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Abstract
We previously demonstrated that adult human dermal fibroblasts (aHDFs) can be directly converted
to neural precursor cells, and subsequently mature neurons and glia, by the introduction of the
defined neural transcriptional factors SOX2 and PAX6. However, the understanding of the underlying
gene changes that occur during reprogramming was limited, as gene characterisation in direct
reprogramming of induced neural precursors (iNPs) often relies on the expression profile at the
endpoint of reprogramming. This study will advance the understanding of underlying mechanisms
during direct reprogramming. This thesis first aimed to characterise the temporal profile of proneural
and region-specific markers during the generation of induced neural precursors (iNPs) using non-viral
and viral methods to determine whether reprogrammed iNPs express the same sequential gene
profile as that observed in human neural development. The expression of genes controlling neural
induction and forebrain specification was examined by qPCR during iNP reprogramming. The
plasmid-derived iNPs initially exhibited a gene profile representative of the anterior neuroectoderm,
and then of a telencephalic glutamatergic and GABAergic phenotype. The lentiviral-derived iNPs
appeared to bypass an anterior neuroectoderm fate and exhibited a gene profile representative of a
telencephalic glutamatergic and GABAergic phenotype throughout the entire reprogramming. Hence,
the gene profiles of plasmid- and lentiviral-derived iNPs are different and do not resemble the
sequential gene profile observed in human neural development. Secondly, this thesis aimed to
investigate the requirement of SOX2 and/or PAX6 for the direct reprogramming of iNPs. Induced NPs
were generated with plasmid or lentiviral delivery of both SOX2 and PAX6, either SOX2 or PAX6, or
reprogramming media alone. The neuronal differentiation ability of cells was assessed using neuronal
markers NSE, VGLUT1, and GAD65/67 after differentiating in the neuronal media. Lentiviral-derived
populations were further enriched by FACS, and NSE-positive neurons comprising either
glutamatergic or GABAergic phenotypes were efficiently generated from SOX2/PAX6 and SOX2 only
populations, while SOX2/PAX6 was the most effective condition for generating glutamatergic neurons.
Moreover, glutamatergic and GABAergic neurons can both be effectively generated from the plasmidderived SOX2/PAX6 population. Together, these findings suggested that SOX2/PAX6 was the most
effective condition for generating iNPs that can generate glutamatergic and GABAergic neurons
representative of the telencephalic region of the developing human brain. The generation of feederfree region-specific neural precursors that retain the competence to generate mature neurons
representative of a specific brain region provides a desirable approach for the study and the treatment
of neurological diseases and neurodevelopmental disorders.

iii

Acknowledgements
I would like to express my special thanks to my supervisor Associate Professor Bronwen Connor and
my co-supervisor Dr Kathryn Jones. Thank you for encouraging and allowing me to grow as a
research scientist.
I would also like to thank my lab friends, Dr Christof Maucksch, Erin Firmin, Rebecca Playne, Amy
Chapman and others for all your help and advice throughout this project.
Special thanks to my family and friends for the ongoing support.

iv

Table of Contents
Abstract .................................................................................................................................................. iii!
Acknowledgements ................................................................................................................................ iv!
List of Figures ........................................................................................................................................ ix!
List of Tables ....................................................................................................................................... xiii!
List of Abbreviations ............................................................................................................................ xiv!
Chapter 1. Introduction ........................................................................................................................ 16!
1.1. Overview ................................................................................................................................... 16!
1.2. Stem Cells................................................................................................................................. 16!
1.2.1. Human Embryonic Stem Cells ........................................................................................... 17!
1.2.2. Adult Stem Cells ................................................................................................................ 18!
1.2.3. The Challenges of using Stem Cells .................................................................................. 18!
1.3. Human Embryonic Neurogenesis ............................................................................................. 19!
1.3.1. Neuroectoderm Specification ............................................................................................. 19!
1.3.2. Anterior/Posterior Patterning of Neuroectoderm ................................................................ 22!
1.3.3. Dorsal Forebrain Development .......................................................................................... 24!
1.3.4. Ventral Forebrain Development ......................................................................................... 28!
1.3.5. Summary of Human Neurogenesis .................................................................................... 30!
1.4. Reprogramming ........................................................................................................................ 33!
1.4.1. Induced Pluripotent Reprogramming ................................................................................. 34!
1.4.2. Lineage Reprogramming to Neurons ................................................................................. 37!
1.4.3. Direct Reprogramming to Neural Precursor Cells.............................................................. 40!
1.4.4. MicroRNA Mediated Reprogramming towards Neural Lineage ......................................... 44!
1.4.5. The Technologies of Transgene Delivery .......................................................................... 45!
1.5. Summary................................................................................................................................... 52!
1.5.1. Hypotheses ........................................................................................................................ 53!
Chapter 2. Methods ............................................................................................................................. 54!
2.1. Cell Culture ............................................................................................................................... 54!
2.1.1. Adult Human Dermal Fibroblasts ....................................................................................... 54!
2.1.2. Thawing Frozen HDF Cells ................................................................................................ 54!
2.1.3. Growth of HDF Cells .......................................................................................................... 54!
2.1.4. Freezing HDF Cells............................................................................................................ 55!
2.2. Molecular Cloning ..................................................................................................................... 56!
2.2.1. Vector Constructs .............................................................................................................. 56!
2.2.2. Touchdown PCR ................................................................................................................ 56!
2.2.3. Preparation of Inserts and Vector Backbones ................................................................... 57!
2.2.4. DNA Ligation ...................................................................................................................... 58!
2.2.5. Transformation of Stellar Competent Cells ........................................................................ 58!
2.2.6. Confirmation of Vector Plasmid ......................................................................................... 59!
v

2.3. Lentiviral packaging .................................................................................................................. 59!
2.3.1. Thawing and Growing Lenti-X 293T Cells ......................................................................... 59!
2.3.2. Poly-D-Lysine Coating ....................................................................................................... 60!
2.3.3. Transfection for Viral Packaging ........................................................................................ 60!
2.3.4. Lentiviral Collection and Purification .................................................................................. 60!
2.3.5. Viral Titre Determination .................................................................................................... 61!
2.4. Gene Delivery Methods ............................................................................................................ 62!
2.4.1. Plasmid Transfection ......................................................................................................... 62!
2.4.2. Lentiviral Transduction ....................................................................................................... 64!
2.5. Reprogramming ........................................................................................................................ 64!
2.5.1. Reprogramming of Transfected Cells ................................................................................ 64!
2.5.2. Reprogramming of Transduced Cells ................................................................................ 64!
2.6. Differentiation of Induced Neural Precursor Cells ..................................................................... 65!
2.6.1. Striatal Neuronal Differentiation Media .............................................................................. 65!
2.6.2. Mixed Neuronal Differentiation Media ................................................................................ 65!
2.7. Immunocytochemistry ............................................................................................................... 66!
2.8. Gene Expression Analysis ........................................................................................................ 67!
2.8.1. RNA extraction ................................................................................................................... 67!
2.8.2. cDNA synthesis.................................................................................................................. 67!
2.8.3. Quantitative PCR ............................................................................................................... 68!
2.9. Fluorescence-Activated Cell Sorting (FACS) ............................................................................ 70!
2.9.1. Efficiency Analysis ............................................................................................................. 70!
2.9.2. Cell Sorting ........................................................................................................................ 71!
Chapter 3. Temporal Profile of Proneural and Region-Specific Markers during Generation of Induced
Neural Precursor Cells using Non-Viral Plasmid Transfection ............................................................ 72!
3.1. Introduction ............................................................................................................................... 72!
3.2. Methods .................................................................................................................................... 74!
3.2.1. Quantitative PCR Analysis ................................................................................................. 74!
3.3. Results ...................................................................................................................................... 76!
3.3.1. Co-localization and Detection of Transgene Protein.......................................................... 76!
3.3.2. Morphological Changes for Transfection of Reprogrammed Cells .................................... 77!
3.3.3. RNA Quality Assessment................................................................................................... 80!
3.3.4. Temporal Profile of Gene Expression during Direct Reprogramming ................................ 81!
3.3.5. Gene Expression during Different Phases of Reprogramming .......................................... 91!
3.4. Discussion................................................................................................................................. 95!
3.4.1. Overview ............................................................................................................................ 95!
3.4.2. Morphology Changes during Reprogramming ................................................................... 97!
3.4.3. Temporal Profile of Proneural and Region-Specific Markers ............................................. 98!
3.4.4. The Generation of iNPs via Plasmid Transfection ........................................................... 107!
3.5. Conclusions ............................................................................................................................ 108!
Chapter 4. Temporal Profile of Proneural and Region-Specific Markers during Generation of Induced
Neural Precursor Cells using Lentiviral Transduction ........................................................................ 110!
4.1. Introduction ............................................................................................................................. 110!
vi

4.2. Methods .................................................................................................................................. 112!
4.3. Results .................................................................................................................................... 113!
4.3.1. Lentiviral Titre Determination ........................................................................................... 113!
4.3.2. Efficiency of Lentiviral Transduction ................................................................................ 116!
4.3.3. Co-localisation and Detection of Transgene Proteins ...................................................... 118!
4.3.4. Characterisation of Lentiviral-derived iNP-like Cells ........................................................ 119!
4.3.5. Temporal Profile of Gene Expression during Direct Reprogramming .............................. 123!
4.3.6. Gene Expression during Different Phases of Reprogramming ........................................ 131!
4.4. Discussion............................................................................................................................... 136!
4.4.1. Overview .......................................................................................................................... 136!
4.4.2. Efficiency of Lentiviral Transduction for Control and Expression Vectors........................ 136!
4.4.3. Morphological Changes for Lentiviral-Derived iNPs ........................................................ 137!
4.4.4. Temporal Profile of Proneural and Region-Specific Markers ........................................... 138!
4.4.5. Fate Specification for the Lentiviral- and Plasmid-Derived iNPs...................................... 144!
4.5. Conclusion .............................................................................................................................. 147!
Chapter 5. Investigating the Requirement of SOX2 and/or PAX6 for the Direct Reprogramming of
iNPs ................................................................................................................................................... 148!
5.1. Introduction ............................................................................................................................. 148!
5.2. Methods .................................................................................................................................. 149!
5.2.1. Reprogramming of iNPs................................................................................................... 149!
5.2.2. Quantitative PCR ............................................................................................................. 150!
5.2.3. Neuronal Differentiation ................................................................................................... 151!
5.3. Results .................................................................................................................................... 152!
5.3.1. FACS Derivation of Plasmid-Reprogrammed iNPs.......................................................... 152!
5.3.2. FACS Derivation of Lentiviral-Reprogrammed iNPs ........................................................ 153!
5.3.3. Gene Expression of Lentiviral-Derived iNPs .................................................................... 154!
5.3.4. Neuronal Differentiation of FACS-Purified Cells transduced with either SOX2 or PAX6, or
both SOX2 and PAX6 ................................................................................................................ 162!
5.3.5. Gene Expression of Plasmid-Derived iNPs ..................................................................... 173!
5.3.6. Neuronal Differentiation of Cells Transfected with either SOX2 or PAX6, or both SOX2 and
PAX6 .......................................................................................................................................... 178!
5.4. Discussion............................................................................................................................... 185!
5.4.1. Overview .......................................................................................................................... 185!
5.4.2. Gene Profile of Lentiviral-Transduced Populations.......................................................... 185!
5.4.3. Neuronal Differentiation of Lentiviral-Transduced Populations ........................................ 188!
5.4.4. Generation of Plasmid-Transfected Populations ............................................................. 190!
5.5. Conclusion .............................................................................................................................. 193!
Chapter 6. General Discussion .......................................................................................................... 194!
6.1. Introduction ............................................................................................................................. 194!
6.2. Summary of Main Findings ..................................................................................................... 194!
6.2.1. Comparison of Reprogramming iNPs .............................................................................. 194!
6.2.2. Requirement of SOX2 and/or PAX6 for iNP Reprogramming.......................................... 197!
6.3. Future Perspectives ................................................................................................................ 198!
vii

6.4. Conclusion .............................................................................................................................. 199!
Chapter 7. Appendix .......................................................................................................................... 201!
7.1. Plasmid Constructs ................................................................................................................. 201!
7.2. Vector Constructs ................................................................................................................... 202!
7.3. Insert Sequences of PAX6 ...................................................................................................... 203!
Chapter 8. References ....................................................................................................................... 205!

viii

List of Figures
Figure 1-1: The developmental potential of stem cells. ....................................................................... 17!
Figure 1-2: Neural differentiation in vivo and in vitro. .......................................................................... 20!
Figure 1-3: Intrinsic and extrinsic regulation in neuroectoderm specification. ..................................... 22!
Figure 1-4: Schematic of gene expression for the forebrain, midbrain, and hindbrain. ....................... 23!
Figure 1-5: Neural differentiation of NE cells to cortical, LGE, and MGE progenitors. ........................ 24!
Figure 1-6: Neural development in the dorsal telencephalon. ............................................................. 25!
Figure 1-7: Schematic of the transcription factors directing the fate of neurons in the cortical layers. 28!
Figure 1-8: Sequential expression of the transcription factors that specify basal forebrain neuronal
subtypes. ............................................................................................................................................. 30!
Figure 1-9: Schematic of neural development from human pluripotent stem cells. ............................. 32!
Figure 1-10: Induced pluripotent reprogramming versus lineage reprogramming. .............................. 33!
Figure 3-1: Transcription factors associated with different neural progenitor populations during human
neural development. ............................................................................................................................ 73!
Figure 3-2: Schematic representation of the iNP reprogramming process and time points for cell
collection. ............................................................................................................................................. 74!
Figure 3-3: Co-localisation of ectopic transgene and reporter protein. ................................................ 76!
Figure 3-4: Images showing the morphology changes seen during plasmid transfection
reprogramming. ................................................................................................................................... 78!
Figure 3-5: Transient expression of pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato follow plasmid
transfection. ......................................................................................................................................... 79!
Figure 3-6: TapeStation analysis of RNA integrity. .............................................................................. 80!
Figure 3-7: mRNA expression of ectopic transgenes SOX2 and PAX6 relative to control aHDFs over
time (p < 0.05; *). ................................................................................................................................. 83!
Figure 3-8: mRNA expression of neural stem cell markers OCT4 and HES5 relative to control aHDFs
over time (p < 0.05; *). ......................................................................................................................... 84!
Figure 3-9: mRNA expression of the forebrain anterior patterning genes PAX6, SIX3, LHX2 and
FOXG1 relative to control aHDFs over time (p < 0.05; *). ................................................................... 85!
Figure 3-10: mRNA expression of forebrain dorsal positioning markers NGN2 and BRN2 relative to
control aHDFs over time. ..................................................................................................................... 87!
Figure 3-11: mRNA expression of the forebrain ventral positioning genes GSH2 and DLX2 relative to
control aHDFs over time (p < 0.05; *). ................................................................................................. 88!
Figure 3-12: mRNA expression of the midbrain and hindbrain gene EN1 relative to control aHDFs
over time (p < 0.05; *). ......................................................................................................................... 89!
Figure 3-13: Expression of neural developmental genes relative to control aHDFs at phase 1 (day 3
post transfection) of reprogramming. ................................................................................................... 91!
Figure 3-14: Expression of neural developmental genes relative to control aHDFs at phase 1 (days 10
– 31 post transfection) of reprogramming. ........................................................................................... 92!
ix

