nance medium: DMEM:F12 (Gibco) 1:1; 5 mg/mL BSA (Sigma);
500 U/mL penicillin/500 pg/mL streptomycin (Gibco); 2 mM Glu-
taMAX (Gibco); 1x MEM non-essential amino acids (Gibco); 1x
trace elements A; 1% trace elements B; 1x trace elements C (Corn-
ing); 2-mercaptoethanol (Gibco); 10 pg/mL transferrin (Sigma);
50 pg/mL sodium L-ascorbate (Sigma); 10 ng/mL heregulin-B1
(PeproTech); 10 ng/mL activin A (PeproTech); 200 pg/mL LONG
R3 IGFR (PeproTech); 8 ng/mL basic fibroblast growth factor 2
(PeproTech). Next day, the medium was replaced with neural crest
induction/differentiation medium: hESC medium without activin
and supplemented with 2 uM CHIR9902 (STEMCELL Technolo-
gies) and 20 pM SB432542 (STEMCELL Technologies), and was
replaced every day. NCs were maintained in this medium and split
with Accutase (Thermo Fischer Scientific) when necessary.

For SC differentiation NCs were plated onto 0.1 mg/mL poly-L-
lysine (Sigma) and 4 pg/mL laminin (Gibco)-coated plates
and cultured in SC differentiation medium: DMEM:F12 (3:1);

500 U/ml penicillin/500 pg/mL streptomycin antibiotics (Gibco);
5 uM forskolin (Sigma); 50 ng/mL heregulin-B1; 2% N2 supple-
ment (Gibco); 1% FBS (Gibco). The medium was replaced twice
a week.

Additional Experimental Procedures
Additional experimental procedures can be found in Supplemental
Information.

REPOSITORIES

The iPSC lines generated have been banked banked and are
currently distributed by the Spanish National Stem Cell
Bank-Institute of Health Carlos III in compliance with the
informed consent signed by the patient (see Table 1).
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Figure S1. NF1I germline and somatic mutation analysis in the four PNFs used to generate the
banked iPSC lines.

A) 3PNF NFI mutational analysis. Left: Sanger sequencing showing the germline mutation
¢.3943C>T;p.GLn1315* in the NF/ gene. The germline mutation is present in the tumor (3PNF T), in
tumor fibroblasts (3PNF F) and in tumor SC (3PNF SC). Right: B-allele frequency (BAF) data (a detailed
view from chromosome 17) from SNP-array analysis showing the somatic mutation of 3PNF. Somatic
NFI inactivation is produced by mitotic recombination generating CN-LOH in 17q and the reduction to
homozygosity for the constitutional NF'/ mutation. LOH is observed in 3PNF and in 100% of cells in
3PNF SC. Fibroblast culture (3PNF F) is an early passage and still exhibit a residual LOH due to the
presence of tumor SCs.

B) SPNF NF] mutational analysis. Left: MLPA analysis showing an intragenic deletion in the NF/ gene,
from exon 16 (E16) to exon 57 (E57). The deletion is detected in tumor fibroblasts (SPNF F) and in
tumor SC (SPNF SC). Right: detailed view of BAF for chromosome 17. Somatic NFI inactivation is
produced by a deletion generating CN-LOH in 17q and the reduction to homozygosity for the
constitutional NF/ mutation. LOH is observed in SPNF and in 100% of cells in SPNF SC.

C) 6PNF NFI! mutational analysis. Left: Sanger sequencing showing the germline mutation
¢.2946delT;p.Leu983* present in the tumor (6PNF T), tumor fibroblasts (6PNF F) and tumor SCs (6PNF
SC). Right: sanger sequencing showing the somatic mutation ¢.2033dupC;p.ile679Aspf*21 only present
6PNF SC and not in 6PNF F.

D) 7PNF NFI mutational analysis. Left: Sanger sequencing showing the germline mutation
¢.2033dupC;p.ile679Aspf*21 present in the tumor (7PNF T), tumor fibroblasts (7PNF F) and tumor SC
(7 PNF SC). Right: detailed view of BAF for chromosome 17. Somatic NF! inactivation is produced by a
deletion generating CN-LOH in 17q. LOH is observed in 7PNF and in 7PNF SC.



FIGURE S2
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Figure S2. iPSC Characterization of the additional banked NF1 iPSCs lines.

A) Morphology and alkaline phosphatase staining of a representative colony. Scale bar: 100um

B) Pluripotency markers. Scale bar: 100um

C) In vitro differentiation potential. Scale bar: 100um

D) Bisulphite sequencing showing demethylation of the NANOG and POUS5F1(OCT4) promoters.

E) RT-qPCR analysis characterizing the expression levels of reprogramming genes either endogenous.
(iPSC) or retroviral-derived (transgenes). Expression of pluripotency markers (CRIPTO, NANOG, REX)
are also shown.

F) karyotypes at passage 20.

G) Karyotype of the 5SPNF-derived SCs (SPNF SC) showing the presence of the same translocation
t(17;22) as in the SPNFiPS N(-/-) cell line that causes the somatic NF'/ mutation.



FIGURE S3
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Figure S3. Genomic characterization of tumors, tumor isolated cells and corresponding iPSC lines.

B-allele frequency (BAF) data along the genome is plotted for all samples associated to each PNF. Green
shaded regions denote somatic LOH due to genomic loss. Fibroblast cultures from tumor SPNF are early
passages in which LOH can still be detected due to the presence of NFI(-/-) Schwann cells. 7PNF
Schwann cells/Fibroblasts is a heterogeneous cell culture (60% SC and 40% fibroblasts). The position of
NF1 is marked with a vertical black line.



FIGURE S4
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Figure S4. iPSC-derived NCSC lines have the capacity to migrate and differentiate into different
NC-derivatives.

A) Scratch assay. A cell free-free gap was created using a pipette tip and migration capacity was
measured by taking images of the same region at 6 and 24 hours after gap creation. Scale bar= 150puM.
B) Differentiation capacity of generated NC towards peripheral neurons (Tujl+) and melanocytes
(MelanA+ and S100B+). Scale bar= 50uM.



FIGURE S5

FIGURE S5. Myelin quantification of FiPS-differentiated SC.

The myelination capacity of FiPS-differentiated SCs was assessed by co-culturing cells at 7 days of
differentiation with rat DRG neurons for 30 days. SC specification and myelination was measured by
immunostaining for TUJ1 (green) andMPZ (red). The length of myelinated axons was measured using
LEICA LASAF software and are marked by a white line. Scale bar: 50pum.



TABLE S1. Reprogramming information

TUMOR INFORMATION REPROGRAMMING INFORMATION
Reprogrammed | Num. of NF1 mutation iPSC LINE
Tumor ID Method S fi
cell clones Germline omatic
yes No
PNF skin .
Rv fibroblasts*® / 7 /
PNF Schwann cells 10 10 10
3PNF PNF skin 2 3PNFIPS(+/-)
fibroblasts*® 9 9
Sv 7*
PNF Schwann cells 12 12 12 3PNFiPS(-/-)
PNF endoneurial
Rv fibroblasts
5PNF PNF Schwann cells 2 2 5PNFiPS(-/-)_Rv
1 5PNFiPS(+/-)
Sv Digested PNF 12 12 )y 5PNFIPS()
PNF endoneurial .
Rv fibroblasts 1 1 0 1 6PNFiPS(+/-)_Rv
6PNF PNF Schwann cells 10 10 0 10 6PNFIPS(+/-)
Sv Digested PNF 10 10 0 10
PNF endoneurial 1 1 1
fibroblasts
Mix population
7PNF Rv T(40% PNF .
Schwann cell, 60% 12 12 0 12 TPNFIPS(+/-)
endoneurial
fibroblasts)
PNF endoneurial 11 11 0 11 13PNFiPS(+/-)
13PNF Sv fibroblasts
PNF Schwann cells 40 40 0 40 13PNFiPS(+/-)
Digested PNF 27 27 0 27

*The skin used was covering the PNF. When skin was separated, part of the tumor was still left.




TABLE S2. Sample authentication.