Figure 3-15: Expression of neural developmental genes relative to control aHDFs at phase 2 (days 38
– 45 post transfection) of reprogramming. ........................................................................................... 93!
Figure 3-16: Expression of neural developmental genes relative to control aHDFs at phase 3 (days 52
– 66 post transfection; n = 3 days 52 and 59; n = 1 day 66) of reprogramming. ................................. 94!
Figure 3-17: Schematic representation of the expression of neural developmental genes during direct
reprogramming of iNPs. ....................................................................................................................... 96!
Figure 3-18: Schematic of proposed gene cross-regulation in specification of glutamatergic and
GABAergic neurons. (Figure adapted from Toresson, Potter et al. 2000. Company of Biologists.). . 105!
Figure 4-1: Transcription factors associated with different neural progenitor populations during human
neural development. .......................................................................................................................... 111!
Figure 4-2: Schematic representation of lentiviral-reprogrammed iNP generation and time points for
cell collection. .................................................................................................................................... 112!
Figure 4-3: Titre of pLVX-IRES-zsGreen and pLVX-IRES-tdTomato. ............................................... 114!
Figure 4-4: Titre of pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato. ............................................. 115!
Figure 4-5: Lentiviral transduction of aHDFs. .................................................................................... 117!
Figure 4-6: Co-localisation of transgene and detection protein. ........................................................ 118!
Figure 4-7: Brightfield and fluorescent images of lentiviral-derived iNPs. ......................................... 120!
Figure 4-8: Time-lapse video images of cells transduced by both pLVX-SOX2-zsGreen and pLVXPAX6-tdTomato, captured over 24 hours. ......................................................................................... 123!
Figure 4-9: mRNA expression of ectopic transgenes SOX2 and PAX6 mRNA relative to the control
aHDFs over time (p < 0.05; *). ........................................................................................................... 124!
Figure 4-10: mRNA expression of the neural stem cell markers OCT4 and HES5 relative to the control
aHDFs over time (p < 0.05; *). ........................................................................................................... 125!
Figure 4-11: mRNA expression of the forebrain anterior patterning genes PAX6, SIX3, LHX2, and
FOXG1 relative to control aHDFs over time (p < 0.05; *). ................................................................. 127!
Figure 4-12: mRNA expression of forebrain dorsal positioning markers NGN2 and BRN2 relative to
control aHDFs over time (p < 0.05; *). ............................................................................................... 128!
Figure 4-13: mRNA expression of the forebrain ventral positioning genes GSH2, DLX2, and ASCL1
relative to the control aHDFs over time. ............................................................................................ 129!
Figure 4-14: Expression of proneural and region-specific markers for cells at phase 0 of
reprogramming. ................................................................................................................................. 131!
Figure 4-15: Expression of proneural and region-specific markers for cells in phase 1 of
reprogramming at days 5 – 9 post transduction. ............................................................................... 132!
Figure 4-16: Expression of proneural and region-specific markers for cells in phase 2 of
reprogramming at days 11 – 17 post transduction. ........................................................................... 133!
Figure 4-17: Expression of proneural and region-specific markers for cells in phase 3 of
reprogramming at days 19 – 25 post transduction. ........................................................................... 134!
Figure 4-18: Schematic demonstration of the expression pattern of proneural and region-specific
markers during all phases of reprogramming. ................................................................................... 135!

x

Figure 4-19: Comparison of temporal gene expression for human neural development, plasmidtransfection reprogramming, and lentiviral-transduction reprogramming. ......................................... 146!
Figure 5-1: Reprogramming scheme of aHDF transfection and transduction for FACS. ................... 150!
Figure 5-2: Reprogramming and neuronal differentiation timeline for the plasmid- and lentiviral-derived
iNPs. .................................................................................................................................................. 151!
Figure 5-3: Efficiency of plasmid transfection using LTX lipofectamine and K2 transfection. ............ 152!
Figure 5-4: Reprogramming of the lentiviral-transduced populations. ............................................... 154!
Figure 5-5: Expression of ectopic transgenes in the lentiviral-transduced populations at day 18 post
transduction. ...................................................................................................................................... 155!
Figure 5-6: Expression of NSC and neuroectoderm genes in the lentiviral-transduced populations at
day 18 post transduction. ................................................................................................................... 156!
Figure 5-7: Expression of forebrain dorsal genes in the lentiviral-transduced populations at day 18
post transduction. .............................................................................................................................. 157!
Figure 5-8: Expression of forebrain ventral genes in the lentiviral transduced populations at day 18
post transduction. .............................................................................................................................. 158!
Figure 5-9: Gene expression in the lentiviral-transduced populations at day 18 post transduction. .. 161!
Figure 5-10: Lentiviral-transduced populations cultured in mixed neuronal differentiation media for 2
days. .................................................................................................................................................. 163!
Figure 5-11: Lentiviral-transduced populations cultured in mixed neuronal differentiation media for 12
days. .................................................................................................................................................. 164!
Figure 5-12: Lentiviral-transduced populations cultured in striatal neuronal differentiation media for 2
days. .................................................................................................................................................. 165!
Figure 5-13: Lentiviral-transduced populations cultured in striatal neuronal differentiation media for 22
days. .................................................................................................................................................. 166!
Figure 5-14: Quantification of glutamatergic neurons for lentiviral transduced populations. ............. 169!
Figure 5-15: Quantification of GABAergic neurons in lentiviral transduced populations. .................. 172!
Figure 5-16: Ectopic transgene expression in the plasmid-derived iNPs at day 3 and 45 post
transfection (n=1). .............................................................................................................................. 174!
Figure 5-17: Expression of SIX3 in the plasmid-derived iNPs at day 45 post transfection (n=1). ..... 175!
Figure 5-18: Expression of NGN2 and DLX2 in the plasmid-derived iNPs at day 45 post transfection
(n=1). ................................................................................................................................................. 176!
Figure 5-19: Gene expression in the plasmid-transfected populations at day 45 post transfection. . 177!
Figure 5-20: Quantification of mature neurons differentiated from plasmid-transfected populations. 179!
Figure 5-21: Quantification of GABAergic neurons in plasmid-derived populations. ......................... 181!
Figure 5-22: Quantification of glutamatergic neurons in plasmid-transfected populations. ............... 182!
Figure 5-23: Efficiency of GABAergic and glutamatergic neurons generated from plasmid-derived
populations. ....................................................................................................................................... 183!
Figure 5-24: Generation of MSNs (DARPP32) and GABAergic interneurons (CR and PV) from
plasmid-derived SOX2/PAX6, SOX2 only, PAX6 only, and NEGATIVE populations. Scale bar = 25 µm.
........................................................................................................................................................... 184!

xi

Figure 7-1: Constructs of SOX2 and PAX6 expressing plasmids. ..................................................... 201!
Figure 7-2: Schematic of vector constructs. ...................................................................................... 202!

xii

List of Tables
Table 1-1: Summary of the generation of hiPSCs. .............................................................................. 36!
Table 1-2: Summary for the generation of hiNs. .................................................................................. 39!
Table 1-3: Summary for generation of hiNPs. ..................................................................................... 43!
Table 1-4: Transgene delivery methods. ............................................................................................. 51!
Table 2-1: List of adult human dermal fibroblasts used in the study. ................................................... 54!
Table 2-2: Media usage for cell culture in different types of flask. ....................................................... 55!
Table 2-3: Primers used for touchdown PCR to amplify the human PAX6 coding sequence. ............ 56!
Table 2-4: Program settings for PAX6 touchdown PCR. ..................................................................... 57!
Table 2-5: Primers used for plasmid DNA sequencing. ....................................................................... 59!
Table 2-6: List of lentiviruses used for transduction. ........................................................................... 62!
Table 2-7: List of antibodies used for immunocytochemistry. .............................................................. 67!
Table 2-8: List of Taqman assays used for qPCR. .............................................................................. 69!
Table 2-9: Default PCR thermal cycling conditions. ............................................................................ 70!
Table 3-1: Fold change of proneural and region-specific markers in plasmid-derived iNPs*. ............. 90!
Table 4-1: Fold change of proneural and region-specific markers in lentiviral-derived iNPs*. .......... 130!
Table 5-1: Illustration for generating plasmid- and lentiviral-derived populations. ............................. 149!
Table 5-2: Fold change of genes in the lentiviral transduced populations*. ...................................... 159!
Table 5-3: Fold change of genes in the plasmid-transfected populations at day 45 post transfection*.
........................................................................................................................................................... 176!

xiii

List of Abbreviations
A/P

Anterior/posterior

aHDFs

Adult human dermal fibroblasts

ASCL1

Achaete-scute homolog 1

BDNF
BMP

Brain-derived neurotrophic factor
Bone morphogenetic protein

BPs

Basal progenitors

CGE
ChAT

Caudal ganglionic eminence
Choline acetyltransferase

CNS

Central nervous system

CR

Calretinin

D/V

Dorsal/ventral

DA

Dopaminergic

DARRP32

Dopamine and cyclic AMP-regulated phosphoprotein-32

DKK1

Dickkopf WNT signaling pathway inhibitor 1

DLX2

Distal-Less Homeobox 2

EGF

Epidermal growth factor

EMX2

Empty spiracles homologue 2

ESCs

Embryonic stem cells

FGF

Fibroblast growth factor

FOXA2

Forkhead box protein A2

FOXG1

Forkhead box protein G1

GABA

Gamma-aminobutyric acid

GAD65/67

Glutamic acid decarboxylase 65/67

GBX2

Gastrulation brain homeobox 2

GDNF

Glial derived neurotrophic factor

GFAP

Glial fibrillary acidic protein

GLI3

GLI family zinc finger 3

GSH2

Glutathione synthetase 2

GSK3β

Glycogen synthase kinase-3beta

HES 5

Hairy and enhancer of split homologue 5

ICM

Inner cell mass

iNP

Induced neural precursor cells

IPs

Intermediate progenitors

iPSCs

Induced pluripotent stem cells

ISL1

Islet-1

Let-7

Lethal-7

LGE

Lateral ganglionic eminence

LHX2

LIM homeobox 2

LMX1A

LIM homeobox transcription factor 1 alpha

LV

Lentiviral vectors

MAP2

Microtubule-associated protein 2

MEF

Mouse embryonic fibroblasts

MGE

Medial ganglionic eminence

xiv

MSN

Medium spiny neurons

NE

Neuroectoderm

NEUROD1

Neuronal differentiation 1

NGF

Nerve growth factors

NGN2

Neurogenin 2

NKX2.1

NK2 homeobox 1

NPs

Neural precursors

NPY

Neuropeptide Y

NSCs

Neural stem cells

NSE

Neuron-specific enolase

NURR1

Nuclear receptor related 1 protein

OCT

Octamer-binding transcription factor

oRG

Outer radial glia

oSVZ

Outer subventricular zone

OTX2

Orthodenticle homeobox 2

PAX6

Paired box 6

PCR

Polymerase chain reaction

PV

Parvalbumin

RG

Radial glia

RV

Retroviral

SHH

Sonic hedgehog

SIX3

Sine oculis-related homeobox 3

SOX1

Sex determining region Y (SRY)-box 1

SOX21

Sex determining region Y (SRY)-box 21

SOXB1

Sex determining region Y (SRY)-box containing protein B1

SSEA1

Stage-specific embryonic antigen 1

SST

Somatostatin

SVZ

Subventricular zone

TBR2

T-box brain 2

TGFβ

Transforming growth factor beta

TH

Tyrosine hydroxylase

TUJ1

Class III beta-tubulin

VAChT

Vesicular acetylcholine transporter

VGLUT

Vesicular glutamate transporter

VZ

Ventricular zone

WNT

Wingless-type MMTV integration site family member

xv

Chapter 1

Chapter 1. Introduction
1.1. Overview
Reprogramming is defined as a cells identity switch from one kind of cell to another unrelated cell type
(Gurdon and Melton 2008). It was first recognised in an early frog cloning study in which John Gurdon
destroyed the nuclei of frog egg cells and then transplanted nuclei from tadpole differentiated cells
into the eggs, leading to sexually mature frogs (Gurdon 1962). This showed that the memory of
differentiated cells in tadpoles can be erased by injection into enucleated eggs (Gurdon, Elsdale et al.
1958, Takahashi 2010). Later on, the work moved to the study of cloned sheep. Fifty-eight years after
Hans Spemann (1938) suggested the possibility of nuclear transfer, ‘Dolly the sheep’ proved that
unfertilised eggs containing all the reprogramming factors could reverse somatic nuclei to an
embryonic state (Campbell, McWhir et al. 1996). The fact that ‘Dolly the sheep’ was derived from
differentiated cells provided strong evidence against the historical perspective and showed that
differentiated cells maintain the capacity to be induced back to a pluripotent state.
Besides nuclear transfer studies, cell fusion studies (Hakelien, Landsverk et al. 2002, Landsverk,
Hakelien et al. 2002) have demonstrated that nuclear and cytoplasmic cell extracts can be used to
reprogram somatic cells into other cell types. Moreover, Tada and colleagues (2001) indicated the
presence of reprogramming factors in embryonic stem cells (ESCs) that are able to convert
differentiated cells to a pluripotent state by the co-culture of somatic cells with ESCs. A more recent
study (Takahashi and Yamanaka 2006) vastly expanded work in the reprogramming field to prove that
transcription factor-mediated reprogramming can revert cell fate from a terminally differentiated state
to a pluripotent state – iPSCs. Induced PSCs can be further differentiated into varied cell types using
different approaches.
In order to understand reprogramming further, stem cells must be apprehended. In the next section, I
will introduce what stem cells are and the advantage/disadvantages of using them.

1.2. Stem Cells
Stem cells are a class of undifferentiated cells which have the remarkable potential to develop into
many different cell types in the body during early life and growth. There are primarily two types of
stem cells in animals and humans, which are classified based on their developmental potential
(Figure 1-1). First, ESCs are pluripotent cells originating from the inner cell mass (ICM) of the
blastocyst (Donovan and Gearhart 2001). Second, adult stem cells are multipotent or unipotent cells
which originate from developed foetal (Section 1.2.1) or adult tissues (Section 1.2.2).
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Figure 1-1: The developmental potential of stem cells.
The development of an organism starts from a single cell, the zygote. It is a totipotent cell and has the
potential to develop into the whole organism. This potential declines throughout development, resulting
in pluripotent cells that can generate cells within all three germ layers, as well as multipotent and
unipotent cells that generate tissue/lineage-specific types of cells (Figure reprinted from Mitalipov and
Wolf 2009 Page 3, Copyright 2009, with permission from Elsevier).

1.2.1. Human Embryonic Stem Cells
In 1998, James Thomson made a major breakthrough by discovering the capability to isolate stem
cells from human embryos and grow them in the laboratory (Thomson, Itskovitz-Eldor et al. 1998).
Human ESCs, which form the ICM of the developing blastocyst, are capable of dividing symmetrically
and indefinitely in culture without losing developmental potential (Donovan and Gearhart 2001).
Additionally, hESCs can undergo asymmetric division to produce an identical daughter cell and a
more differentiated cell (Sills, Takeuchi et al. 2005, Sanchez, Schimmang et al. 2012). Both
characteristics allow for the generation of cells representative of the three embryonic germ layers –
the mesoderm, endoderm, and ectoderm.
Cell replacement therapy may provide a potential treatment for replacing damaged or lost neurons
with a number of clinical trials showing promising results (Dobrossy, Busse et al. 2010, Urbaniak
Hunter, Yarbrough et al. 2010, Sanchez, Schimmang et al. 2012). The potential to transplant hESCs
in cases of degenerative disease may have a significant impact on cell replacement therapy due to
hESC’s self-renewal ability and developmental potential. There are a few examples of rodent ESC
derivatives for treating degenerative diseases and injuries (Klug, Soonpaa et al. 1996, Brüstle, Jones
et al. 1999, McDonald, Liu et al. 1999, Soria, Roche et al. 2000, Donovan and Gearhart 2001, Prelle,
Zink et al. 2002, Keirstead, Nistor et al. 2005). Furthermore, encouraging results have shown that
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diseases and injuries may be effectively ameliorated by using hESC-derived cells to replace lost cells
or to facilitate the regeneration of lost cells (Ben-Hur, Idelson et al. 2004, Keirstead, Nistor et al. 2005,
Caspi, Huber et al. 2007, Aubry, Bugi et al. 2008). Therefore, the application of ESCs in human
neurodegenerative diseases has begun a new era of hope.

1.2.2. Adult Stem Cells
Adult stem cells have more a restricted potential for proliferation and differentiation than ESCs, hence
they are referred to as multipotent stem cells or adult stem cells. There are different types of adult
stem cells which originate from various foetal or adult tissues (Figure 1-1), e.g., hematopoietic stem
cells, bone marrow mesenchymal stem cells, and neural stem cells (NSCs). Among these adult stem
cells, NSCs are of particular interest for understanding neurogenesis and providing treatment for
human neurological diseases.
NSCs found within the adult brain are defined by their ability to self-renew and differentiate, giving rise
to progenitor cells, then neurons, oligodendrocytes, and astrocytes (Doetsch, Petreanu et al. 2002,
López-Juárez, Remaud et al. 2012). NSCs can be isolated and grown in culture in the form of
aggregates, those cells start proliferating initially as adherent cells and attach to each other.
Eventually, they giving rise to spherical clusters that float in suspension and form so-called
‘neurospheres’ that made up of neural stem, progenitor, and differentiated cells. The term ‘precursor
cell’ is a generic term encompassing both stem and progenitor cells (Reynolds and Weiss 1992, Galli,
Gritti et al. 2003, McBride, Behrstock et al. 2004, Emsley, Mitchell et al. 2005). Therefore, the
heterogeneity of neural precursors (NPs) can also be defined by limited self-renewal and the ability to
undergo differentiation and give rise to the various neural cell types, i.e., neurons, astrocytes, and
oligodendrocytes (Chu, Kim et al. 2004, McBride, Behrstock et al. 2004, Emsley, Mitchell et al. 2005).

1.2.3. The Challenges of using Stem Cells
The clinical application of hESCs will always face moral difficulties regarding the use of human
embryos (Thomson, Itskovitz-Eldor et al. 1998). As for the technical difficulties, there is the issue of
tissue rejection after implantation due to immunological incompatibility between recipient and donor
cells. The plasticity of ESCs has made them a great cell source for research purposes as well as their
potential for clinical usage. The risk of tumourgenicity, however, is still a key obstacle for the safe use
of stem cell-based regenerative therapies (Knoepfler 2009).
The use of adult stem cells can potentially circumvent the need for immunosuppression in cell therapy
since they can be derived from an autologous source (Lunn, Sakowski et al. 2011). However, the
rarity and wide-range of adult stem cells types can make the process of isolation and culture difficult
and varied. Furthermore, the use of adult stem cells for treating inherited diseases may be
unattainable because, unlike the cells derived from hESCs, the cells derived from patient-specific
multipotent stem cells will retain the same genetic predisposition for the inherited disease (Lunn,
Sakowski et al. 2011).
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In 2006 (Takahashi and Yamanaka), researchers made another breakthrough which identified the
conditions required to convert somatic cells to a pluripotent stem cell-like status – so-called induced
pluripotent stem cells (iPSCs) (Section 1.4.1). The discovery of iPSCs, which can be obtained using
somatic cells obtained directly from the patient, circumvents some of the practical concerns involved
with cell transplant therapies such as ethics and tissue rejection. In addition, generation of iPSCs
potentially provides an unlimited cell source for varied neurodegenerative disease treatment. Although
the use of iPSCs has its own limitations, the understanding of reprogramming (Section 1.4) has been
vastly expanded since then. Subsequently, neural lineage-specific transcription factors have been
widely used in reprogramming studies to direct the neural fate of induced pluripotent cells or to
directly generate induced neurons or induced neural stem/neural precursor cells from both mouse and
human somatic cells.
This thesis is focused on characterising the direct reprogramming of adult human dermal fibroblasts
(aHDFs) into NP-like cell lines. Therefore, understanding the genetic mechanisms that regulate
human embryonic neurogenesis in the following section will assist in determining the induction of
neural precursor cell fate from aHDFs.

1.3. Human Embryonic Neurogenesis
The developmental process of embryonic neurogenesis originates from the pluripotent cells of the
ICM in the blastocyst (Donovan and Gearhart 2001). Pluripotent cells commit to neuroectoderm (NE)
through neurulation, giving rise to neural stem/precursor cells, before undergoing further
differentiation into neurons, astrocytes, and oligodendrocytes in a time-dependent manner (Chu, Kim
et al. 2004, McBride, Behrstock et al. 2004, Emsley, Mitchell et al. 2005) (Figure 1-2).
A wide-range of transcription factors and signalling pathways have been shown to regulate embryonic
neurogenesis. The following content will illustrate the intrinsic and extrinsic factors regulating cell fate
specification during the neural development of hPSCs, including neural induction, of both rostral and
caudal forebrain fates, as well as midbrain and hindbrain fates.

1.3.1. Neuroectoderm Specification
Neuroectoderm cells are the earliest cells committed to the neural lineage through neurulation (Wilson
and Houart 2004, Stern 2005, Levine and Brivanlou 2007, Lupo, Novorol et al. 2013). They are the
source of all neural and glial cell types present in the mature brain (Hebert and Fishell 2008).
NE specification from hESCs leads to the formation of the neural plate and later on forms the neural
tube. This process undergoes morphological change and is regulated through changes in gene
expression in response to various signalling pathways (Ben-Hur, Idelson et al. 2004, Smith, Vallier et
al. 2008, Chambers, Fasano et al. 2009, Greber, Coulon et al. 2011, Lupo, Novorol et al. 2013).
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Figure 1-2: Neural differentiation in vivo and in vitro.
In vitro neural differentiation of human embryonic stem cells (hESCs) and induced pluripotent stem
(iPSCs) derives neuroectoderm (NE) and neural precursor (NP) cells. Further differentiation of NP
leads to the generation of neurons, astrocytes, and oligodendrocytes in parallel with in
development. (Figure reprinted from Liu and Zhang, 2011 , copyright 2011, with kind permission
Springer Science and Business Media).
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cells
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During in vitro neural differentiation, hESCs (Li, Du et al. 2005, Yao, Chen et al. 2006, Elkabetz,
Panagiotakos et al. 2008, Chambers, Fasano et al. 2009) undergo morphological changes and
generate primitive NE cells (Figure 1-2). Derived-NE cells are characterised by the formation of
radially organised columnar epithelial cells which generate rosette formations termed “neural rosettes”
that resemble the early neural tube (Zhang, Wernig et al. 2001). Further expansion of neural rosettes
results in the induction of NPs in the form of neurospheres (Reynolds and Weiss 1992, Reynolds and
Weiss 1996).
Activin and Nodal (members of the transforming growth factor beta (TGFβ) superfamily), bone
morphogenetic protein (BMP), and fibroblast growth factor (FGF) signalling are all involved in the
specification of NE from hESCs. Activation of both Activin/Nodal and BMP signalling pathways (Figure
1-3) prevents differentiation of NE cells from hESCs (Chambers, Fasano et al. 2009, Surmacz, Fox et
al. 2012), hence the Activin/Nodal receptor inhibitor SB431542 and BMP antagonist Noggin are
required in vitro for NE specification from hESCs.
The role of FGF signalling in neural induction is controversial and remains to be fully understood.
Several studies have suggested that FGF signalling promotes the neural specification of hESCs
(LaVaute, Yoo et al. 2009, Vallier, Touboul et al. 2009, Cohen, Itsykson et al. 2010). In a more recent
study, hESCs were cultured for 12 – 16 days in neural differentiation media with SB431542 and either
Noggin or FGF2. Real-time polymerase chain reaction (PCR) showed enhanced transcription of the
NE markers sex-determining region Y (SRY)-box 1 (SOX1), neurogenin 2 (NGN2), and sexdetermining region Y (SRY)-box 21 (SOX21) in the differentiated cells (Lupo, Novorol et al. 2013).
The FGF2-treated NE cells were associated with strong posteriorisation towards hindbrain/spinal cord
fates (Lupo, Novorol et al. 2013) which is consistent with the previous assumption that FGFs induce
the specification of posterior neuroectoderm (Lamb and Harland 1995, Kudoh, Concha et al. 2004).

20

Chapter 1

Studies have shown that NE gene expression can be induced by withdrawal of FGF2 (Greber,
Lehrach et al. 2008, Chambers, Fasano et al. 2009, Greber, Coulon et al. 2011, Rosa and Brivanlou
2011). Greber, Coulon et al. (2011) argue that in the presence of Noggin, FGF signalling inhibits NE
specification by repressing the onset of paired box 6 (PAX6) in hESCs. It has also been observed in a
later study (Lupo, Novorol et al. 2013) showing that FGF2 treatment reduces the number of PAX6
positive cells.
During the differentiation of NE cells from hESCs (Figure 1-3), the traditional ESC markers octamerbinding transcription factor 4 (OCT4) and NANOG are gradually lost (Pankratz, Li et al. 2007, Nat,
Salti et al. 2012). This is accompanied by the upregulation of the NE markers sex-determining region
Y (SRY)-box 2 (SOX2), orthodenticle homeobox 2 (OTX2), Nestin, and N-Cadherin (Nat, Salti et al.
2012) as well as other transcription factors in the neural lineage, including LIM homeobox 2 (LHX2),
PAX6, and SOX1 (Nat, Nilbratt et al. 2007, Pankratz, Li et al. 2007, Nat, Salti et al. 2012, Hou,
Chuang et al. 2013).
Particular emphasis is placed on PAX6 expression in the investigation of induced markers during NE
specification (Zhang, Huang et al. 2010). Several studies have indicated that PAX6 acts as a critical
determinant for neural induction of hESCs as they differentiate towards a neural lineage (Davidson,
Jamshidi et al. 2007, Pankratz, Li et al. 2007, Zhang, Huang et al. 2010). Studies have clearly shown
that expression of PAX6 and the pluripotency marker OCT4 were mutually excluded at day 14 after
hESCs were treated with noggin (Davidson, Jamshidi et al. 2007). Human PAX6 has several
transcript variants, with PAX6 isoform a (Zhang, Huang et al. 2010) being necessary to direct
pluripotent cells to a neuroectodermal fate. The majority of initial NE cells appear to express PAX6
from day 8 when hESCs and hiPSCs are differentiated towards neural fate. Following that, the PAX6
expression remains and it is largely co-expressed with SOX1 in the late NE cells at day 14 of neural
differentiation from hESCs (Pankratz, Li et al. 2007). The sequential expression of PAX6 and SOX1
(Figure 1-3) in the differentiation of hESCs toward a neural fate coincides with the appearance of
columnar epithelia with or without extrinsic factors such as FGFs (Pankratz, Li et al. 2007).
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Figure 1-3: Intrinsic and extrinsic regulation in neuroectoderm specification.

1.3.2. Anterior/Posterior Patterning of Neuroectoderm
In early development, the neuroepithelia must be correctly patterned to generate the distinct classes
of NPs that will make up the forebrain, midbrain, hindbrain, and spinal cord (Pankratz, Li et al. 2007)
through the imposition of anterior/posterior (A/P) patterning (Hamburger 1988). It has been proposed
that NE cells are first activated to a forebrain state from the anterior portion of the neural tube, which
is subsequently transformed with caudalizing signals to midbrain/hindbrain and spinal cord fates in a
gradient fashion – the so-called activation/transformation model (Nieuwkoop and Nigtevecht 1954,
Stern 2001).
In the absence of exogenous morphogens, telencephalic progenitor cells generated from hESCs
express anterior transcription factors (Figure 1-4), including PAX6, forkhead box protein G1 (FOXG1),
OTX2, sine oculis-related homeobox 3 (SIX3), and LHX2 but not posterior transcription factors
(Pankratz, Li et al. 2007, LaVaute, Yoo et al. 2009, Wen, Li et al. 2009, Kirkeby, Grealish et al. 2012,
Nat, Salti et al. 2012). The early NE marker PAX6 continues to increase in generating progenitors and
is co-expressed in 95% of FOXG1-expressing cells one month after differentiation (Pankratz, Li et al.
2007, Nat, Salti et al. 2012). The expression of anterior markers indicates a default forebrain fate
identity (Figure 1-4) for the telencephalic progenitors from hESCs, which indicates that the
telencephalic primordium is derived from anterior progenitors (Nat, Apostolova et al. 2013). It
correlates with the fact that the telencephalon starts off as a simple neuroepithelium at the anterior
end of the neural plate (Hebert and Fishell 2008).
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The NPCs patterned along the A/P axis of the developing neural tube expressed region-specific
markers for the forebrain/midbrain (OTX2), midbrain/hindbrain (EN1 and IRX3), and hindbrain
(Gastrulation brain homeobox 2, GBX2) (Moya, Cutts et al. 2014) (Figure 1-4). The caudal forebrain
and midbrain marker OTX2 and the hindbrain marker GBX2 established the midbrain-hindbrain
boundary (MHB) through a cross-regulatory network of WNT1 and FGF8 (Sunmonu, Li et al. 2011).
CHIR99021 is a glycogen synthase kinase-3beta (GSK3β)-inhibitor for specification of the midbrain
and hindbrain through activating the WNT pathway (Xi, Liu et al. 2012). This confirms the requirement
of WNT signalling for posterior patterning of NE (Moya, Cutts et al. 2014). Early exposure (from days
1 – 12) to CHIR is crucial for efficient midbrain patterning of progenitors (Xi, Liu et al. 2012). In the
presence of mild (0.2 – 0.6 µM) CHIR, hPSCs were patterned to a midbrain fate with the expression
of both OTX2 and EN1 (Figure 1-4). Whereas, the high (1 µM) CHIR patterned the differentiating
PSCs to the hindbrain fate with expression of EN1 but not OTX2 (Xi, Liu et al. 2012) (Figure 1-4).
The forebrain is the most complex region of the vertebrate central nervous system (CNS), giving rise
to several fundamental structures of the brain, such as the cerebral cortex, the basal ganglia, the
thalamus, the hypothalamus, and the retina (Lupo, Bertacchi et al. 2014). The mammalian forebrain
arises from the anterior NE during gastrulation (Wilson and Houart 2004) and is comprised of both the
telencephalon and diencephalon. The following content will focus on the specification towards human
forebrain development.