AmpFISTR 3PNF SPNF 6PNF 7PNF
Identifiler loci
CSF1PO 11,14 10 10,12 11,13
D2S1338 17,24 17.19 17.23 24
D3S1358 15,16 15,16 16,18 15.17
D5S818 10,11 12,13 11,13 10,12
D7S820 10 10,13 11 8,12
D8S1179 10,14 8.13 10,12 13,14
DI13S317 813 8,12 11,14 8.13
D165539 9,12 12,13 9.13 11,12
D18S51 13,15 15,16 11,13 12,15
D19S433 12,142 14,15 13,14 13,15
D21S11 30,32.2 29 2930.2 29,30
FGA 21,24 21.23 2127 20,25
THOI 8,93 9.3 7,93 6,9.3
TPOX 8 10,11 9.11 10,11




TABLE S3. List of somatic mutations.

The list includes all somatic mutations identified in each sample, meeting the following criteria: exonic or
present in canonical splice sites, passing manual validation and excluding synonymous mutations. The list
includes only non-NF/ mutations.

See attached Supplemental Table_ S3.xls



TABLE S4. Primers for RT-qPCR.

Gene Sequence(5°-3°) UPL

POUSFI Forward cttcgcaagccctcattte 60
Reverse gagaaggcgaaatccgaag

POU3FI Forward ttctcaagtgccccaage 78
Reverse ccggttgcagaaccagac

NGFR Forward ccttccacgetgteteca 60
Reverse cctaggcaagcatcccate

SOX10 Forward gacacggttttccacttccta 25
Reverse gtcetcgcaaagagtccaac

TFAP24 Forward ggtgaaccccaacgaagtce 73
Reverse accgtgaccttgtacttcgag

S100B Forward ggaaggggtgagacaagga 73
Reverse ggtggaaaacgtcgatgag

CDHI9 Forward tgtaccagaggaaatgaatacgac 78
Reverse catatatgtcacctgttctttcatca

ITGA4 Forward atgcaggatcggaaagaatc 78
Reverse ccacaaggttctccattaggg

PLPI Forward cttcaacacctggaccacct 60
Reverse ccatgggagaacaccataca

GAP43 Forward gctccaagectgatgage 12
Reverse gctetgtggcagceatcac

EGR2 Forward getgetacccagaaggeata 60
Reverse ggatgaggctgtggttgaa

PMP22 Forward ctgtcgatcatcttcagcattc 29
Reverse agcactcatcacgcacagac

MPZ Forward ttcccatctectgeatee 55
Reverse ctgggccacctggtagag

EndoKLF4 Forward agcctaaatgatggtgcttggt 68
Reverse ttgaaaactttggcttccttgtt

EndoMYC Forward cgggegggeactttg 55
Reverse ggagagtcgegtcettget

EndoOCT4 Forward gggtttttgggattaagttcttca 63
Reverse gccecccacccetttgtgtt

EndoSOX2 Forward caaaaatggccatgcaggtt 63
Reverse agttgggatcgaacaaaagctatt

TransKLF4 Forward tggactacaaggacgacgatga 60
Reverse cgtcgetgacagcecatga

TransMYC Forward tggactacaaggacgacgatga 77
Reverse gttcctgttggtgaagetaacgt

TransOCT4 Forward tggactacaaggacgacgatga 58
Reverse caggtgtcccgecatga

TransSOX2 Forward getcgaggttaacgaattcatgt 57
Reverse geeeggeggcettca

CRIPTO Forward cggaactgtgagcacgatgt 66
Reverse gggcagccaggtgtcatg

NANOG Forward acaactggccgaagaatagea 63
Reverse ggttcccagtegggticac

REX Forward cctgcaggeggaaatagaac 61
Reverse gcacacatagccatcacataagg




TABLE S5. Antibody list.

Antibody Supplier Reference Dilution
Rabbit anti-NF1 Bethyl laboratories A300-140A 1:1000 (WB)
Mouse IgG anti-OCT3/4 Santa Cruz Biotechnology Sc-5279 1:60

Rabbit IgG anti-SOX2 Pierce Antibodies PA1-16968 1:100

Goat IgG anti-NANOG R&D Systems AF1997 1:25

Rat IgM anti-SSEA3 Hybridoma Bank MC-631 1:3

Mouse IgG anti-SSEA4 Hybridoma Bank MC-813-70 1:3

Mouse IgM anti TRA-1-81 Millipore MAB4381 1:200

Rabbit IgG anti-alpha-1- Dako A0008 1:400
fetoprotein

Goat IgG anti-FOXA2 R&D Systems AF2400 1:50

Rabbit IgG anti-GATA4 Santa Cruz Biotechnology sc-9053 1:50

Mouse IgG anti SMA Sigma A5228 1:400

Mouse IgM anti-ASA Sigma A2172 1:400

Mouse IgG anti-TUJ1 Bio Legend MMS-435P 1:500

Rabbit IgG anti GFAP Dako 70334 1:500

Rabbit IgG anti NF200 Sigma N4142 1:100

Mouse IgG anti-Nerve growth Advanced targeting System AB-N07 1:100 (IF)
factor (p75) receptor (ME20.4) 1:1000 (FACS)
Rabbit IgG anti-S100B Dako 70311 1:1000
Mouse IgG anti-AP2 Thermo Scientific MA1-872 1:50

Rabbit IgG anti-Sox10 Abcam ac108408 1:50

Mouse IgG anti-MelanA Ventana 790-2990 1:100

Rabbit IgG anti-MPZ Abcam Ab31851 1:500

Rabbit IgG anti-PLP Abcam ab28486 1:100

Rabbit IgG anti-GAP43 Novus Biologicals NB300-143SS 1:500

Mouse IgG anti-Ki67 Santa Cruz Biotechnology sc-23900 1:50

Mouse IgG anti-HNK1 SIGMA C6680 1:1000 (FACS)




Extended Methodology

iPSC characterization

Alkaline phosphatase activity was demonstrated using the Alkaline Phosphatase Blue Membrane Substrate
Solution (Sigma). Briefly, iPSC were grown on top of mitotically inactivated human foreskin fibroblasts
(HFF) during one week. Cells were fixed during 2 min in 3.7% paraformaldehyde and exposed to the
substrate solution. After 20 min incubation in the dark, blue staining was evident in iPS colonies. Detection
of pluripotency-associated markers (nuclear: OCT4, SOX2 and NANOG; cytoplasmic: SSEA3, SSEA4
and Tra-1-81) was performed on iPSC cultured on HFF for 8 days and fixed with 4% paraformaldehyde
(PFA). Then, samples were processed for immunocytochemistry. /n vitro differentiation ability to the three
germ layers was carried out through embryoid body (EB) formation. For endoderm, EBs were plated on
0.1% gelatin (Millipore) coated coverslips and cultured 3 weeks in KODMEM (Gibco) supplemented with
20% fetal bovine serum (Hyclone), 1x penicillin/streptomycin (Gibco), 1x Glutamax (Gibco), 0.05 mM 2-
mercaptoethanol (Gibco), non essential aminoacids (Lonza). For mesoderm induction the same medium
was used as before mentioned with the addition of 0.5 mM L-ascorbic acid (Sigma). Ectoderm
differentiation was done culturing the EBs in suspension in N2B27 medium (Neurobasal: DMEM:F12 50:50
v/v, 1x N2 supplement, 1x B27 supplement, 1x Glutamax) supplemented with b-FGF as described
(Sanchez-Danés, 2012). After 10 days in culture, EBs were plated on Matrigel (Corning) coated coverslips
and cultured for additional three weeks in N2B27 medium without b-FGF. Differentiated cells were fixed
with 4% PFA. Immunocytochemistry was performed by standard methods as previously reported (Marti,
2013). Primary antibodies used are listed in table SS5. Secondary antibodies were of the Alexa Fluor series
from Jackson Immuno Research and used between 1:250 and 1:500 dilution. Cell nuclei were
counterstained with 0.5 ug/ml DAPI (Invitrogen). Images were acquired with an SP5 Leica confocal
microscope. For karyotyping, iPSC were cultured on matrigel in the absence of HFF and treated with
colcemide (Gibco) at a final concentration of 0.1 pg/mL and processed as described (Campos, 2009).

In the case of retroviral reprogrammed cell lines qPCR was performed to confirm the silencing of the
transgenes. Sendai virus reprogrammed iPSC lines were subjected to qualitative PCR to check that they
were vector-free at passage 10. The genetic expression of endogenous pluripotency-associated genes
(OCT4, NANOG, CRIPTO and Rexl) were confirmed by gPCR. Primers employed are listed in Table S4.

For DNA methylation analysis, genomic DNA was extracted from cell pellets using QlAamp DNA Mini
Kit (Qiagen 51304). DNA methylation analysis was performed with Methylamp DNA Modification kit
(Epigentek P-1001-1) according to manufacturer’s specifications. Oct4 and Nanog promoters were
amplified by PCR using primers previously described in Freberg et al (2007), amplified in DH5a cells,
purified and sequenced. Severe combined immunodeficient (SCID) beige mice (Charles River
Laboratories) were used to generate teratomas from two iPSC line, SPNFiPS(+/-) and 5PNFiPS(-/-).
Animal assays were conducted following experimental procedures previously approved by the Institutional
Ethics Committee on Experimental Animals, in full compliance with Spanish and European laws and
regulations. Teratomas were stained with hematoxylin eosin and also the detection of the three germ layers
was done by immunocytochemistry. Antibodies used are included in Table S5.

DNA extraction

Genomic DNA from tumors was extracted using the Gentra Puregene Kit (Qiagen, Chatsworth, CA)
following manufacturer’s instructions, after tissue homogenization using Tissue Lyser (Qiagen). Genomic
DNA from primary cells and iPSCs was extracted using Promega Maxwell 16 system following
manufacturer’s instructions.

NF'I genetic analysis

NFI germline and somatic mutations were detected by NF/ cDNA Sanger sequencing, by gDNA
sequencing using the I2HCP NGS custom panel (Castellanos et al, 2017) and MLPA from cultured PNF-
derived Schwann cells treated with 250 ug/ml puromycin (Sigma) or PNFs DNA following Genetic
Diagnostics for Hereditary Cancer Unit protocols. Germline mutations were confirmed by DNA Sanger
sequencing from cultured PNF-derived fibroblast cells. Loss of heterozigosity of NF1 locus was detected
by Microsatellite multiplex PCR analysis (MMPA) of chromosome 17 (Garcia-Linares et al, 2012).
Reference sequence used was GeneBank: NG 009018 1, NM_ 000267 3, NP_000258.1. For intragenic
deletions we used GeneBank: NM_001042492.2.

SNP-array analysis

SNP-array analysis was performed on selected samples using Illumina HumanOmniExpress vl BeadChips
(730,525 SNPs). Raw data was processed with Illumina Genome Studio v2011.1 with the Genotyping
module v1.9.4 to extract B Allele frequency (BAF) and log R ratio (LRR) and then analyzed with the R
package ASCAT (Van Loo ef al, 2010) to obtain loss of heterozygosity (LOH) and allele specific copy




number (CN) profiles. All samples were analyzed independently and treated as unpaired samples, using the
germline genotype prediction functionality from ASCAT.

Exome sequencing

Exome was captured using Agilent SureSelect Human All Exon V5 kit (Agilent, Santa Clara, CA, US)
according to the manufacturer’s instructions and sequenced in a HiSeq instrument (Illumina) producing
100-base long paired-end reads. Reads were aligned to the hs37d5 reference genome using BWA MEM (Li
H 2013) (bwa-0.7.13). After that, duplicates were marked using Picard (v2.0.1) and the Genome Analysis
Toolkit (GATK) (McKenna et al, 2010) (v.3.4.46) was used for local realignment around indels. GATK's
Mutect2 (Cibulskis et al, 2013) was used to detect somatic variants specific to primary tumors, SC and
iPSC with respect to their associated fibroblasts. Variants were annotated using annovar (Wang et al,
2010)(v20160201), filtered using custom R scripts and further validated by manual inspection.

Data visualization
Genomic plots were created with the R/Bioconductor package karyoploteR (Gel & Serra, 2017) and
additional custom R scripts. Graphs were created with Graphpad Prism 7.0.

RT-gqPCR analysis

Total RNA was extracted from cultured cells using the 16 LEV simplyRNA Purification Kit, from Maxwell
technology following manufacturer’s instructions. RNA (0,5 pg) was reverse-transcribed using the
Superscript 111 reverse transcriptase enzyme (Life technologies) according to manufacturer’s instructions.
Quantitative polymerase chain reaction (QPCR) was performed with Roche Universal Probe Library (UPL)
technology and analyzed using the Light-Cycler® 480 Real-Time PCR System (Roche Diagnostics). Gene
expression was normalized to two selected reference genes (EP300 and TBP) and expressed as Normalized
Relative Expression (NRE). Primer sequences used are listed in Table S4. A Microsoft Excel spreadsheet
was used to analyze qPCR data for relative expression calculations (Terribas et al, 2013).

Western Blotting
Cells were washed with chilled PBS twice and lysed with RIPA buffer (50 mM Tris-HCI (pH 7.4), 150

mM NaCl, ImM EDTA, 0.5% Igepal CA-630) supplemented with 3mM DTT (Roche), ImM PMSF
(Fluka), ImM sodium orthovanadate (Sigma), SmM NaF (Honeywell), 10 ug/ml leupeptin (Sigma), Sug/ml
aprotinin (Sigma) and 1xPhosSTOP (Roche). Lysates were boiled with 1X Laemmli buffer and 90 pg of
protein was subjected to SDS-PAGE and transfered onto PVDF membranes (18 hours 90mA at 4°C).
Membranes were blocked with Odyssey Blocking Buffer (PBS)(LI-COR) and incubated with rabbit anti-
NF1 Antibody (Bethyl laboratories) at 4°C overnight; and with mouse anti-atubulin (Sigma-Aldrich) 1 h at
room temperature. Membranes were then incubated with IRDye 680LT and IRDye 800CW secondary
antibodies (1:25,000 and 1:15,000, respectively; LI-COR) for 1 h at room temperature and scanned using
the Odyssey Infrared Imaging System (LI-COR).

Immunocytochemistry and flow cytometry

For immunofluorescence, cells were fixed in 4% para-formaldehyde in PBS for 15min at RT, permeabilized
with 0.1%Triton-X 100 in PBS for 10 min at RT, blocked in 10% FBS in PBS for 15 min at RT and stained
with the primary antibodies (Table S4) overnight at 4°C. Secondary antibodies were Alexa Fluor 488- and
Alexa Fluor 568- (Invitrogen). Nuclei were stained with DAPI and images captured using LEICA
DMIL6000 and LASAF software. Confocal images from spheres were captured using AxioObserver Z1
Confocal LSM 710, and ZEN Black 2012 software. For flow cytometry assays, cells were dissociated with
accutase, resuspended in 0.1% BSA in PBS, incubated for 30 min on ice with unconjugated primary
antibody p75 and detected with Alexa Fluor 568-conjugated secondary antibodies, following incubation
for 30 min on ice with unconjugated primary antibody Hnk1 and detected with Alexa Fluor 488-conjugated
secondary antibodies Cells were analyzed by flow cytometry using BD LSR Fortessa SORP and BD
FACSDiva 6.2 software.

Proliferation Assay (Click-iT Edu assay)

Two hundred thousand iPSCs (ES4, FiPS and iPSC) were plated on matrigel-coated 6-well plates, and
feeded daily with mTESR medium. After 72h cells were treated with 20 uM EdU for 2 hours, fixed,
permeabilized and click labeled with Alexa Fluor 488 azide using Click-iT Plus EdU Flow Cytometry
Assay Kits (Thermo Fisher) according to the manufacturer protocol. Cells were also stained with propidium
iodide to detect DNA content. Data was collected and analyzed using an BD LSR Fortessa SORP and BD
FACSDiva 6.2 software.




Scratch assay
0.5x10° NC cells were plated onto matrigel-coated 6-well dishes. When cells reached confluence a scratch

area was created using a sterile tip. Medium was replaced and migration was measured after 6 and 24 hours.
To obtain data in cell migration 9 fields covering the scratch were imaged with a 10x lens at 0, 6 and 24
hours after the scratch. The 9 images were joined using tilescan tool from the LASAF software (Leica).

In vitro Myelination assay

In vitro myelination assay was performed as described in Kim H-S et al (Kim e? a/, 2017) co-culturing Rat
Dorsal Root Ganglion (DRG) neurons (Innoprot, Spain) with SCP (7 days differentiation)-FiPS, for 30
days.