Figure 1-4: Schematic of gene expression for the forebrain, midbrain, and hindbrain.
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1.3.3. Dorsal Forebrain Development
Once the A/P identity of the neural tube is established, the telencephalon will further acquire
dorsal/ventral (D/V) patterning information and be subdivided into different domains. Both winglesstype MMTV integration site family member (WNT) protein and sonic hedgehog (SHH) control the
dorsal versus ventral fate of telencephalic progenitors by modulating GLI family zinc finger 3 (GLI3) at
both the messenger RNA (mRNA) and protein level (Wen, Li et al. 2009). GLI3 is involved in the
specification of the dorsal telencephalic fate. There are different forms of the GLI3 protein: the fulllength protein (GLI3-190, 190 kDa) acts as an activator, whereas the proteolytic truncated peptide
(GLI3-R) acts as a repressor of SHH (Wang, Fallon et al. 2000, Litingtung, Dahn et al. 2002, Ahn and
Joyner 2004, Bai, Stephen et al. 2004, Tyurina, Guner et al. 2005, Bok, Dolson et al. 2007, Wang,
Ruther et al. 2007).
Endogenous WNT proteins promote the dorsal telencephalic fate of NE cells through upregulation of
the truncated form of GLI3-R (Li, Zhang et al. 2009). In turn, it suppresses ventral cell fate through
repression of SHH activity (Li, Zhang et al. 2009) and possibly initiates the cortical progenitors by
default dorsal patterning of NE cells.
SHH gradients (Figure 1-5) define the domains in the developing telencephalon thus patterning the
cortical, lateral ganglionic eminence (LGE), and medial ganglionic eminence (MGE) progenitors (Liu
and Zhang 2011). In the absence of morphogens, the cortical progenitors are derived from the
anterior neuroectoderm without the expression of ventral marker NK2 homeobox 1 (NKX2.1) (Wen, Li
et al. 2009). The anterior neuroectoderm can be further patterned towards the LGE or MGE
progenitors in the presence of low (200 ng/mL) or high (500 ng/mL) SHH, respectively (Ma, Hu et al.
2012).

!
Figure 1-5: Neural differentiation of NE cells to cortical, LGE, and MGE progenitors.
By default, NE cells differentiate into PAX6 expressing cortical progenitors. In the presence of a low
concentration of SHH, NE cells generate GSH2-expressing LGE progenitors with low expression of PAX6.
With higher SHH, NE cells can further generate NKX2.1-expressing MGE progenitors with no expression
of PAX6 (Figure reprinted from Liu and Zhang, 2011, copyright 2011, with kind permission from Springer
Science and Business Media).
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The human dorsal telencephalon comprises three main neural progenitor cell populations: radial glia
(RG), outer radial glia (oRG), and intermediate progenitors (IPs; also referred to as basal progenitors;
BPs) (Anthony, Klein et al. 2004, Molyneaux, Arlotta et al. 2007, LaMonica, Lui et al. 2012). These
neural progenitors reside in the ventricular zone (VZ) and in the subventricular zone (SVZ) of the
dorsal telencephalon and are capable of generating cortical neurons (Figure 1-6).

Figure 1-6: Neural development in the dorsal telencephalon.
MZ, marginal zone; UL, upper layer; LL, lower layer; SVZ, subventricular zone; VZ, ventricular zone.
(Figure reprinted from Imayoshi and Kageyama 2014, Copyright 2014, with permission from Elsevier.)

RG Cells
Induction of RGs from NE cells is regulated by a set of genes that includes forkhead box G1 (FOXG1),
LIM homeobox 2 (LHX2), paired box 6 (PAX6), and empty spiracles homologue 2 (EMX2) (Molyneaux,
Arlotta et al. 2007). RG cells are located in the VZ, have processes that connect to both the apical
and the basal side, and are characterised by the expression of PAX6 (Bystron, Blakemore et al. 2008)
and the glutamate astrocyte-specific transporter (GLAST) as well as brain lipid-binding protein (BLBP)
(Zecevic 2004, Martynoga, Drechsel et al. 2012). Expression of PAX6 in the cortical RGs is required
for embryonic development in the CNS, and it is thought to suppress cell cycle exit and the
expression of post-mitotic markers in progenitor cells (Gotz, Stoykova et al. 1998, Quinn, Molinek et al.
2007). Therefore, expression of PAX6 may maintain a more precursor-like state for the RGs.
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Notch signalling has also been reported to inhibit the generation of IPs from RG cells (Mizutani, Yoon
et al. 2007, Ohata, Aoki et al. 2011). The lack of Notch in RGs begins neurogenesis prematurely and
they lose their apical-basal polarity (Hatakeyama, Bessho et al. 2004, Imayoshi, Sakamoto et al.
2010). Moreover, the onset of neurogenesis and the transition from NE to RG coincides with the onset
of Notch signalling in the dorsal telencephalon (Hatakeyama, Bessho et al. 2004). This evidence
indicates that Notch signalling may be essential for the instigation of RG development and the
maintenance of the RG in an undifferentiated state (Martynoga, Drechsel et al. 2012).
In embryonic development, RG cells are thought to be the primary progenitors of most neurons
throughout the CNS (Kriegstein and Alvarez-Buylla 2009). They undergo a proliferative stage and
divide symmetrically to produce more RG cells. However, in the neurogenic stage, RG cells divide
asymmetrically in the ventricular zone (VZ) to produce RGs/oRGs and neurons directly or IPs which
can further differentiate into neurons (Figure 1-6). RG cells also give rise to the two main glial cell
types, astrocytes and oligodendrocytes, via IPs (Figure 1-6).

Outer RG Cells
The oRG cell is a distinct type of progenitor which presents in human rather than mouse neocortical
development (LaMonica, Lui et al. 2012). These cells are located in the outer subventricular zone
(oSVZ) (LaMonica, Lui et al. 2012, Shitamukai and Matsuzaki 2012) and have an RG-like morphology,
extending radial fibres to the basal surface. However, oRG cells are located far from the ventricle with
no apical processes, unlike the RG cells.
The expression of PAX6 is observed in oRGs, together with SOX2 and the Notch effector HES1
(Hansen, Lui et al. 2010). Moreover, Notch signalling regulation for the development of oRG cells has
a similar effect as in the development of RG cells, which require it for maintenance of the
undifferentiating state and inhibition of premature differentiation of oRGs (Hansen, Lui et al. 2010).
As a progeny of RG cells, an oRG cell also has the ability to proliferate and divide asymmetrically to
self-renew, and to give rise to IPs and neurons (Hansen, Lui et al. 2010), which increases the cellular
complexity of human neocortical development (LaMonica, Lui et al. 2012). Enlargement of the oSVZ
region by multiple divisions of oRG plays a major role in the expansion of surface area in the human
cortex.

IPs
Upon multiple divisions, RG and oRG cells generate T-box brain 2 (TBR2)-expressing IPs, but they
don’t express GLAST or PAX6 (Gotz and Barde 2005). NGN2 promotes the transition of RG cells to
IPs by directly upregulating the expression of TBR2 in the generating IPs (Imayoshi and Kageyama
2014). Moreover, consistent with the inhibitory effect of NOTCH signalling in neuronal differentiation,
none of the TBR2-expressing IPs co-express HES1 (Hansen, Lui et al. 2010).
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IP divide symmetrically in the SVZ or oSVZ in order to differentiate into two neurons (Figure 1-6). The
expression of TBR2 suggests the potential of an excitatory fate for IPs. Post-mitotic projection
neurons are accompanied by a reduction of TBR2 and induction of TBR1.
IPs can be further differentiated into excitatory glutamatergic neurons. The transition of RG cells to
post-mitotic neurons through IPs requires the sequential expression of the transcription factors PAX6,
NGN2, TBR2, neuronal differentiation 1 (NEUROD1), and TBR1 (Parras, Schuurmans et al. 2002,
Schuurmans, Armant et al. 2004, Englund, Fink et al. 2005, Hevner, Hodge et al. 2006, Eiraku,
Watanabe et al. 2008).

Cortical Progenitors Differentiate into Glutamatergic Neurons
At the cellular level, the telencephalon is populated by a large diversity of neurons, including
glutamatergic projection neurons, gamma-aminobutyric acidergic (GABAergic) interneurons and
projection neurons, as well as cholinergic interneurons and projection neurons (Nat, Apostolova et al.
2013).
The neocortex in the dorsal telencephalon is a complex circuitry of the cerebral cortex which produces
the majority of excitatory glutamatergic neurons (Bystron, Blakemore et al. 2008, Arber and Li 2013).
There is delineated expression of the transcription factors PAX6, TBR2, and TBR1 in the
differentiation from RGs to cortical neurons through IPs, which leads to the generation of cortical
neurons with layer-specific expression.
Cortical neurons arise from both the VZ and SVZ and migrate radially into the cortical plate in a
classic ‘inside-out’ pattern (Molyneaux, Arlotta et al. 2007, Sansom and Livesey 2009) which gives
rise to the six layers of the cortex with the processes from RGs and oRGs functioning as scaffolding
to aid neuron migration. From both mouse and human ES cells, glutamatergic neurons are first
generated in the deep layer (LL, layer 5 – 6) and express TBR1, CTIP2, and TLE4. They are then
generated in the upper layer (UL, layer 2 – 4) with expression of TBR1, BRN2, and SATB2 (Figure
1-7). Other cortical plate specific markers, such as FEZF2 which is expressed in the deep layer, and
CUX1, CUX2, PAX6, and TLX which are expressed in the upper layer, have also been reported (Nat
and Dechant 2011). Vesicular glutamate transporter (VGLUT) is a marker of mature glutamatergic
neurons.
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Figure 1-7: Schematic of the transcription factors directing the fate of neurons in the cortical layers.
The numbers on the Y-axis indicate the cortex layers for the MZ, layer 1; UL, layer 2-4; LL, layer 5-6.
(Figure modified from Mariani et al., 2012. Copyright 2012, with permission from National Academy of
Sciences, USA).

1.3.4. Ventral Forebrain Development
The ventral telencephalon (also referred to as the subpallium) is also divided into three neurogenic
domains, the MGE, LGE, and caudal ganglionic eminence (CGE) (Nat and Dechant 2011, Arber and
Li 2013). Neural progenitors within these domains continue to be differentiated into specific types of
neurons that ultimately coalesce in the mature telencephalon and form connections that are then
refined and modulated with experience (Hebert and Fishell 2008).

MGE
NE cells can be ventralised to generate NKX2.1-expressing MGE progenitors using a high
concentration of SHH (500 ng/mL) (Figure 1-5). Meanwhile, a combination of SHH activation (50-100
ng/mL) and inhibition of WNT signalling (Dickkopf WNT signalling pathway inhibitor 1, DKK1; 250
ng/mL) yields efficient induction of NKX2.1-expressing cells with a forebrain progenitor fate (Maroof,
Keros et al. 2013).
Reports have shown that purmorphamine, a small molecule that activates the SHH pathway, can
replace SHH in hESCs differentiating to ventral neural progenitors (Li, Hu et al. 2008, Hu, Du et al.
2009). A study has shown that with purmorphamine (1-2 µM) and DKK1 (1 µg/mL), MGE progenitors
were formed from hPSCs that expressed the ventral telencephalic progenitor markers OLIG2 and
Achaete-scute homologue 1 (ASCL1) in addition to the MGE progenitor marker NKX2.1 (Nicholas,
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Chen et al. 2013). However, the dorsal progenitor marker PAX6 was not present in those cells (Figure
1-5).

LGE
The LGE is the striatal germinative zone (Tao and Lai 1992) dorsal to the MGE. The induction of
glutathione synthetase 2 (GSH2)-expressing LGE progenitors from hPSCs requires a lower level of
SHH than for the induction of MGE progenitors (Figure 1-5).
In the presence of a mid-level concentration of SHH (200 ng/mL) (Ma, Hu et al. 2012), LGE-like
progenitors can be patterned from hESCs that show expression of GSH2, distal-Less Homeobox 2
(DLX2), and MEIS2 (Toresson, Potter et al. 2000, Aubry, Bugi et al. 2008, Hansen, Lui et al. 2013). In
addition, the dorsal marker PAX6 is also detected in the LGE with lower expression than in the cortex
(Yun, Potter et al. 2001, Flames, Pla et al. 2007), but there is no expression of NKX2.1.

Ventral Progenitors Differentiate into GABAergic and Cholinergic Neurons
The MGE progenitors can be differentiated into cells with a majority of GABAergic interneurons and
cholinergic interneurons (Figure 1-5). The downstream target of NKX2.1, LHX6, functions as an
important transcription factor for the specification of GABAergic interneurons (Nicholas, Chen et al.
2013). Upon differentiation of hPSCs, those of the GABAergic neuronal lineage express ASCL1,
DLX2, and LHX6 sequentially (Hansen, Lui et al. 2013, Nicholas, Chen et al. 2013) and express the
GABAergic neuronal marker gamma-aminobutyric acid (GABA) and interneuron subtype marker
Calbindin (CB) (Nicholas, Chen et al. 2013), but not the other mature interneuron subtype markers
somatostatin (SST), parvalbumin (PV), calretinin (CR) and neuropeptide Y (NPY) (Liu, Liu et al. 2013)
Cholinergic interneurons are another type of neurons derived from MGE progenitors (Nat and
Dechant 2011, Nicholas, Chen et al. 2013). Mature cholinergic interneurons express choline
acetyltransferase (ChAT) and vesicular acetylcholine transporter (VAChT). The generation of a
cholinergic interneuron is induced by the motor neuron determinants LHX8 (Zhao, Marin et al. 2003)
and Islet-1 (ISL1) (Elshatory and Gan 2008) in rodent forebrain development. Extrinsic factor nerve
growth factor (NGF) regulates the expression and cholinergic neuronal function of LHX8 (Tomioka,
Shimazaki et al. 2014), and omitting the NGF in the differentiation culture media favours GABAergic
neuron generation (Liu, Liu et al. 2013). The extrinsic factor BMP9 is also reported to induce neurons
with the cholinergic phenotype from hESCs (Bissonnette, Lyass et al. 2011). Thus, NGF and BMP9
treatment promote the generation of cholinergic neurons from hESCs.
Dorsal to the MGE, the LGE is a source of the medium spiny GABAergic projection neurons (Deacon,
Pakzaban et al. 1994). The phenotypic striatal GABAergic markers include GABA, glutamic acid
decarboxylase (GAD)65/67, DARPP32, and Calbindin (Aubry, Bugi et al. 2008). Using both SHH and
DKK1, striatal projection neurons were derived from hESCs and expressed GABA (8%) and
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dopamine and cyclic AMP-regulated phosphoprotein-32 (DARRP32) (12%) (Aubry, Bugi et al. 2008).
However, the resulting neurons exhibited tumour formation and overgrowth after transplant. A recent
study (Ma, Hu et al. 2012) reported a more advanced approach, generating more purified neurons
derived from hESCs with expression of GABAergic medium spiny neurons (MSN) phenotypic markers
GABA (90%) and DARRP32 (80%). Moreover, a two-stage striatal differentiation method can
generate DARRP32 expressing neurons (10%) from HD-iPSCs (Zhang, An et al. 2010).