Statistical Analyses

Statistical analysis was carried out using GraphPad Prism software v7. For multiple group comparisons, a
two-tailed unpaired t test was performed. The number of biological replicates (n) for each experiment and
average + SEM are indicated when applicable, and statistical significance is indicated by *p < 0.05, **p <
0.01, and ***p < 0.001.
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ARTICLE INFO ABSTRACT

Keywords: Plexiform neurofibromas (pNFs) are benign tumors of the peripheral nervous system (PNS) that can progress
Cancer predisposition syndrome towards a deadly soft tissue sarcoma termed malignant peripheral nerve sheath tumor (MPNST). pNFs appear
Neurofibromatosis during development in the context of the genetic disease Neurofibromatosis type 1 (NF1) due to the complete loss
f;:’gform neurofibroma of the NF1 tumor suppressor gene in a cell of the neural crest (NC) — Schwann cell (SC) axis of differentiation.

NF1(—/-) cells from pNFs can be reprogrammed into induced pluripotent stem cells (iPSCs) that exhibit an
increased proliferation rate and maintain full iPSC properties. Efficient protocols for iPSC differentiation towards
NC and SC exist and thus NC cells can be efficiently obtained from NF1(—/—) iPSCs and further differentiated
towards SCs. In this review, we will focus on the iPSC modeling of pNFs, including the reprogramming of primary
pNF-derived cells, the properties of pNF-derived iPSCs, the capacity to differentiate towards the NC-SC lineage,
and how well iPSC-derived NF1(—/—) SC spheroids recapitulate pNF-derived primary SCs. The potential uses of

Neural crest
Schwann cell
Spheroid

NF1(—/-) iPSCs in pNF modeling and a future outlook are discussed.

1. Neurofibromatosis type 1

Neurofibromatosis type 1 (NF1) is a tumor predisposition genetic
disease affecting about 1 in 3500 people worldwide and caused by the
inheritance of a mutated copy of the NF1 tumor suppressor gene (Ric-
cardi, 1992). The major clinical manifestations of the disease involve the
nervous system, the skin, and the skeletal system, implicating cells
derived from the neural crest (NC). There is a great variability in the
clinical expressivity of the disease, but the development of different
tumors of the peripheral nervous system (PNS) constitutes one of the
hallmarks of the disease (Ferner, 2007). The NFI gene encodes for a
protein termed neurofibromin, a GTPase activating protein that cata-
lyzes the inactivation of Ras. In NF1 tumors, loss of neurofibromin re-
sults in activated Ras and its downstream signaling pathways, like the
MAPK/ERK kinase cascade. Neurofibromin is also involved in the
regulation of cAMP-dependent pathways (Cichowski and Jacks, 2001;
Ratner and Miller, 2015).

2. Peripheral nervous system tumors in NF1

One of the major clinical complications of NF1 patients is the
development of different tumors of the PNS which arise both in
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E-mail addresses: mcarriol@igtp.cat (M. Carrio), eserra@igtp.cat (E. Serra).

https://doi.org/10.1016/j.scr.2020.102068

childhood and adulthood, such as cutaneous neurofibromas (cNFs),
plexiform neurofibromas (pNFs) or, less frequently, malignant periph-
eral nerve sheath tumors (MPNSTs). cNFs originate in the PNS that re-
sides in the skin, forming discrete and well-circumscribed non-
encapsulated nodules that never progress to malignancy. cNFs normally
appear during puberty and are present in more than 95% of NF1 patients
(Ortonne et al., 2018). Their number increases with age, ranging from
tens to thousands (Huson et al., 1988). Neurofibromas are composed of
different cell types, mainly Schwann cells (SCs) and endoneurial fibro-
blasts, but also perineurial cells, infiltrating immune cells, axons, and
others that are embedded in an abundant collagen-rich extracellular
matrix (Krone et al., 1983; Peltonen et al., 1986). cNFs arise due to the
double inactivation of the NFI tumor suppressor gene in SCs (Kluwe
et al., 1999; Maertens et al., 2006; Serra et al., 2000). All other cellular
components are NFI1(+/—) and their interaction with NF1(—/—) SCs
facilitates neurofibroma formation (Buchstaller et al., 2012).

pNFs are big neurofibroma lesions that appear during development
and grow along large nerves. A pNF may be visible or may lie internally
and are normally diagnosed in early childhood when they grow most
rapidly. They are identified in around 50% of NF1 individuals by
combining physical examination and MRI (Mautner et al., 2008). Each
PNF arises from an independent biallelic inactivation of the NFI gene
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(Pemov et al., 2017). Besides the complete NF1 loss, no recurrent gross
genomic alterations or recurrent point mutations have been identified in
pNFs (Carrio et al., 2018; Pemov et al., 2017). pNFs constitute a major
source of morbidity (Prada et al., 2012) and in some cases undergo
malignant transformation towards an MPNST (McCarron and Goldblum,
1998). The MEK inhibitor Selumetinib has been used in children with
inoperable pNFs in Phase 1 (Dombi et al., 2016) and Phase 2 (Gross
et al., 2020) trials showing tumor volume decrease in about 70% of the
cases, most of them with a durable response, lowering pain and
improving their quality of life. Selumetinib has been approved by the
FDA as the first ever treatment for NF1.

A common path to malignancy in the context of NF1, involves the
generation of an atypical neurofibroma (aNF), a distinct growing
nodular lesion that exhibits atypical histological features considered
pre-malignant lesions (Beert et al., 2011; Higham et al., 2018; Miettinen
et al., 2017). In addition to the biallelic NF1 inactivation, loss of the
CDKN2A/B locus drives aNFs formation (Beert et al., 2011; Carrio et al.,
2018; Pemov et al., 2019; Rhodes et al., 2019; Rohrich et al., 2016).
There are no prognostic markers to determine whether an aNF will
progress into an MPNSTs or not, but resection by surgery is recom-
mended when possible. MPNSTs are aggressive and highly metastatic
soft tissue sarcomas with limited sensitivity to chemotherapy and radi-
ation. Half of them appear in patients with NF1, who have a lifetime risk
of about 10-15% of developing an MPNST (Evans et al., 2002; Uusitalo
et al., 2016). NF1-associated MPNSTs have the same cellular origin as
pNFs and aNFs, since histological progressions containing benign and
malignant components share the same somatic NFI mutation (Beert
et al., 2011; Hirbe et al., 2015). Like other sarcomas, these tumors
contain hyperploid and highly rearranged genomes with a low mutation
burden (Abeshouse et al., 2017). However, in addition to NF1 and
CDKN2A/B, other tumor suppressors such as components of the histone
methyltransferase polycomb repressive complex 2 (PRC2) and the TP53
gene are frequently mutated.

3. Model systems for plexiform neurofibromas

pNFs have the same complex cellular composition as cNFs, with NF1
(—/-) SCs and NF1(+/—) endoneurial fibroblasts being the main cell
types. Different models for cNFs and pNFs have been developed, both in
vitro cell-based, like primary cells, immortalized cells, and 3D culture
models; and in vivo, like genetically modified mouse models (GEMMs).
Primary SC cultures from neurofibromas have been established (Rose-
nbaum et al., 2000; Serra et al., 2000; Wallace et al., 2000) and very
incipient neurofibroma-like growths have formed when these SCs have
been engrafted in the sciatic nerve of immunodeficient mice (Muir et al.,
2001). However, these primary cultures are perishable after several
passages, limiting their use in mid- large-scale molecular and cellular
analyses. To overcome this problem, immortalized cell lines have been
established (Li et al., 2016), and their 3D growth has been used to better
recapitulate the natural pNF environment of SCs (Kraniak et al., 2018).
But the process of immortalization invariably alters the biological status
of the cells.

Different GEMMs have been generated that develop pNFs. In these
animals, the Cre-loxP system has been used to ablate the NFI gene in
specific developmental cell stages of the NC-SC axis (Joseph et al., 2008;
Wu et al., 2008; Zheng et al., 2008; Zhu et al., 2002) (see below). The
transplantation of Nfl-deficient embryonic DRG/nerve root neuro-
sphere cells to sciatic nerves of nude mice also forms pNFs (Chen et al.,
2014). Altogether these models point to a Schwann Cell Precursor (SCP)
as the most probable pNF cell of origin (Buchstaller et al., 2012; Le et al.,
2011). Moreover, since pNFs and cNFs appear in patients at distinct
moments in life, it is not known whether both neurofibroma types share
the same cell type of origin. Two recently generated GEMMs in which
NF1 is ablated in cells expressing either Hoxb7 (Chen et al., 2018) or
Prss56 (Radomska et al., 2019) in the developing mouse, generated both
cNF and pNF tumors. Furthermore, transplantation of NfI-deficient
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skin-derived precursors (SKPs) can give rise to either dermal or plexi-
form neurofibromas when grafted in the dermis and the sciatic nerve,
respectively (Le et al., 2009). These results support a common cell of
origin for both types of neurofibromas.

Finally, patient-derived xenograft (PDX) models have also been
established by grafting human MPNSTs to the sciatic nerve of nude mice
(Castellsagué et al., 2015). However, using the same methodology,
neither pNFs nor aNFs have been able to grow as PDXs (Conxi Lazaro,
Juana  Fernandez-Rodriguez,  Alberto  Villanueva,  personal
communication).

4. NF1 iPSC models

Induced pluripotent stem cells (iPSCs) have been generated to model
NF1 disease (for a review see (Wegscheid et al., 2018). Anastasaki and
Gutmann (2014) were the first to reprogram primary skin fibroblasts
from NF1 patients into iPSCs, generating several NFI1(+/—) iPSC lines
harboring distinct NF1 constitutional mutations with the goal to study
the learning, attention and cognitive deficits affecting NF1 individuals.
They differentiated iPSCs into neural progenitor cells (NPCs) to study
the involvement of neurofibromin in the regulation of cAMP signaling
and its crosstalk with Ras (Anastasaki and Gutmann, 2014), as well as
the impact of different constitutional NF1 mutations on NPC signaling
and dopamine production (Anastasaki et al., 2015). The group has
recently further explored the importance of NF1 mutation on the het-
erogeneity of clinical presentation by expanding the iPSC-modeling
palette. They generated different isogenic NFI1(+/—) iPSC lines by
editing specific constitutional mutations present in NF1 patients in the
same iPS cell line. They explored the effect of constitutional mutation on
phenotype by differentiating them towards astrocytes, 3D embryoid
bodies and cerebral organoids (Anastasaki et al., 2020).

Larribere L et al. (2015) used reprogrammed NF1 patient-derived
fibroblasts to gain insight into cafe-au-lait macules (CALMs), melano-
cytic lesions present in almost all NF1 patients and a hallmark of the
disease. This group showed that NFI1(+/-) patient-derived iPSCs un-
dergo abnormal melanocyte differentiation and that NF1 loss induces
senescence during melanocyte differentiation, as well as in patient-
derived CALMs (Larribere et al., 2015).

These studies used patient-derived fibroblasts bearing the constitu-
tional NF1 mutation but did not address the possibility of reprogram-
ming NF1(—/—) cells, particularly those present in neurofibromas.
Recently, our group has demonstrated that pNF-derived NF1(—/—) cells
can be reprogrammed and we successfully generated isogenic NF1(+/—)
and NF1(—/-) iPSC lines from different pNFs (Carrio et al., 2019). Our
results indicate that the absence of neurofibromin does not compromise
somatic cell reprogramming to pluripotency, maintenance, or differen-
tiation capacity of NF1(—/—) iPSCs towards the three embryonic germ
layers. These cells represent an endless iPSC-based model system for the
study of these benign tumors.

5. iPSC generation for modeling pNFs
5.1. Reprogramming pNF cells versus generating NF1-edited iPSCs

As mentioned earlier, pNFs are complex benign tumors composed of
an admixture of NF1(—/—) and NF1(+/-) cells. These tumors start
forming during development, when a progenitor cell completely in-
activates the NF1 gene. In this context, the use of iPSCs is a reasonable
strategy to obtain the precise cell type to recreate pNF initiation,
combining iPSC differentiation potential with the correct NF1 genotype.
There are at least two ways of generating these iPSC lines: reprogram-
ming pNF cells with distinct NF1 genotypes or editing the NFI gene in
already established iPSC lines. The reprogramming approach allows the
preservation of the entire genetic background, both the NF1 status and
also any potential patient or pNF-specific genetic variants. The persis-
tence of gene expression and differentiation propensity of the starting
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cell has been described in iPSCs (Feng et al., 2010; Ghosh et al., 2010;
Hu et al., 2010; Marchetto et al., 2009). These observations led to
speculation that iPSCs possess epigenetic and transcriptomic remnants
of the donor tissue, which was termed “epigenetic memory” (Bar-Nur
et al., 2011; Firas et al., 2014; Vaskova et al., 2013). This idea is
controversial, as subsequent studies did not find evidence of any
epigenetic memory. Furthermore, the reprogramming of pNF cells, as
opposed to genome editing, overcomes any potential off-target effects
related to genome editing. On the other hand, the editing approach al-
lows the generation of isogenic NF1(+/—) and NF1(—/—) iPSCs, with the
advantage of having in addition the isogenic NFI(+/+) cell line.
Although not required for pNF modeling, NF1(+/+) cells can provide an
additional control to study the effects of specific NFI mutations.
Furthermore, any reprogramming bottleneck related to culture condi-
tions of pNF-derived cells, to cell type specificities, or to the lack of NF1,
could be overcome with this approach.

The reprogramming approach was used in Carrio et al. (2019). Our
group has also recently edited the NFI gene in control NF1(+/+) iPSC
cells by CRISPR/Cas9 to evaluate to which extent NF1(—/—) edited
iPSCs have the same behavior and properties compared to pNF-derived
NF1(—/-) iPSCs. Our results indicate that differentiating NF1(—/—) SCs
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from edited iPSCs also recapitulate the same proliferation capacity,
tendency to form spheroids and SC marker expression identity (see
below) as pNF-derived primary SCs and as differentiating SCs from pNF-
derived iPSCs (Mazuelas et al. unpublished results). These results
demonstrate that these cell properties are mainly conferred by the loss of
NF1 function, indicating the validity of both strategies to generate iPSCs
for pNF modeling.

5.2. Strategies for reprogramming pNF-derived cells

pNFs are composed of different cell types with distinct NFI geno-
types, mainly NFI1(—/—) SCs and NF1(+/—) endoneurial fibroblasts
(FBs). This cellular and genetic diversity represents a technical challenge
when trying to generate NF1(—/—) iPSC lines from pNF cells. Thus,
before pNF reprogramming, there is the need to determine the NFI
constitutional and somatic mutations present in these tumors. Consti-
tutional NF1 mutation is the one inherited and present in all cells of the
NF1 patient. Since the NF1 gene is a large gene composed of 60 exons,
mutation detection in genetic diagnostic units is normally performed
through either ¢cDNA Sanger sequencing and multiplex ligation-
dependent probe amplification, for DNA copy-number analysis

BOX 1

Strategy 1

. Digest pNF tumor tissue enzymatically

. Establish primary cultures of SCs and FBs

. Check for cell culture purity using specific lineage markers

. Check for cell culture purity according to somatic NF1 mutation
. Reprogram SC and FB cultures at early passages

. Grow several iPSC clones

. Genotype iPSC clones for NF1 somatic mutation

CONOUhAWN -

Advantages

Limitations

- Highly pure SC cultures might require several passages

Strategy 2

. Digest pNF tumor tissue enzymatically

. Plate digested cells in SC media

. Reprogram plated cells after 48h

. Grow several iPSC clones

. Genotype iPSC clones for NF1 somatic mutation

AU A WN R

Advantages

Reprogramming pNF cells. Two different strategies can be used to obtain NF1(+/—) and NF1(—/—) pNF iPSCs.

. Grow, expand and characterize chosen NF1(+/—) and NF1(-/-) iPSC clones for pluripotency and differentiation capacity

- Cells prepared for reprogramming according to NF1 genotype: NF1(+/—) or NF1(-/-)

- SC proliferation decreases throughout passages, affecting reprogramming efficiency
- For certain tumors NF1(+/—) fibroblast contamination persist in SC cultures

. Grow, expand and characterize chosen NF1(+/—) and NF1(-/-) iPSC clones for pluripotency and differentiation capacity

- Minimization of culture conditions affecting reprogramming efficiency

- Faster procedure, not requiring long cell culturing

Limitations

- Necessity of genotyping large number of iPSC clones.
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(Messiaen and Wimmer, 2008) or by DNA NGS panel sequencing (Cas-
tellanos et al., 2017). The somatic NFI mutation is restricted to the
descendants of the originating pNF cell. It can be detected in pNFs or
pNF-derived SC cultures by loss of heterozygosity (LOH) analysis
comparing blood and tumor DNA (Garcia-Linares et al., 2011) or by
point mutation detection in DNA from NF1(—/—) SC cultures (Maertens
et al., 2006; Serra et al., 2001).