Figure 1-8: Sequential expression of the transcription factors that specify basal forebrain neuronal
subtypes.
(Figure reprinted by permission from Macmillan Publishers Ltd: Hansen, Lui et al. 2013, copyright 2013).

1.3.5. Summary of Human Neurogenesis
During NE specification of hPSCs, the NE markers PAX6, SOX2, SOX1, OTX2, Nestin, and NCadherin are upregulated while ES cell markers OCT4 and NANOG are gradually lost (Nat, Nilbratt et
al. 2007, Pankratz, Li et al. 2007, Sansom, Griffiths et al. 2009, Nat, Salti et al. 2012, Hou, Chuang et
al. 2013). The induced expression of genes in NE specification is regulated by inhibition of
Activin/Nodal and BMP signalling, as well as FGF signalling.
WNT signalling is required for A/P patterning of NE (Figure 1-9), which generates NPs with midbrain
identity (OTX2, EN1, and IRX3) and hindbrain identity (EN1, IRX3, and GBX2). However, in the
absence of exogenous morphogens, hPSCs differentiate into a default progenitor state that expresses
the anterior transcription factors uniformly, including PAX6, FOXG1, OTX2, SIX3, and LHX2
(Pankratz, Li et al. 2007, Kirkeby, Grealish et al. 2012).
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Following A/P patterning of NE cells, the NE differentiates into positional progenitors that express the
dorsal- and ventral-related transcription factors, PAX6, GSH2, and NKX2.1 (Liu and Zhang 2011)
following extrinsic regulation of WNT and SHH signalling. The human dorsal telencephalon is
comprised of neural progenitor cells RG, oRG, and IPs, and can be further differentiated into postmitotic neurons with a majority exhibiting an excitatory glutamatergic phenotype. The transition of RG
and oRG cells to post-mitotic neurons through IPs requires the sequential expression of the
transcription factors PAX6, NGN2, TBR2, NEUROD and TBR1 (Parras, Schuurmans et al. 2002,
Schuurmans, Armant et al. 2004, Englund, Fink et al. 2005, Hevner, Hodge et al. 2006, Eiraku,
Watanabe et al. 2008).
A high dose of SHH (500 ng/mL) ventralises NE cells and promotes the generation of MGE
progenitors with expression of NKX2.1, OLIG2, and ASCL1, but there is no expression of PAX6. Both
GABAergic interneurons and cholinergic motor neurons can be generated from MGE progenitors. The
GABAergic neuronal lineage expresses ASCL1, DLX2, and LHX6 sequentially (Hansen, Lui et al.
2013, Nicholas, Chen et al. 2013), and leads to the generation of GABAergic interneurons with
expression of GABA and Calbindin. Cholinergic motor neurons with expression of ChAT and VAChT
can be generated with the regulation of LHX8, ISL1, and extrinsic factors BMP9 and NGF.
A low dose of SHH (200 ng/mL) lead to generation of the LGE, which located dorsal to the MGE and
expresses the markers GSH2, DLX2, and striatal GABAergic progenitor MEIS2 (Toresson and
Campbell 2001, Yun, Potter et al. 2001, Aubry, Bugi et al. 2008, Nat and Dechant 2011, Hansen, Lui
et al. 2013) and to a lesser degree PAX6 (compared to dorsal progenitors) but not the MGE
progenitor marker NKX2.1 (Liu and Zhang 2011, Ma, Hu et al. 2012). LGE progenitors generate
striatal GABAergic neurons with expression of GABA, GAD65/67, DARPP32, and Calbindin.
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Figure 1-9: Schematic of neural development from human pluripotent stem cells.
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1.4. Reprogramming
As a major scientific breakthrough, the discovery of iPSCs (Takahashi and Yamanaka 2006) has
vastly expanded the field of reprogramming. Subsequently, more recent studies have proven that the
use of lineage-specific transcription factors can lead to the direct conversion of somatic cells to other
cell types without going through an induced pluripotent state. This thesis has a particular focus on
understanding neural development, hence, this section will illustrate the direct and indirect
reprogramming of somatic cells toward a neural cell fate, i.e. mature neurons and neural progenitor
cells (Figure 1-10).

Figure 1-10: Induced pluripotent reprogramming versus lineage reprogramming.
Induced pluripotent reprogramming leads to the generation of iPSCs from fibroblasts (route 1) which can
be further differentiated into NPCs and neurons with neural supporting media. Lineage reprogramming
can directly convert fibroblasts into NPCs (route 2) or neurons (route 3) (Reprinted from Yang, Ng et al.
2011, p521 Copyright 2011, with permission from Elsevier).
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1.4.1. Induced Pluripotent Reprogramming
Induced pluripotent reprogramming (Figure 1-10), also referred to as indirect reprogramming, arose
from stem cell biology. It is an exciting new approach to artificially generate a stem-like cell from a
somatic cell type, as achieved by inducing ‘forced’ expression of transgenes. These artificially derived
stem cells are known as iPSCs and are proposed to be identical to embryonic stem cells in many
aspects (Patel and Yang 2010). Induced PSCs are generated from adult somatic cells – mainly
fibroblasts obtained directly from a donor. As described earlier, the use of iPSCs circumvents some of
the practical concerns associated with the use of other types of stem cells, and they are a potentially
unlimited cell source that can be used for disease modelling and drug screening, as well as providing
potential cell replacement therapy for various neurodegenerative diseases (Lian, Chow et al. 2010,
Ellis and Bhatia 2011).
The first study to generate iPSCs (Takahashi and Yamanaka 2006) used mouse embryonic
fibroblasts and adult mouse tail-tip fibroblasts, via retrovirus-mediated transduction. Four transcription
factors – Oct4, Sox2, Klf4, and cMyc (OSKM) – were selected out of a pool of initially screened
factors. Shortly thereafter, hiPSCs were generated by two independent research groups (Takahashi,
Tanabe et al. 2007, Yu, Vodyanik et al. 2007). Yamanaka and colleagues (Takahashi, Tanabe et al.
2007) successfully transformed HDFs into iPSCs using retroviral infection of the four OSKM genes.
As LIN28 (Yu, Vodyanik et al. 2007) was reported to functionally replace the oncogene cMYC from
the OSKM genes, Thomson and colleagues (Yu, Vodyanik et al. 2007) generated iPSCs from human
foetal fibroblasts and postnatal newborn foreskin using a slightly different set of factors: OCT4, SOX2,
NANOG, and LIN28, via lentiviral transduction.
Following the initial findings regarding the generation of iPSCs, there have been numerous studies
focused on generating iPSCs using retroviral transduction. There have been iPSCs generated from
foetal, neonatal, and primary human cell lines, including HDFs from healthy research subjects using
the OSKM factors (Park, Zhao et al. 2008), iPSCs from HDFs using 3 factors (OSK omitting cMYC)
(Nakagawa, Koyanagi et al. 2008), or 5 factors (OSKM with additional NANOG) (Lowry, Richter et al.
2008). Also, other studies have used different gene delivery approaches to generate iPSCs from
human fibroblasts such as non-integrating systems, including episomal vectors (Yu, Hu et al. 2009),
protein transduction (Kim, Kim et al. 2009), PiggyBac methods (Kaji, Norrby et al. 2009, Woltjen,
Michael et al. 2009), adenovirus (Zhou and Freed 2009), mRNA (Plews, Li et al. 2010, Warren,
Manos et al. 2010, Yakubov, Rechavi et al. 2010), plasmid DNA (Si-Tayeb, Noto et al. 2010), and
Sendai virus (Fusaki, Ban et al. 2009). Generation of iPSCs was further improved by a temperaturesensitive Sendai virus (Ban, Nishishita et al. 2011).
Generation of human iPSCs potentially provides an unlimited cell source for cell replacement
therapies to help patients with specific diseases. However, from a practical point of view, the use of
iPSCs for cell replacement therapy will be more favorable if it can utilise the patients’ own skin. There
are a few studies that have derived patient-specific iPSCs associated with neurodegenerative
diseases, such as Parkinson disease (PD) (Park, Arora et al. 2008, Soldner, Hockemeyer et al. 2009),
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Huntington disease (HD) (Park, Arora et al. 2008), Down syndrome (DS) (Park, Arora et al. 2008),
Amyotrophic lateral sclerosis (ALS) (Dimos, Rodolfa et al. 2008), Alzheimer’s disease (Israel, Yuan et
al. 2012), schizophrenia (Brennand, Simone et al. 2011), and spinal muscular atrophy (Ebert, Yu et al.
2009). A study (Park, Arora et al. 2008) has indicated the possibility that patient-derived iPSCs can
repair the genetic defects of a specific disease, and there have been indications (Dimos, Rodolfa et al.
2008, Brennand, Simone et al. 2011) that some patient-derived iPSCs can be further differentiated to
subtype-specific neurons that are of the type lacking in those diseases. Specifically, though some of
those iPSCs can be generated from patient fibroblasts using a transgene non-integrative system
(Soldner, Hockemeyer et al. 2009, Brennand, Simone et al. 2011), there is still vector residue
remaining in those pluripotent cells. More recently, an investigation (Kahler, Ahmad et al. 2013)
showed increased reprogramming kinetics of human iPSCs derived from healthy and diseased
patients using a fluorescence-activated cell sorting (FACS) approach.
Generation of human iPSCs can also be achieved by using fewer transcription factors along with
small molecules, such as a combination of valproic acid (VPA) with OCT4 and SOX2 (Huangfu,
Osafune et al. 2008) for reprogramming of neonatal human fibroblasts, and the combination of
Parnate and CHIR99021 (Li, Zhou et al. 2009) with OCT4 and KLF4 for reprogramming of neonatal
human epidermal keratinocytes.
Induced PSCs have great potential for self-renewal and can differentiate into various types of cells,
including NPCs and neurons (Figure 1-10). However, limitations remain for the use of human iPSCs
for cell replacement therapy. Most methods of generation of human iPSCs use viral delivery, however,
genome integration is associated with the use of viral methods (Saha and Jaenisch 2009). The
oncogenic gene cMYC is one of the frequently used factors potentially generating a non-safe iPSC.
Relatively low reprogramming efficiencies (~0.06%) (Takahashi, Tanabe et al. 2007) for the
generation of hiPSCs and potential tumour formation when transplanting partially differentiated iPSCs
are also of concern. Often, lineage specific cells are required for cell replacement therapy, therefore,
additional differentiation and selection processes (Pankratz, Li et al. 2007, Theka, Caiazzo et al. 2013)
are needed after the generation of iPSCs. Moreover, a transgene-free approach has been established
for generating iPSCs using mouse somatic cells (Masuda, Wu et al. 2013).
To shorten the process of getting the desired cell types and to avoid transplantation of pluripotent
cells, direct reprogramming of human somatic cells to neurons or NPCs may provide a relatively
higher reprogramming efficiency and a safer method for generating cells of interest.
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Table 1-1: Summary of the generation of hiPSCs.
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1.4.2. Lineage Reprogramming to Neurons
Lineage reprogramming is a term used to describe the conversion of a mature, terminally
differentiated cell into another cell type within or outside of its lineage of origin without undergoing
dedifferentiation (Asuelime and Shi 2012). Studies have demonstrated lineage reprogramming of
differentiated cells into mature neurons (iNs), including excitatory glutamatergic and inhibitory
GABAergic neurons, dopaminergic neurons, and cholinergic motor neurons (Ambasudhan, Talantova
et al. 2011, Caiazzo, Dell'Anno et al. 2011, Pang, Yang et al. 2011, Pfisterer, Kirkeby et al. 2011, Son,
Ichida et al. 2011, Yoo, Sun et al. 2011, Ladewig, Mertens et al. 2012, Liu, Zang et al. 2013, Torper,
Pfisterer et al. 2013, Pereira, Pfisterer et al. 2014). The factors used in those studies were delivered
using viral delivery methods, particularly the inducible lentiviral system.
The first generation of iNs was converted from mouse embryonic fibroblasts. Vierbuchen (2010)
identified that the BAM factors (Brn2, Ascl1, and Myt1l) were sufficient to generate iNs which
exhibited a majority of the excitatory glutamatergic phenotypes. Following the initial iNs paper, several
studies have reported the generation of a majority of the excitatory glutamatergic neurons from
human fibroblasts, including aHDFs, using lentiviral transduction of ASCL1, BRN2, MTY1L, and
NEUROD1 (Pang, Yang et al. 2011); BRN2, MTY1L, miR-124 (Ambasudhan, Talantova et al. 2011);
and NEUROD2, ASCL1, MYT1L, miR-9/9*, and miR-124 (Yoo, Sun et al. 2011). The study reported
that 50% of the derived cells exhibited the excitatory glutamatergic phenotype markers VGLUT1 and
VGLUT2, with a conversion efficiency of 2-4% (Pang, Yang et al. 2011). Another study showed
approximately 8% of iNs exhibited the inhibitory marker GABA, and the majority (44%) of iNs
expressed the excitatory VGLUT1 marker (Ambasudhan, Talantova et al. 2011). A purity of 80%
derived cells expressed the post-mitotic neuronal marker microtubule-associated protein 2 (MAP2),
and the majority of those iNs exhibited a functional excitatory neuronal phenotype (Yoo, Sun et al.
2011). Use of ASCL1 alone can lead to the generation of functional iNs from hESC, human foetal
fibroblasts and postnatal fibroblasts (Chanda, Ang et al. 2014). The ASCL1-induced iNs were
predominantly excitatory neurons, which indicated that ASCL1 functions as a key factor for the direct
generation of iNs.
Additional small molecules enhance both the neuronal purity and conversion efficiency when
generating hiNs. Human postnatal fibroblasts can be converted to heterogeneous excitatory
glutamatergic and inhibitory GABAergic neurons using ASCL1, NGN2, and the inhibition of both
SMAD signalling (Noggin) and GSK3β signalling (CHIR99021) (Ladewig, Mertens et al. 2012). This
paper showed neuronal purity of 60-80% for class III beta-tubulin (TUJ1) expressing neurons, with 20%
of TUJ1-positive neurons expressing inhibitory GABAergic markers and 35% exhibiting an excitatory
glutamatergic phenotype. Human foetal fibroblasts have been shown to be capable of being
converted to both GABAergic and glutamatergic neurons by using delayed activation of BAM factors
with additional small molecules to inhibit SMAD signalling and activate WNT signalling (Pereira,
Pfisterer et al. 2014), suggesting that the delayed activation of transgenes further escalates the
resulting neuronal purity and conversion efficiency.
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BAM factors with the addition of dopamine fate determinants were found to be required for direct
conversion of human fibroblasts to dopaminergic (DA) neurons, which are particularly interesting for
cell therapy for PD. It was shown that the BAM factors, with additional factors LIM homeobox
transcription factor 1 alpha (LMX1A) and FOXA2, reprogrammed human embryonic fibroblasts and
human foetal lung fibroblasts into neurons with a dopaminergic phenotype – 10% tyrosine
hydroxylase (TH)-expressing neurons (Pfisterer, Kirkeby et al. 2011). The BAM factors with LMX1A,
LMX1B, FOXA2, and OTX2 indicate that TH-positive DA neurons can also be derived from human
embryonic fibroblasts and human fetal lung fibroblasts (Torper, Pfisterer et al. 2013). Torper et al.
have also shown that human somatic cells can be directly converted into DA neurons both in vitro and
in vivo. The same factors (BAM plus LMX1A, LMX1B, FOXA2, and OTX2) with delayed activation of
transgenes and additional small molecules (Pereira, Pfisterer et al. 2014) successfully converted
human foetal fibroblasts to TH-expressing DA neurons at the neuronal purity of about 4%. Caiazzo et
al have also shown the direct generation of DA neurons using ASCL1, LMX1A, and nuclear receptorrelated 1 protein (NURR1) from prenatal and adult fibroblasts from healthy donors and PD patients
(Caiazzo, Dell'Anno et al. 2011), giving rise to approximately 6-10% TH-expressing neurons when
derived from prenatal fibroblasts. The purity of TH-expressing DA neurons was halved for healthy
donor and PD patient-derived neurons compared to prenatal fibroblasts.
Similarly, BAM factors with motor neuron determinants can also induce human embryonic fibroblasts
into cholinergic motor neurons when using the BAM factors with LHX3, HB9, ISL1, NGN2, and
NEUROD1 (Son, Ichida et al. 2011). A further study (Liu, Zang et al. 2013) showed that in the
absence of the BAM factors, NGN2 alone with the activator cAMP (Forskolin) and the inhibitor BMP
(Dorsomorphin) can convert human foetal lung fibroblasts to a majority of excitatory glutamatergic
neurons (90% VGLUT), and those neurons exhibit the cholinergic motor neuron phenotype.
More recently, Colasante and colleagues (2015) identified a group of factors (FOXG1, SOX2, ASCL1,
DLX5, and LHX6) for the activation of the forebrain GABAergic interneuron determinant, which can be
used for the generation of forebrain GABAergic interneurons from human lung. Moreover, striatal
MSNs can also be generated from aHDFs (Victor, Richner et al. 2014) by overexpressing miRNAs
(miR-9/9* and miR-124) and striatum transcription factors (CTIP2, DLX1, DLX2, and MYT1L).
Although ASCL1 may act as a key deriver for the generation of iNs (Wapinski, Vierbuchen et al. 2013,
Chanda, Ang et al. 2014), the majority of mature neurons were absent when replacing miRNAs with
ASCL1, suggesting that miR-9/9*- and miR-124-mediated and ASCL1-mediated iN reprogramming
may function by different mechanisms. Generation of chemically-induced neurons (Li, Zuo et al. 2015)
from mouse fibroblasts has also been demonstrated without gene manipulation.
The major obstacle for direct reprogramming of iNs is a lack of cell expansion ability due to their postmitotic state. As such the reprogrammed neurons would not be able to reach sufficient numbers for
clinical applications (Kim, Ambasudhan et al. 2012). It would be beneficial to generate populations of
naturally dividing cells in their less specialised state that can be expanded and differentiated in a
limited range in culture as a routine treatment for cell replacement therapy (Gurdon and Melton 2008)
and for drug screening.
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Table 1-2: Summary for the generation of hiNs.
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1.4.3. Direct Reprogramming to Neural Precursor Cells
The direct generation of expandable neural precursor cells holds great potential for understanding
neurogenesis and for cell replacement therapy for neurological disorders. Several studies have
investigated the capability to convert human somatic cells into induced neural precursor cells (iNPs)
by using pluripotent factors or neural factors alone, and a combination of pluripotent factors and
neural factors. In addition, there has been one demonstration that direct reprogramming of iNPs can
be achieved in the absence of transgenes.
It was reported that a single pluripotent factor OCT4 is able to generate iNPs from aHDFs expressing
SOX2, NESTIN, BRN2, MYT1L, and NEUROD1 at day 14 post transduction, and resulting iNPs
exhibiting a tripotent differentiation potency (Mitchell, Szabo et al. 2014).
For the generation of iNPs from non-fibroblast somatic cell sources, lentiviral transduction of OCT4,
SOX2, or NANOG in human cortical astrocytes derived iNPs exhibiting tripotency, which gives rise to
neurons, astrocytes, and oligodendrocytes (Corti, Nizzardo et al. 2012). Using both pluripotent and
neural factors (OCT4, SOX2, SV40LT, KLF4, and miR302-367), human urinary tract epithelial-like
cells can generate iNPs (Wang, Wang et al. 2013) and can be further differentiated into glutamatergic,
GABAergic, and dopaminergic neurons, and astrocytes. Oligodendrocytes can be differentiated from
urinary