After identification of both NFI mutations, pNF cells can be
reprogrammed. In order to optimize obtaining NF1(—/—) iPSC clones,
two different strategies can be used to prepare tumor cells for reprog-
ramming. The first one consists of the establishment of selective NF1
(—/-) SC and NF1(+/-) FB cultures from digested tumors, followed by
their reprogramming. The second consists of performing a tumor
digestion and then directly reprogramming of pNF digested cells without
establishing primary cultures (Box 1). In both approaches, isogenic NF1
(—=/-) and NF1(+/-) iPSCs from the same pNFs can be identified by
genetic NF1 analysis and further characterized for pluripotency and
differentiation capacity.

NF1(--)

——
—C —————

p
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in specific cells during development. Our group has attempted to
reprogram 5 pNFs from 5 independent NF1 patients. We obtained NF1
(+/-) iPSCs from all of them but NF1(—/—) iPSCs only from 2, sug-
gesting a lower reprogramming efficiency of NF1(—/—) cells. Despite the
low number of reprogrammed tumors, which does not allow us to draw
any definitive conclusions, we identified several factors potentially
influencing the reprogramming efficiency of pNF-derived NF1(+/—) and
NF1(—/-) cells worth mentioning. In addition to the possibility that the
complete loss of NF1 reduces reprogramming efficiency, other identified
factors were: the age of the pNF donor, the cell type and culture
conditions.

Independently of the reprogramming strategy used (Box 1), we ob-
tained NF1(—/—) iPSC clones from two pNFs belonging to children of 10
years or younger. Most rapidly growing pNFs are observed in young
children (Akshintala et al., 2020). This could influence the number of
elite or progenitor cells present within pNFs and their replicative ca-
pacity, two factors known to influence reprogramming efficiency
(Eminli et al., 2009; Utikal et al., 2009).

Another interesting observation is the lower reprogramming effi-

MM

=
NF1(+-) =3
w Reprogramming

F&——— Purity according

to somatic
mutation analysis

oNF Strategy 1

Tumor biopsy

—Oo—
ﬂ@ﬁw

digestion
NF1(+/-) NF1(-/-)

<=
=

NF1 tumor genetic
analysis

i o
Strategy 2

5.3. Efficiency of reprogramming pNF cells

Reprogramming to pluripotency is a complex process involving
different stages, in which multiple players synergistically converge to
remodel transcriptional and epigenetic programs. Different factors have
been identified to affect the efficiency of reprogramming, like cell cycle
regulators, chromatin remodelers and facilitators of the mesenchymal-
to-epithelial transition (Buganim et al., 2013). Most somatic cell types
reprogram to pluripotency with a very low efficiency and Yamanaka
(Yamanaka, 2009) proposed two alternative explanations for this. In the
elite-cell model, reprogramming takes place only in a few predisposed
cells within a population (Shakiba et al., 2019). On the contrary, in the
stochastic model most or all cells are competent for reprogramming at
low probabilities (Hanna et al., 2009). Are all cells equally capable of
reprogramming? Recent technical developments that allow identifying
and following single cells in heterogeneous populations do not seem to
indicate so. By combining cellular barcoding, mathematical modeling
and lineage tracing approaches, Shakiba et al. (2019) demonstrated that
reprogramming dynamics in heterogeneous populations of mouse em-
bryonic fibroblasts were driven by dominant elite clones expressing
Wntl.

To model pNFs both NF1(+/—) and NF1(—/—) iPSCs are required,
but especially the latter, since pNFs are initiated upon NFI inactivation

ges = NF1
@§) NE1(+/) iPSCs
* % NF1
Genotype @@ NF1(-/-) Isogenic
@ 0, iPSCs

O NF1(+1-)

Reprogramming

ciency obtained in NF1(+/—) endoneurial fibroblast primary cultures
(Table 1). In contrast, using the same culture conditions, fibroblast-
enriched cultures derived from skin produced many NFI1(+/—) clones,
indicating that fibroblasts of different origin may have different
reprogramming efficiencies.

Table 1
PNF Reprogramming strategies.

Reprogramming Strategy Tumor Clones NF1 genotype
NF1(+/-) NF1(-/-)
DIGESTED 3PNF -
5PNF 12 1 11
13PNF 27 27 0
6PNF 10 10 0
7PNF -
CULTURED SC 3PNF 22 0 22
5PNF 2 0 2
13PNF 40 40 0
6PNF 10 10 0
7PNF 12 12 0
Endo FB 3PNF -
5PNF 0
13PNF 11 11 0
6PNF 1 1 0
7PNF 1 1 0
Skin FB* 3PNF 16 14 2

*The skin used was covering the pNF. When skin was separated, part of the
tumor was still left; - Not reprogrammed; In grey: tumors from children younger
than 12 years old. SC: Schwann cells; FB: Fibroblasts.
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To our experience, NFI1(—/—) reprogramming efficiency was
increased when selective culturing was avoided and digested tumor cells
were directly reprogrammed, as more NF1(—/—) clones were obtained
from the same pNFs (Box 1, Table 1). This strategy may reduce selection
pressure imposed by culture conditions and minimize loss of cell het-
erogeneity during in vitro passaging. Nonetheless, when we used the
selective culturing strategy to reprogram primary NF1(—/—) SC, in one
case we established SC primary cultures that were >95% enriched in
NF1(—/-) SCs and still only obtained NF1(+/—) iPSC clones, suggesting
that those NF1(—/—) cultures had very low (if any) reprogramming
capacity.

We confirmed the pluripotency and differentiation capacity of pNF-
derived NF1(+/-) and NF1(—/-) iPSCs and showed that reduced levels
or absence of neurofibromin do not compromise somatic cell reprog-
ramming to pluripotency, maintenance, or differentiation capacity of
iPSCs. Despite the rapid cell cycle of iPSCs, NF1(—/—) iPSC lines exhibit
a 10-15% higher proliferation rate than control NF1(+/+) iPSC lines,
indicating that neurofibromin function influences iPSC proliferation
capacity (Carrio et al., 2019).

6. iPSC differentiation towards the neural crest-Schwann cell
lineage

6.1. Development of the neural crest — Schwann cell axis

During early vertebrate development, the neural plate folds and fuses
to form the neural tube. A population of cells called neural crest (NC)
cells undergo an epithelial-to-mesenchymal transition, delaminate from
the dorsal surface of the neural tube and migrate dispersing throughout
the embryo (Bronner and Simoes-costa, 2016; Etchevers et al., 2019).
NC cells are multipotent and give rise to a variety of cell types including
SCs and neurons from the PNS, connective tissue components of the
head, cardiac cells, melanocytes, and many others, in a series of
sequential decisions of activating and repressing competing fate pro-
grams (Baggiolini et al., 2015; Bronner-Fraser and Fraser, 1988; Mor-
rison et al., 1999; Soldatov et al., 2019).

In addition to the glial and neuronal components of the PNS, NCs also
form a stem cell-like population of cells termed the boundary cap (BC)
cells, transiently localized at the interface between the central and pe-
ripheral nervous system, at the nerve root entry/exit points along the
neural tube (Katarzyna and Topilko, 2017). A secondary source of SCs
and neurons of the PNS also arise from BC cells. BC derivatives migrate
along the nerves to provide the major glial component of nerve roots and
cutaneous nerve terminals (Gresset et al., 2015; Marol et al., 2004). As
stated earlier, ablation of the NF1 gene in Prss56 expressing BC cells can
generate both plexiform and cutaneous neurofibromas in a GEMM
(Radomska et al., 2019).