tract-derived

NPs

with

additional

factors

(PDGF-AA,

NT3,

IGF1)

that

promote

oligodendrocytes. Retroviral infection of human primary fibroblasts using the iPSC factors OCT4,
SOX2, and KLF4 with the addition of ZIC3 (OSKZ), which also has been shown to have a role in
pluripotency maintenance, has been performed, and the generated iNPs expressed SOX2, PAX6,
FOXG1, and stage-specific embryonic antigen 1 (SSEA1) from day 9 onwards until the end of
reprogramming (day 15 post transduction) (Kumar, Declercq et al. 2012).
Further studies show that iNPs can be generated from both human postnatal fibroblasts and adult
dermal fibroblasts (aHDFs) using the iPSC four factors (OSKM) with the addition of small molecules
LIF, the TGFβ inhibitor SB431542, and the GSK3β inhibitor CHIR99021 (Lu, Liu et al. 2013). Both
postnatal- and aHDF-derived iNP colonies expressed SOX1, and aHDF-derived iNP colonies
expressed the NP markers NESTIN, SOX1, SOX2, NOTCH1, PAX6, and hairy and enhancer of split
homologue 5 (HES5) by immunocytochemistry and RT-PCR at day 20 post infection. Derived iNP
colonies from a postnatal fibroblast source also exhibited regional identity markers. Forebrain markers
FOXG1 and/or OTX2 or hindbrain markers HOXA2 and/or HOXB4 were detected at P1 (~ day 27 post
infection). After continued passaging, the forebrain identity was gradually lost and led to a stable
dorsal hindbrain identity at P5 iNPs (~ day 50 post infection). The same dorsal hindbrain identity can
also be found in late passage iNPs derived from aHDFs. Using this OSKM transduction protocol with
small molecules, the generated iNPs show multipotent differentiation potential, with the majority being
GABA-expressing neurons and astrocytes. Furthermore, oligodendrocytes can also be derived by
ventralising the iNPs with SHH. Further study has shown that OCT4 alone, or both SOX2 and OCT4,
with TGFβ-inhibitor A83-01 and GSK3β-inhibitor CHIR99021 (Zhu, Ambasudhan et al. 2014) can
convert neonatal fibroblasts into iNPs, however, the same protocol failed to generate iNPs from
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aHDFs unless additional small molecules (NaB, LPA, rolipram, and SP600125) were included. Adult
HDF-derived iNPs (day 35 post transduction) expressed the NE markers PAX6 and PLZF, while
neonatal fibroblast-derived iNPs (days 28 – 35 post transduction) expressed PAX6, NESTIN, SOX1,
PLZF, and OTX2. The generated iNPs could be further differentiated into phenotype-specific neurons
(i.e glutamatergic, GABAergic, and dopaminergic), astrocytes, and oligodendrocytes in vitro and
neurons and astrocytes could be differentiated via in vivo transplantation.
In our lab (Maucksch, Firmin et al. 2012, Connor, Firmin et al. 2015), iNPs have been generated from
aHDFs using two NFs – SOX2 and PAX6 – via plasmid transfection (Maucksch, Firmin et al. 2012).
The generated iNPs expressed a wide range of NP markers: SOX1, SOX2, SIX3, PAX6, NGN2, IRX3,
HOXB9, NKX6.1, and ASCL1 at days 65, 75, and 85 post transfection. The derived iNPs also
exhibited a bipotent potential to differentiate into neurons and astrocytes. For more practical purposes,
iNP generation studies have used human fibroblasts, from either foetal or from adults. The retroviral
transduction of human foetal foreskin fibroblasts with single neural factor SOX2 and the neural
supportive media containing epidermal growth factor (EGF) and FGF2 were required for the
generation of iNPs (Ring, Tong et al. 2012). The resulting iNPs expressed the NP markers SOX2 and
NESTIN five days after SOX2 infection and exhibited a stable tripotential neural differentiation
capacity between Passage (P)8 and P22 (Ring, Tong et al. 2012). Also, lentiviral transduction of
SOX2, cMYC, and either BRN2 or BRN4 can induce neurosphere formation from human foetal
fibroblasts (Zou, Yan et al. 2014), whereby the generated hiNP colonies showed expression of NP
markers, such as NESTIN, SOX2, CD133, and NCAM as well as the neuronal markers TUJ1, MAP2,
and DCX at days 11 – 12 post infection, but no expression of PAX6. The resulting cells exhibited the
potential to generate neurons exhibiting several subtype-specific phenotypes, i.e Glutamatergic,
GABAergic, TH-expressing DA neurons, and cholinergic motor neurons. Retroviral transduction of
aHDFs and blood cells with a combination of SOX2 and lethal-7 (let-7) target gene HMGA-2 (Yu, Shin
et al. 2015) promoted the efficient generation of hiNPs. HDFs-derived iNPs colonies expressed both
PAX6 and NESTIN at day 7.4 following overexpression, and those iNPs exhibited a tripotent
differentiation potential and so can be further differentiated into neurons, astrocytes, and
oligodendrocytes. Lentiviral transduction of SOX2 or SOX2 and cMYC was then used for generation
of iNPs from human neonatal foreskin fibroblasts (Winiecka-Klimek, Smolarz et al. 2015). Expression
of SOX2, SOX1, and NESTIN was detected at days 12 – 15 days post transduction. However, those
derived iNPs exhibited very limited neuronal differentiation ability.
A recent study showed that in the absence of transgenes, a combination of small molecule
compounds VPA, CHIR99021, and Repsox can directly generate iNPs from human urinary cells in
hypoxic conditions (Cheng, Hu et al. 2014). This study demonstrated the induction of SOX2 at day 15,
and

expression

of

SOX2,

SOX1,

PAX6,

and

NESTIN

was

detected

by

qPCR

and

immunocytochemistry of iNPs at P5. Those chemical-derived iNPs exhibited a bipotent differentiation
ability which generates TUJ1- and MAP2-positive mature neurons and glial fibrillary acidic protein
(GFAP)-positive astrocytes.
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Reprogramming factors used in the majority of iNP studies were delivered by either lentiviral or
retroviral approaches. In some of these studies, using a single factor (SOX2 or OCT4) was sufficient
to generate iNPs from human fibroblasts (Ring, Tong et al. 2012, Mitchell, Szabo et al. 2014, Zhu,
Ambasudhan et al. 2014). Use of a single factor for direct reprogramming decreases the risk of gene
integration compared to the use of multiple transgenes. However, the risk of spontaneous reactivation
of the viral transgenes still remains (Okita, Ichisaka et al. 2007). Therefore, the discovery of
alternative non-integrative gene delivery methods would be ideal and more practical for clinical usage
of hiNPs for cell replacement therapy (Maucksch, Firmin et al. 2012, Lu, Liu et al. 2013, Wang, Wang
et al. 2013, Connor, Firmin et al. 2015). In addition, the use of neural factors in the absence of
pluripotent factors (Maucksch, Firmin et al. 2012, Ring, Tong et al. 2012, Zou, Yan et al. 2014,
Connor, Firmin et al. 2015, Yu, Shin et al. 2015) may ensures chromosome stability for the derived
iNPs (Weissbein, Ben-David et al. 2014). Moreover, a combination of small molecule compounds and
physical conditions without exogenous genes might provide a desirable alternative to the gene
delivery methods (Cheng, Hu et al. 2014).
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Table 1-3: Summary for generation of hiNPs.
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1.4.4. MicroRNA Mediated Reprogramming towards Neural Lineage
MicroRNAs (miRNAs) are small noncoding RNA molecules (Bartel 2004) which play an important role
in the regulation of transcription regulators (transcription factors and epigenetic regulators) at the
post-transcriptional level (Stappert, Roese-Koerner et al. 2015). MicroRNA have been widely used for
redirecting cell fate specification. MicroRNA-302/367 and miR-200/302/369 (Anokye-Danso, Trivedi et
al. 2011, Miyoshi, Ishii et al. 2011) efficiently direct the human fibroblasts to an iPSC state without
exogenous transcription factor. MicroRNA-302 directs pluripotency and enhances the efficiency of
iPSC generation from human fibroblasts by inhibition of NR2F2 (Hu, Wilson et al. 2013).
The brain-enriched miRNAs miR-9 and miR-124 (Landgraf, Rusu et al. 2007) have been used for the
generation of hiNs (Ambasudhan, Talantova et al. 2011, Yoo, Sun et al. 2011, Victor, Richner et al.
2014). The combination of miR-9/9* and/or miR-124 with BAM factors (Ambasudhan, Talantova et al.
2011, Yoo, Sun et al. 2011) is sufficient to directly reprogram HDFs into predominantly excitatory
neurons. However, the reprogramming of iNs was ineffective for combinations of factors lacking miR124, suggesting that miR-124 may function as a key neuronal fate determinant (Akerblom and
Jakobsson 2013). In addition, human fibroblasts express the BAF53a subunit of the npBAF
chromatin-remodelling complex (Yoo, Staahl et al. 2009), which could be repressed by miR-9/9* and
miR-124 (Yoo, Sun et al. 2011). Hence, it was proposed that by suppressing the BAF53a in the
human fibroblasts, the identification of transcription factors involved in subtype neuronal specification
might redirect the neuronal fate from the direct reprogramming. Further study demonstrated that the
combination of transcription factors in the striatum with both miR-9/9* and miR-124 generates the
striatal MSNs from human fibroblasts (Victor, Richner et al. 2014). Moreover, miR-9/9* and miR-124
also target other genes essential for neurogenesis and neuronal function, such as REST, coREST,
and PTBP-1 (Makeyev, Zhang et al. 2007, Volvert, Prevot et al. 2014).
The regulation of miRNAs was also used in the generation of iNPs (Wang, Wang et al. 2013, Yu, Shin
et al. 2015) by targeting miR-302/367 and let-7. Particularly, the miRNA let-7 downstream target gene
HMGA-2 was used for direct reprogramming of HDFs to iNPs (Yu, Shin et al. 2015). Currently, more
miRNAs have been identified that function either upstream or downstream of known transcription
factors for regulating neurogenesis. MicroRNA-7 has been shown to reduce PAX6 protein levels in
human cells by interfering with the translational pathway rather than mediating PAX6 mRNA decay
(Needhamsen, White et al. 2014). In turn, PAX6 activates miR-135b by promoting NE specification
through the inhibition of TGF-beta and BMP signalling (Bhinge, Poschmann et al. 2014).
Although the understanding of TF-miRNA interactions in neural development is still limited, it is
possible that miRNA and transcription factors may either function interchangeable or synergistically to
direct reprogram towards neural lineage.
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1.4.5. The Technologies of Transgene Delivery
An ideal gene delivery approach for cell reprogramming would be safe, non-toxic, non-immunogenic,
regulatable, and result in efficient and stable in gene expression (Goverdhana, Puntel et al. 2005). A
number of vector systems, both viral and non-viral, have been used to deliver genes of interest into
target cells. There are extensive studies on the generation of iPSCs from human somatic cells using
different mechanisms of gene delivery, hence the discussion of each of those mechanisms will focus
on the generation of human iPSCs.