During embryo development, NC cells differentiate into SCs in a
multistep differentiation process, involving the generation of an inter-
mediate cell population termed Schwann cell precursors (SCPs), which
can differentiate into immature SCs (iSCs) that will finally form myeli-
nating (mSCs) or non-myelinating (nmSCs) SCs (Jessen and Mirsky,
2005; Kastriti and Adameyko, 2017; Monk et al., 2015). SCPs are also
considered multipotent migrating embryonic progenitors covering all
developing peripheral nerves that can detach from nerves and generate
different cell types such as SCs, melanocytes, endoneurial fibroblasts,
parasympathetic/enteric neurons, Chromaffin cells, tooth pulp cells and
other cell types (Furlan and Adameyko, 2018; Jessen and Mirsky, 2019).
Committed SCPs differentiate into iSCs that stop migrating, deposit, and
organize extra-cellular matrix components to produce the basal lamina.
Around birth, iSCs contribute to nerve morphogenesis by separating
axons destined to become myelinated from those that will remain
nonmyelinated in a process called radial sorting. iSCs acquire myeli-
nating capacity and can establish a 1:1 ratio with large-caliber axons
that will be myelinated by mSCs, or can associate with multiple small-
caliber axons in a non-myelinated form (nmSC) constituting Remake
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bundles (Jessen and Mirsky, 2005; Kastriti and Adameyko, 2017; Monk
et al., 2015).

6.2. Generation of NCs and SCs from iPSCs

pNF modeling using NF1(—/—) iPSCs requires differentiation to the
NC-SC axis. NC differentiation protocols have been established from
different laboratories (Chambers et al., 2009; Hackland et al., 2017; Lee
et al., 2010, 2007; Menendez et al., 2011; Mica et al., 2013; Pomp et al.,
2005; Tchieu et al., 2017). During the last decade, these protocols have
evolved towards better-defined conditions, moving from co-culture with
feeder cells, serum and purification steps, to a simpler version using
chemically defined media. One of the most efficient and most used
procedures combines activation of the canonical Wnt signaling simul-
taneously with suppression of TGFp-dependent signaling (Menendez
et al., 2013). Wnt signaling activation can be achieved using recombi-
nant Wnt or a GSK3 inhibitor, such as CHIR 99021. TGFf signaling
suppression is accomplished through inhibitors such as SB432542. NC
production using this method is highly efficient, achieving over 90%
efficiency. Moreover, NCs can be maintained as a stable, self-renewing
population and can be expanded, frozen, and thawed without loss of
self-renewing potential. Thus, NC batches can be produced and cry-
opreserved for multiple subsequent differentiation assays. This popula-
tion can be further differentiated to a variety of different cell types such
as SCs, melanocytes, peripheral neurons, and others.

Phenotypic analysis of differentiated cells is usually performed by
morphologic characterization together with the detection of lineage-
specific markers. Defined transcription factors, such as SOX10, SOX9
and TFAP2A, as well as cell membrane markers, such as p75 and HNK1,
are usually used to identify NCs by immunocytochemistry, RT-qPCR and
flow cytometry analyses. Functional validation of embryonic stem cell
(ESC)- or iPSC-derived NC is based on its natural capacity to migrate and
its multipotency. Thus, classical migration scratch assays (or wound
healing assay) might be used to evaluate their migration capacity and
distinct differentiation protocols can be applied to produce different cell
types that in turn need to be evaluated with cell type-specific markers. In
this case, differentiation protocols might be used to generate melano-
cytes, peripheral nervous system lineages such as peripheral neurons or
SCs, or mesenchymal lineages, like chondrocytes, osteoblasts, adipo-
cytes, or smooth muscle (Lee et al., 2010; Menendez et al., 2013).

Different protocols to differentiate SCs from either iPSCs or NCs have
also been developed (Lee et al., 2007; Liu et al., 2012; Ma et al., 2015;
Wang et al., 2011; Ziegler et al., 2011). Most of them rely on the dual
activation of ERBB2/ERBB3 receptors and cAMP signaling pathways.
ERBB2/ERBB3 receptors and downstream signaling pathways, like the
MAPK/ERK pathway, are activated by using exogenous type III neu-
regulin, such as neuregulin 1. cAMP-dependent signaling is stimulated
either by the addition of cAMP analogs together with phosphodiesterase
inhibitors, or the use of adenylate cyclase activators such as forskolin.
SCs are highly responsive to these signals, and SC survival, lineage
specification, proliferation, and differentiation into myelin-forming cells
require fine regulation of the degree of pathway activation and balance
among activation of different pathways (Arthur-Farraj et al., 2011).

In vitro SC differentiation is a dynamic process, in which differen-
tiating cells go through various stages. To monitor the progression along
the SC differentiation process, the expression of stage-specific markers
(e.g.: CDH19; GAP43, PLP1, S100b, MPZ and PMP22) can be analyzed at
different time points. Analysis of terminally differentiated SC markers
can also be performed at the end point (Jessen and Mirsky, 2005). In
addition to morphology and marker characterization, functional vali-
dation is desirable. For SCs it could be based on their biological capacity
to myelinate axons, usually performed through an in vitro myelination
assay (Liu et al., 2012; Ziegler et al., 2011). This assay consists of co-
culturing the differentiating SCs together with rat or mouse dorsal
root ganglia neurons and evaluating the resultant myelin production by
SCs. Another functional assay is the sciatic nerve injury model, in which
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the sciatic nerve of mice or rats is damaged, and differentiating SCs are
injected to evaluate their capacity to repopulate and myelinate the
injured axons (Geuna et al., 2016).

6.3. NF1(—/—) iPSC-derived SCs recapitulate pNF SC properties

Results from our laboratory showed that control and pNF iPSCs could
be differentiated with high efficiency towards NC, expressed homoge-
nously NC lineage markers, and were able to undergo further differen-
tiation into NC-derived cell types (peripheral neurons and melanocytes),
indicating a clear NC identity, independently of the iPSC NF1 genotype.

It is worth noting that, while at the pluripotent stage NF1(—/—) and
NF1(+/-) iPSCs exhibited a higher proliferation rate compared to
control NF1(+/+) iPSCs, this was not the case at the NC stage, in which
all NC genotypes showed similar proliferation capacity, suggesting a
different role of NFI at these two differentiation stages. On the other
hand, SCs derived from NF1(—/—) NCs exhibited higher proliferation
rate compared to control NF1(+/+) iPSCs, poor ability to myelinate, and
a natural tendency to form sphere-like structures visible to the naked
eye. These spheres grew either attached to the plate surface or as free-
floating cultures resembling incipient tumors and recapitulated the
same expression marker profile of the NC-SC axis as their parental pri-
mary NF1(—/-) SC (Fig. 1). These results highlight the validity of the
pNF-derived iPSCs as a source of cells to model these benign tumors and

pNF SC

NF1(-/-) iPSC-
derived SC
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emphasize the importance of NFI function throughout the NC-SC dif-
ferentiation process.

7. Future outlook and potential uses of NF1(—/—) iPSCs in pNF
modeling

iPSCs have been generated from patients with different familial
cancer predisposition syndromes carrying germline mutations. Li-
Fraumeni syndrome patients carry constitutional TP53 mutations and
are at risk of osteosarcoma development. Patient-derived iPSCs showed
defective osteoblastic differentiation that recapitulated osteosarcoma
features at a phenotype and gene expression level, demonstrating the
value of iPSC technology to develop models of hereditary cancer (Lee
et al., 2015). Our results with NF1 pNFs build up on this line of research
and support the generation of iPSCs from benign tumors developing in
hereditary cancer predisposition syndrome patients as promising models
to investigate tumorigenesis.

The natural tendency of NFI1(—/-) differentiating SCs to form
spheroids that recapitulate the marker expression of primary pNF SCs
forms the basis for developing an iPSC-based 3D pNF model system. This
model system could be used to study neurofibromagenesis, tumor pro-
gression towards malignancy and constitute a platform for drug
screening (Fig. 2).

S100B

Fig. 1. Spheres from NF1(—/—) iPSC-derived SCs recapitulate the expression pattern of their pNF-derived SCs counterparts. A) Bright-field images showing the
formation of spheres from NF1(—/—) iPSC-derived SCs at 20 days of differentiation. B) Representative immunofluorescent images showing expression of S100b and
P75 in primary SCs (pNF SC) compared to sphere-forming NF1(—/—) iPSC-derived SCs at 30 days of differentiation. Scale bars, 100 um. Images have been extracted

and adapted from Carrié M. et al 2019.
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Fig. 2. An overview of pNF-derived iPSC modeling. pNF cells are reprogrammed and NF1(+/—) and NF1(—/—) iPSC clones are established and characterized. NF1
(—/-) pNF-derived iPSC are then differentiated towards the NC-SC lineage. These differentiated cells can be used to generate tumor spheroids to study basic
neurofibromagenesis either alone or after adding microenvironment components, or to study pNF progression to malignancy by incorporating specific mutations
using genome editing. Either of these can then be transplanted into xenograft models. pNF-derived differentiated spheroids can also serve as a drug screening

platform to identify and validate therapeutic targets.

7.1. Neurofibromagenesis and microenvironment

PNFs originate during development and iPSCs are ideal to reproduce
cell states present along embryo development. The generation of
spheroids from differentiating SCs at different time points of differen-
tiation combined with their capacity to engraft in the sciatic nerve of
nude mice and form neurofibroma-like tumors is a powerful strategy to
capture the exact identity of pNF-originating cells (Fig. 2). These cells
could be isolated and their transcriptome and epigenome extensively
analyzed. Furthermore, pNF are complex cellular tumors, and micro-
environment components can be easily incorporated in 3D models
(Weydert et al., 2020). In this regard, we have recently established a
multiplexed heterotypic spheroid 3D culture system using iPSC-derived
NF1(—/-) SCs co-cultured with primary tumor NF1(+/—) endoneurial
fibroblasts, to incorporate niche elements from the tumor microenvi-
ronment (Mazuelas et al. unpublished results). Changes in gene
expression of spheroid-composing cells and spheroid in vivo engraftment
capacity could be analyzed to evaluate the role of specific cells of
microenvironment on tumor formation. Spheroids with progressive
cellular complexity to mimic pNFs can be envisioned.

7.2. Modeling neurofibroma progression towards malignancy

The molecular pathogenesis of pNF-aNF-MPNST progression is well
established. While pNFs bear the complete inactivation of NF1, aNFs in
addition inactivate the CDKN2A locus. The most frequent genetic
alteration found in MPNSTs, in addition to the preceding inactivation of
the two tumor suppressors, is the functional loss of PRC2 by mutations in
the SUZ12 or EED genes. Alterations in these three tumor suppressors
constitute a core signature of MPNST development (Serra et al., 2020).
iPSCs are especially amenable to CRISPR/Cas9 genome editing (Hock-
emeyer and Jaenisch, 2016). Thus, NF1(—/—) iPSCs constitute a starting
point, in which specific mutations of the core signature involved in
progression towards MPNST could be introduced in a step-wise manner.
An alternative way of modeling progression would be the editing of NCs,
due to their amenability. In both scenarios, tumor formation capacity
and tumor type generation could be tested and analyzed by engrafting
spheroids formed with the edited cells into the sciatic nerve of nude mice
(Fig. 2).

7.3. pNF drug development platform

Spheroid and 3D technology have greatly improved. One example is
the growing number of available microplate systems for producing large
quantities of individualized spheroids. These multiplex systems allow
reading fluorescence and luminescence-based signals without the need
for transfer to other platforms, allowing the collection of different
physiological readouts, like viability and apoptosis. 3D assay systems are
being explored to create more clinically relevant models of tumors for
drug development (Weydert et al., 2020). Our developed multiplexed
heterotypic spheroid 3D culture system (Mazuelas et al. unpublished
results) is amenable to mid and high throughput drug testing and could
be used to speed up the testing of new compounds on 3D pNF models
(Fig. 2).

8. Conclusions

The development of benign and malignant tumors is common in
hereditary cancer syndromes. Neurofibromatosis type 1 patients
frequently develop benign pNFs that can progress towards MPNST. pNF
cells can be reprogrammed to generate NFI1(+/—) and NF1(—/—) iPSCs.
NF1(—/-) SCs differentiated from iPSCs exhibit higher proliferation
rate, poor myelination capacity and a natural tendency to form spher-
oids that recapitulate the marker expression of primary pNF SCs. These
spheroids constitute an excellent model system to study neurofibroma
origin, formation and tumor progression, as well as a platform for drug
screening. pNF-derived iPSCs constitute a paradigm for modeling benign
tumors that develop in the context of cancer predisposition syndromes.
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Eduard Serra Arenas and Meritxell Carrid Llach, as co-directors of the doctoral thesis of
Helena Mazuelas Gallego entitled “Modeling Neurofibromatosis type 1 neurofibroma
composition and formation”, certify that the doctoral candidate has actively participated
in designing experimental work included in this thesis and conducting the main
experimental part of it, including the analysis and presentation of results, discussion and
drawing conclusions, and preparing publications.

The experimental work performed by the candidate has been extensive and involving
expertise in many different techniques. Below is a summary of the experimental work
developed by the candidate:

The candidate performed all the experimental procedures to set up the NC and
SC differentiation protocols including setting up cell culture conditions, cellular
and molecular characterization of the processes, and functional NC and SC
assays.

She performed all experimental procedures to perform RNAseq analysis from
iPSC lines, NC and SC differentiating cells both in 2D and 3D: set up
differentiation experiments, RNA extraction and sample preparation.

The candidate performed all the experimental procedures to set up the 3D SC
differentiation protocol including setting up cell culture conditions and
characterization of the model both at the cellular and molecular level. She also
performed the differentiation experiments, prepared the cells for injection, help
dissecting the mice and prepared biological samples for processing.

Helena also established SC and Fb primary cultures, performed
immunofluorescence and cytometry analysis. She set up the experimental
design for co-culturing Sc and Fb, characterized LOH in cNF tumors, selected
candidates and performed co-cultures experiment. She also performed flow
cytometry analysis, RNA extraction and analysis of supernatants using Luminex
technology.

The candidate set up experimental conditions to prepare tumors for scRNA-seq



Despite the main contribution of the candidate in all the work presented here, due to
the numerous techniques and expertise required for the developed work, this thesis
also benefited from the collaboration with other individuals and groups, and the help of
core facilities, as follows:

Bioinformatic analysis were basically performed by Miriam Magallon and Bernat Gel,
Hereditary Cancer Lab-IGTP

The generation of the CRISPR/Cas9 edited NF1(-/-) iPS cell line was performed by lItziar
Uriarte, Hereditary Cancer Lab-IGTP

Generation and main characterization of iPSCs was performed by Yvonne Richaud at
Angel Raya’s lab, now at the CMRB-IDIBELL

Mice manipulation and cell injection was performed by Juana Fernandez-Rodriguez at
Conxi Lazaro’s lab, IDIBELL-IGTP

Paraffin embedding, H&E and IHC were performed at the Pathology Department of the
Vall d’"Hebron Hospital (in vivo experiment 1) and at the Banc de Tumors and Pathology
Department of the Germans Trias i Pujol Hospital (in vivo engraftment 2).

Single-cell RNA-seq analysis was performed by the Single Cell Genomics Group, at
CNAG, led by Holger Heyn

Different techniques were performed at distinct IGTP Core Facilities, benefiting from
their expertise: Cytometry; High Content Genomics and Bioiformatics; Microscopy,
Translational Genomics.



Article contribution of the candidate:

Article 1 (Appendix 3)

Reprogramming Captures the Genetic and Tumorigenic Properties of
Neurofibromatosis Type 1 Plexiform Neurofibromas

Meritxell Carrio’, Helena Mazuelas, Yvonne Richaud-Patin, Bernat Gel, Ernest Terribas,
Imma Rosas, Senda Jimenez-Delgado, Josep Biayna, Leen Vendredy, Ignacio Blanco,
Elisabeth Castellanos, Conxi Lazaro, Angel Raya, and Eduard Serra

Stem Cell Reports Vol. 12 411-426, 2019
Impact factor (2019 JCR Science Edition): 5.60

Contribution of the PhD candidate: set up NC and SC differentiation protocol including
characterization by RT-gPCR analysis; Flow cytometry, immunofluorescence as well as
functional assays (migration assay, myelination assay). Participation in the analysis of
the data; presentation of results and figures; revising the manuscript.

Article 2 (Appendix 4)

Modeling tumors of the peripheral nervous system associated to Neurofibromatosis
type 1: reprogramming plexiform neurofibroma cells

Helena Mazuelas, Meritxell Carrid, Eduard Serra

Stem Cell Research. Review article (2019 JCR Science Edition): 4.48 Accepted for
publication

Contribution of the PhD candidate: active participation of the writing of the review
article, preparation of figures and tables.
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Meritxell Carrié Llach, Co-director Eduard Serra Arenas, Co-director

Badalona (Barcelona), November 2020
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