Retroviral Reprogramming
The conventional gene delivery method for human somatic reprogramming is based on integrating
viral vectors (Takahashi, Tanabe et al. 2007, Yu, Vodyanik et al. 2007), which provide efficient and
robust expression of transgenes. Transduction of RVs is a highly effective gene delivery approach.
However, it has limited use for transduction of non-dividing or slow-dividing cells, since RVs only
transduce dividing cells (Miller, Adam et al. 1990, Roe, Reynolds et al. 1993). In the initial generation
of human iPSCs from aHDFs (Takahashi, Tanabe et al. 2007), retroviral transduction of GFP in
aHDFs showed low efficiency and lower intensity compared to the transduction of mouse embryonic
fibroblasts (MEFs) (Takahashi and Yamanaka 2006). The transduction efficiency improved when
mouse receptor for retrovirus (mCAT1) was introduced into aHDFs using lentivirus (Takahashi,
Tanabe et al. 2007).
Transgenes delivered by RVs are permanently integrated into host genomes and provide stable
expression of transgenes (Hu 2014). However, retroviral integrations (Takahashi, Tanabe et al. 2007)
increase the risk of tumourigenesis during the reprogramming process. Several studies generating
human iPSCs indicated retroviral silencing during reprogramming (Takahashi, Tanabe et al. 2007,
Lowry, Richter et al. 2008, Park, Arora et al. 2008). Partially reprogramed iPSCs express high levels
of transgenes, whereas fully reprogrammed iPSCs consistently exhibit retroviral silencing or
attenuation (Okita, Ichisaka et al. 2007, Jaenisch and Young 2008), indicating that retroviral (RV)
silencing might be vital during iPSC reprogramming and must occur in iPSCs in order to further
differentiate into other cell types. Moreover, a further study (Stadtfeld, Maherali et al. 2008) suggests
that the premature silencing of RVs might lower the reprogramming efficiency compared to the use of
lentiviral vectors (LVs), which exhibit slower transgene silencing. RV transduction also exhibited
transgene reactivation during iPSC reprogramming, specifically, the reactivation of oncogenic cMyc
gene in the mouse iPSC, which may contribute to the development of tumours in mice after cell
transplantation (Okita, Ichisaka et al. 2007).

Lentiviral Reprogramming
Compared to the use of RVs in gene delivery, LVs have the ability to also transduce non-dividing and
slow-dividing cells (Fassati 2006) with high efficiency. Therefore, the aHDFs used in reprogramming
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studies do no need to be sensitised with the mCAT1 gene (Yu, Vodyanik et al. 2007). As a virally
mediated method, LVs can also integrate into the host genome and provide long-lasting transgene
expression during reprogramming. The slower gene silencing using LVs (Stadtfeld, Maherali et al.
2008) might enhance the reprogramming efficiency compared to premature silencing when using RVs
for generation of iPSCs.
Furthermore, LVs containing the entire tetracycline (Tet)-regulated system can be developed from the
standard LV system, which allows for precise temporal control over transgene expression in the
generation of hiPSCs (Brennand, Simone et al. 2011) and in most studies of the generation of hiNs
(Table 1-2). However, indications exist that suggest that leaky viral expression remains in the
inducible LV transduction, even in the ‘off’ state (Goverdhana, Puntel et al. 2005).
There was an attempt to construct polycistronic LVs in order to lower the number of gene integrations
(Somers, Jean et al. 2010), yet the reprogramming kinetics remained comparable between the use of
LVs and RVs. However, increasing the vector size can also affect the efficiency of viral packaging
(Walker, Porteous et al. 2004) due to the expression efficiency of a large vector being lower than that
of a small vector, and the genes on the same polycistronic vectors may not all have the same level of
gene expression (Mizuguchi, Xu et al. 2000). Inducible LVs have also been investigated by
incorporation with a Cre/LoxP-mediated step (Soldner, Hockemeyer et al. 2009) that can remove the
risk of residual expression and reactivation of reprogramming factors (Okita, Ichisaka et al. 2007) and
allow for the creation of factor-free iPSCs.
LV-based gene therapies have been considered for use in clinical trials (Isacson and Kordower 2008,
Schambach and Baum 2008, D'Costa, Mansfield et al. 2009). Notwithstanding safety concerns
regarding insertional mutagenesis, advances in technology make it possible to minimise the risk by
modifying the vector design or by employing integration-deficient LVs (Matrai, Chuah et al. 2010),
which may further improve the safety and efficacy of LVs for clinical application.

Adenovirus Reprogramming
Due to the risk of viral integration of both RVs and LVs, the discovery of an alternative non-integration
viral gene delivery system was investigated. Replication-defective adenoviral vectors have proven
useful for gene insertion into cells without the concern about integration into chromosomal DNA (He,
Zhou et al. 1998). Adenovirus gene expression persists for days (Stadtfeld, Nagaya et al. 2008)
indicating transient expression of adenoviral vectors in cultured cells. However, the transduction
efficiency is very low compared to other viral mediated methods as is the reprogramming efficiency
(Hu 2014).
It has been shown that iPSCs can be derived from human embryonic fibroblasts (Zhou and Freed
2009) via adenoviral vectors, however, it required repeated infection steps and a high viral titre (>200
cfu/cell for adenovirus versus 5 cfu/cell for integrating LVs or RVs) (Hu 2014). Even though adenoviral
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vectors are generally considered non-integrating vehicles, there is, nevertheless, evidence that
adenoviral vectors could have a high level of integration (Harui, Suzuki et al. 1999).

Sendai Virus Reprogramming
SeV vectors replicate in the form of negative strand RNA in the cytoplasm of infected cells, which has
no DNA intermediate in its replication cycles and does not integrate into the host genome (Nakanishi
and Otsu 2012). SeV vectors can efficiently introduce several foreign genes up to 3.2 kb in length and
exhibits a stable expression (Sakai, Kiyotani et al. 1999) of viral RNA with no risk of altering the host
genome. This is an efficient solution for generating safe iPSCs (Fusaki, Ban et al. 2009).
Use of SeV vectors requires a stringent step to purge the reprogrammed cells of replicating viruses
for the generation of transgene-free iPSCs (Fusaki, Ban et al. 2009). A further improvement using
SeV vectors for the generation of hiPSCs has been developed by introducing a temperature-sensitive
mutation (Ban, Nishishita et al. 2011). By increasing the temperature, safe iPSCs can be generated
without an additional selection step.
Although SeV has been reported as an efficient method for generating transgene-free iPSCs
compared with other gene delivery mechanisms, examination of the long-term stability of the genome
structure and epigenetic conditions should be performed before clinical application (Nakanishi and
Otsu 2012). The sensitivity of the viral RNA replicase to transgene sequence content may limit the
generality of this reprogramming vehicle (Fusaki, Ban et al. 2009),

Plasmid Reprogramming
Contrary to using viral vectors in human reprogramming studies, the use of non-viral methods has
also been investigated for the generation of iPSCs from human somatic cells. Plasmid DNA
transfection allows transient transgene expression, with conventional circular reprogramming
plasmids used to avoid DNA integration for the safe use of reprogramming cells (Hu 2014).
Due to the low efficiency of plasmid transfection, it is difficult to generate iPSCs from human
fibroblasts. However, in combination with valproic acid (VPA), Si-Tayeb and colleagues have
generated a human iPSC line from human foreskin fibroblasts using plasmid DNA (Si-Tayeb, Noto et
al. 2010). Moreover, our research group has demonstrated that bipotent hiNPs can be generated from
aHDFs using plasmid transfection of SOX2 and PAX6 (Maucksch, Firmin et al. 2012).
Reprogramming by transient transfection is limited by most types of normal cells being difficult to
transfect with the current transfection technologies (Dickens, Van den Berge et al. 2010). Among the
available technologies, Nucleofection of plasmids provides the highest transfection efficiency for
human fibroblasts (Dickens, Van den Berge et al. 2010). However, the majority of the iPSC lines
generated by Nucleofection harboured random integration (Gonzalez, Barragan Monasterio et al.
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2009) and this voids the point of using this approach to eliminate integration (Hu 2014). Other
technologies such as Fugene (Si-Tayeb, Noto et al. 2010) and Lipofectamine (Maucksch, Firmin et al.
2012) have also been used for human fibroblast reprogramming. However, the transfection efficiency
for both technologies is one-fourth of the efficiency when using Nucleofection (Gonzalez, Barragan
Monasterio et al. 2009). Rapid silencing of transgenes due to the bacterial backbone sequences in
the plasmid DNA is another drawback (Hu 2014).

EBV Episomal Reprogramming
Use of non-viral EBV replicon-based plasmids can avoid issues with integration effects or insertional
mutagenesis (Ren, Zhao et al. 2006) and has been used to reprogram human somatic cells to iPSCs
(Yu, Hu et al. 2009) and to iNPs (Wang, Wang et al. 2013). EBV episomal plasmids need only one
transfection to enable cellular reprogramming due to their stability to replicate and partition in
mammalian cells (Yu, Hu et al. 2009). The ability to replicate in cells allows sustained transgene
expression during the long process of reprogramming (Hu 2014) and the gradual loss of episomal
vectors from proliferating cells in the absence of drug selection (Yu, Hu et al. 2009) enables easy
generation of transgene-free hiPSCs without further genetic manipulation. In addition, the episomal
derived iPSCs displayed much lower immunogenicity than those generated by viral vectors (Zhao,
Zhang et al. 2011).
However, the reprogramming efficiency of human fibroblasts with episomal vectors remains low
(~0.0003 – 0.0006%) even with the use of additional factors based on those used in the initial
generation of hiPSCs (Yu, Vodyanik et al. 2007). The requirement for the continuous use of the drug
in dividing human cells to obtain stable gene expression is considered another disadvantage of the
EBV vectors (Ren, Zhao et al. 2006), and potential integration might occur during reprogramming
(Ren, Zhao et al. 2006). Moreover, transgenes in the EBV vector are silenced quickly in human cells
due to quick and extensive methylation of the vector sequence (Leight and Sugden 2001, Kameda,
Smuga-Otto et al. 2006) indicating another downside of using episomal reprogramming.

RNA Reprogramming
Messenger RNA reprogramming involves delivery of synthetic mRNA-encoding reprogramming
factors directly into the cells to be reprogrammed (Hu 2014). It is a second RNA-based method apart
from SeV reprogramming.
Since the technology is RNA-based, it completely eliminates the risk of genomic integration and
insertional mutagenesis inherent to all DNA-based gene delivery methods (Warren, Manos et al.
2010). However, there are drawbacks for using RNA transfection. Firstly, repeated transfections (>17)
must be applied to enable the successful conversion (Warren, Manos et al. 2010) due to the transient
nature of RNA transfection. Also, RNAs are more immunogenic than DNA and induce strong innate
immune responses in the host cells (Hu 2014). Since the innate immune responses cause death for
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transfecting cells, the modification of mRNA is used in reprogramming in order to reduce those
responses (Warren, Manos et al. 2010)
The induction of human fibroblasts to iPSCs using modified mRNA (OCT4, SOX2, KLF4, cMYC, and
LIN28) (Warren, Manos et al. 2010) has been demonstrated. The same mRNA cocktail can also
reprogram human cells in a feeder-free system (Warren, Ni et al. 2012). There have been additional
studies for the generation of hiPSCs using mRNA transfection (Plews, Li et al. 2010, Yakubov,
Rechavi et al. 2010). Multiple transfection of modified RNA encoding GFP into six human cell types
showed highly penetrant expression (50–90% positive cells) (Warren, Manos et al. 2010). More
interestingly, the iPSCs generated by mRNA reprogramming were more closely related to ESCs than
those reprogrammed using viral vectors The authors suggest that the lack of residual expression of
the reprogramming factors in mRNA reprogramming may contribute to the generation of a more
authentic type of PSCs from human somatic cells (Warren, Manos et al. 2010).

Protein Reprogramming
Any DNA-based reprogramming approach will present the possibility of random integration, therefore,
protein transduction offers an improved method for the generation of transgene-free iPSCs (Kim, Kim
et al. 2009, Hu 2014).
The use of protein transduction in human somatic cell reprogramming opens up new therapeutic
perspectives (Joliot and Prochiantz 2004), however, limitations remain as reprogramming of iPSCs
using protein transduction is extremely inefficient (0.001%) and slow (8 weeks) (Kim, Kim et al. 2009).
Protein-generated hiPSC lines have been established without VPA (Kim, Kim et al. 2009), and the
authors suggest that the efficiency might be improved by using purified proteins of reprogramming
factors (Kim, Kim et al. 2009, Hu 2014). Moreover, the low efficiency of protein transduction might
also be caused by the difficulties associated with the delivery of proteins into cells, since the protein
must cross the barrier of the hydrophobic cellular membrane before being transported into the
cytoplasm and nucleus (Hu 2014). Protein transduction that is mediated by a protein transduction
domain (PTD) is a widely used method to promote the efficient cellular internalisation of protein
delivery (Hu 2014). However, the mechanism of PTD-mediated transduction is as yet poorly
understood (Noguchi, Matsushita et al. 2010).

Small Molecule Reprogramming
Compared to the gene delivery methods described above for reprogramming using transcription
factors, the use of small molecule chemicals has been shown to be more technically feasible and
provides a safe and convenient method without any genetic modification (Federation, Bradner et al.
2014).
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Studies have shown that small molecules can be used to enhance efficiencies and replace individual
reprogramming factors (Huangfu, Osafune et al. 2008, Li, Zhou et al. 2009). Histone deacetylase
(HDAC) inhibitor VPA can increase the reprogramming efficiency of human fibroblasts (Huangfu,
Osafune et al. 2008), which enables the use of only two factors (OCT4 and SOX2) for the generation
of hiPSCs (Huangfu, Osafune et al. 2008). In addition, Parnate and CHIR99021 enable the generation
of hiPSCs with only OCT4 and KLF4 (Li, Zhou et al. 2009). Both studies indicate that small molecule
chemicals can replace some of the factors used to reprogram human fibroblasts. A collection of small
molecule chemicals used to facilitate iPSC reprogramming can be classified into three subgroups:
epigenetic modifiers, kinase inhibitors, and miscellaneous (Federation, Bradner et al. 2014). More
recently, there were the first reports of generation of iPSCs from MEFs using a combination of seven
small molecules (Hou, Li et al. 2013), generation of iNs from mouse fibroblasts (Li, Zuo et al. 2015),
as well as the generation of iNPs from human urinary cells under hypoxic conditions (Cheng, Hu et al.
2014), indicating that it is possible the transcription factors are dispensable for cell fate
reprogramming. However, no one has demonstrated the generation of human iPSCs with a
combination of small molecules in the absence of transcription factors.
The use of small molecules has its own disadvantages, such as multiple targets of the specific small
molecule and unexpected toxicity or in vivo side effects which may interfere with the clinical
application of reprogramming cells (Zhang, Li et al. 2012). However, the use of small molecules for
somatic reprogramming reduces the safety concerns, compared to other methods, by avoiding the
issues caused by the introduction of exogenous TFs (Ma, Xie et al. 2013).

50

Chapter 1

Table 1-4: Transgene delivery methods.
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1.5. Summary
Advances in somatic cell reprogramming have demonstrated that fibroblasts can be directly converted
to expandable neural precursor cells, and subsequently mature neurons and glia, by the introduction
of defined neural transcription factors. This technology has potential for use in the area of neurological
disease modelling and drug development.
We have previously shown that transient ectopic expression of the neural-promoting transcription
factors SOX2 and PAX6 (Maucksch, Firmin et al. 2012, Connor, Firmin et al. 2015) in aHDFs is
sufficient to reprogram them to neural stem/precursor cells, which can be further differentiated to
region-specific neuronal populations. Characterisation of the iNPs shows they express a range of
neural positional markers: SOX1, SOX2, SIX3, PAX6, NGN2, IRX3, HOXB9, NKX6.1, and ASCL1 at
days 65, 75, and 85 post transfection (Maucksch, Firmin et al. 2012). The relative mRNA levels varied
depending on the time the iNPs were collected, indicating that a temporal change of proneural and
region-specific marker expression occurs during reprogramming of iNPs (Maucksch, Firmin et al.
2012). Upon differentiation, the plasmid-derived iNPs give rise to GFAP+ astrocytes and functional
mature neurons expressing TUJ1, MAP2, neuron-specific enolase (NSE), and the subtype-specific
markers VGLUT1, TH, Calbindin, DARPP32, and GAD65/67 (Maucksch, Firmin et al. 2012, Connor,
Firmin et al. 2015).
Despite advances in the field of direct reprogramming for the generation of hiNPs, the understanding
and exploration of the underlying mechanisms governing this process are still limited due to previous
studies focusing on the endpoint of reprogramming. Herein, this project focused on the
characterisation of the direct generation of iNPs from aHDFs by conducting timecourse analyses in
order to understand the molecular profile and cellular events associated with direct reprogramming.
We hypothesis that the molecular profile of iNPs generated from aHDFs is resembled the gene
expression profile of neural stem/precursor cells derived from human pluripotent stem cells. To
investigate this hypothesis, the present research aimed firstly to characterise the temporal profile of
transcription factor expression during the generation of iNPs from aHDFs using reprogramming
medium with both SOX2 and PAX6. In addition, LVs reprogramming may increase the efficiency and
kinetics of reprogramming as compared to the use of plasmid transfection. Therefore, the first aim of
this thesis was achieved by comparing the transcription profile of iNPs during either plasmid-based or
LV-based reprogramming (Chapter 3 and 4). Next, I hypothesised that population with both SOX2 and
PAX6, and either SOX2 or PAX6 alone would give rise to cells that differ in their transcriptional profile
and neuronal differentiation ability, and that neurons with mature phenotypes could be derived only
from iNP cells by delivery of both SOX2 and PAX6. To investigate this hypothesis, iNP cells were
generated by delivery of both SOX2 and PAX6, and either SOX2 or PAX6 alone using plasmid
transfection or LV transduction (Chapter 5). The aim was to investigate the requirement of SOX2
and/or PAX6 for the direct reprogramming of iNPs.
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1.5.1. Hypotheses
1) The temporal expression of iNPs generated from aHDFs is resembled the gene expression
profile of neural stem/precursor cells derived from human pluripotent stem cells.
2) LV transduction will provide higher reprogramming efficiency and kinetics compared to
reprogramming using plasmid transfection.
3) Treatments with both SOX2 and PAX6 and either SOX2 or PAX6 alone will give rise to cells
that differ in transcriptional profile and neuronal differentiation ability. Neurons with mature
phenotypes can be derived only from iNP cells formed by delivery of both SOX2 and PAX6.
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Chapter 2. Methods
2.1. Cell Culture
2.1.1. Adult Human Dermal Fibroblasts
Cell culture techniques were used for direct reprogramming of iNPs from aHDFs. Adult human dermal
fibroblast cells (HDFs) were purchased from Cell Applications Inc. and stored in liquid nitrogen until
use. The types of HDFs used for the study are listed in below (Table 2-1).

Table 2-1: List of adult human dermal fibroblasts used in the study.

2.1.2. Thawing Frozen HDF Cells
All cell culture procedures were performed in a Class 2 biological safety cabinet. Adult HDFs were
revived from liquid nitrogen storage, and HDF growth media (either Fibroblast Growth Medium (Cell
Applications, Inc; 116500) or Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco; 11966-025) + 2%
o

FBS (Foetal Bovine Serum, Gibco; 10094142)) was warmed to 37 C, and a cryovial of frozen cells
o

was removed from liquid nitrogen storage and thawed quickly at 37 C. HDF growth media (10 mL)
was added to a 15 mL centrifuge tube (BD Biosciences; 352096). Once the cells were thawed and
transferred to the HDF growth media, the cryovial was rinsed with a small amount of media to collect
any remaining cells. The cells were then spun at 350g for 5 minutes at room temperature, the
supernatant was discarded, and the pellet was re-suspended in 10 mL for a T75 cell culture flask (In
Vitro Technologies, 156499) or 5 mL for a T25 cell culture flask (Nunc; 156367) using HDF growth
media (Table 2-2). After re-suspension, cells were transferred to the appropriately sized cell culture
flask and swirled gently to achieve an even distribution prior to adhesion to the bottom of the flask.
o

The cells were then placed in the incubator at 5% CO2, 37 C for cell propagation.

2.1.3. Growth of HDF Cells
HDFs were sub-cultured/passaged when they reached ~80% confluence after thawing or replating. To
passage the cells, the HDF growth media in the cell culture flask was removed and the cells were
rinsed once with warm PBS (pH 7.4). Trypsin-EDTA 0.05% (Gibco; 25300-054) was added to T25,
T75 and T175 cell culture flasks (Gibco; 159910) (Table 2-2) to cover the cells. The cells were
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o

incubated with Trypsin-EDTA for 3 ~ 5 minutes at 5% CO2, 37 C (tapping occasionally) until they
detached from the bottom of the flask. HDF growth media was added to inhibit the effect of the
Trypsin-EDTA, and then the cells were collected into either a 15 mL or 50 mL centrifuge tube
(Corning; 430829). The flask was rinsed with HDF growth media one more time until all the cells were
collected. The cells were then spun at 350g for 5 minutes, the supernatant was discarded, and the
cell pellet was re-suspended in HDF growth media by pipetting up and down. The cell suspension
was sub-cultured onto fresh cell culture flasks at a ratio of 1:2 – 1:4, and the cell culture flask was
o

placed back into the incubator set at 5% CO2, 37 C.
The cells were passaged repeatedly until the desired number of cells has been reached for further
procedure. However, the lower passage number (<8) of aHDFs was maintained in order to avoid
slower growth of the cells, that they may be more amenable to subsequent reprogramming.
Table 2-2: Media usage for cell culture in different types of flask.

2.1.4. Freezing HDF Cells
To freeze HDFs for long-term storage, cells were collected from the flask at 70-80% confluence using
Trypsin-EDTA as above. Following cell trypsinisation and centrifugation, a small fraction of the cell
suspension (~7.5 µL) was transferred onto a Neubauer haemocytometer (Weber Scientific, Int.
England), the number of cells in each of the four sixteen-square grids was manually counted under a
Nikon Eclipse TS100 microscope, and the following formula was used to calculate the concentration
of the cells.

After counting, HDFs were frozen down in growth media containing 10% DMSO and 10% FBS, with
0.5 – 1 million cells per vial. The cell suspension was kept in 1 mL aliquots in cryogenic vials and
o

stored at -80 C in an isopropanol freezing container for 24 hours and then transferred to liquid
nitrogen for long-term storage. Cells were frozen down at an early passage number to ensure better
recovery after cell thawing.
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2.2. Molecular Cloning
2.2.1. Vector Constructs
The SOX2 coding sequence (CDS) was cut out of the SOX2-expressing plasmid pCMV-huSOX2
(Maucksch, Firmin et al. 2012) (Appendix 7.1) and inserted into the multiple cloning site (MCS) of
pLVX-IRES-zsGreen1 (Clontech; 632187) (Appendix 7.2; A) to construct the vector plasmid pLVXSOX2-zsGreen (Appendix 7.2; D). Plasmid pLVX-SOX2-zsGreen was constructed by our research
assistant Ms. Erin Firmin.
To construct the plasmid pLVX-PAX6-tdTomato (Appendix 7.2; D), the PAX6 CDS without a poly-A
tail was amplified from the PAX6-expressing plasmid pCMV-SPORT6-PAX6 (Invitrogen) (Appendix
7.1) using touchdown PCR. The amplified PAX6 CDS was then inserted into the MCS of pLVX-IREStdTomato (Clontech; 631238) (Appendix 7.2; B). A poly-A signal may cause cleavage of the mRNA
and probably causes transcriptional termination, therefore the transcriptional termination signal (i.e.
poly-A/3’ UTR) shouldn’t be introduced into the plasmid.

2.2.2. Touchdown PCR
The PAX6 CDS was amplified by PCR out of the pCMV-SPORT6-PAX6 vector using primers with
additional XhoI and XbaI restriction sites on each end (Table 2-3) leaving behind the poly-A tail. A
single reaction of touch down PCR comprised 1 µL of each of the human PAX6 forward and reverse
primers (Table 2-3), 1 µL of 10 mM dNTPs, 1 µL of NEB Taq polymerase, 5 µL of NEB buffer (10x),
and 1 – 5 ng of DNA template pCMV-SPORT6-PAX6. Each reaction was made up to 50 µL with
sterilised water in the PCR tube. The reaction was mixed by gentle pipetting and tapping, and the
PCR tube was placed in a thermal cycler (Thermo; Model HBPX2) which was programmed according
to the PAX6 touchdown PCR settings (Table 2-4). This procedure was used to amplify the desired
DNA fragments for PAX6 CDS, and a reaction lacking DNA template was set up in parallel as a
negative control.

Table 2-3: Primers used for touchdown PCR to amplify the human PAX6 coding sequence.
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Table 2-4: Program settings for PAX6 touchdown PCR.

2.2.3. Preparation of Inserts and Vector Backbones
DNA was size fractionated by electrophoresis on agarose gels in 1x Tris-acetate (TAE) buffer. A gel
of concentration of 0.8% (w/v) agarose was prepared for separation of larger sized (>1kb) DNA
fragments. Approximately 0.8 g of agarose (SeaKem LE agarose, BioWhittaker Molecular
Applications, 50004) was added per 100 mL of 1x TAE buffer and microwaved until melted. When the
agarose had cooled, 1 – 2 µL of ethidium bromide (Invitrogen, 15585-011) was added and the liquid
agarose was swirled gently to mix. This was poured into a casting tray and left to set for 30 minutes.
After touchdown PCR, the PAX6 PCR product containing 1x loading dye (20 µL), Life Technologies;
10816-015) was loaded into a well in the set 0.8% gel alongside 5 µL of 1Kb Plus DNA Ladder (Life
Technologies; 10787-018). Gel electrophoresis was carried out at 100 volts for 30 – 60 minutes. The
gel was visualised under short wave UV light and photographed using the Gel Documentation System
(BioRad), and the band at 1.2 kb (size of PAX6 CDS after amplification) was cut out for purification as
the PAX6 insert. The vector backbone pLVX-IRES-tdTomato was digested using the restriction
enzymes XhoI and XbaI, and the digested vectors were loaded on 0.8% gel for electrophoresis. The
band at 8.9kb (size of pLVX-IRES-tdTomato) was also cut out for purification as the vector backbone.
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The PAX6 insert and the vector backbone were purified using the Gel Purification Kit (Invitrogen;
K2100) and then digested with restriction enzymes XhoI and XbaI in order to create cohesive ends
before DNA ligation.

2.2.4. DNA Ligation
The ligation of the PAX6 insert into the vector backbone was carried out with the ligation mixture
contained 1 µL of T4 DNA ligase (New England Biolabs, MO202S), 3 µL of 10x Ligase Buffer (New
England Biolabs, MO202S), and the amount of insert to vector backbone was a 5:1 ratio in a final
volume of 30 µL with sterile water. Vector backbone (100 ng) was used for DNA ligation, and the
amount of inserts was calculated according to the formula below:

2.2.5. Transformation of Stellar Competent Cells
The ligation mix was transformed into Stellar Competent Cells (Clontech; 636763) in order to
o

reproduce the construct DNA. A 100 µL aliquot of frozen competent cells was taken from -80 C and
thawed on ice. immediately after thawing, the competent cells were mixed gently by tapping and 50
µL of those cells were placed in a cold 1.5 mL microcentrifuge tube. Ligation mix (10 µL) was added
to the cells (50 µL) and mixed gently, and the entire mixture was incubated on ice for 30 minutes. The
o

transformed culture was heatshocked for exactly 60 seconds at 42 C in a heating block and then
o

cooled on ice for 2 minutes. SOC medium was preheated to 37 C and added to the transformed
culture to give a final volume of 500 µL. The transformed culture was then incubated in a shaking
o

incubator set at 220 rpm, 37 C for 1 hour.
Using sterile techniques, 50 µL and 100 µL of transformed cultures were streaked out onto LB Broth
(Lennox, Sigma-Aldrich; L3022) agar plates containing 100 µg/mL ampicillin (Amp). The remaining
transformed cultures were spun briefly in order to get a more concentrated culture, and this (100 µL)
was plated onto LB agar plates containing Amp. Those plates were left to dry at room temperature for
o

15 minutes and then placed into a 37 C incubator where plates were left upside down overnight. The
following day, the plates were removed from the incubator and single colonies (5 – 10) were picked
and inoculated into 5 mL of LB broth containing Amp for small scale DNA preparation using the
PureLink Miniprep kit (Life Technologies; K2100-02). In the meantime, a bacterial glycerol stock was
established for each clone (1200 µL of the bacterial culture and 400 µL of sterile filtered glycerol (60%)
were combined in a sterile microcentrifuge tube), and the glycerol stock was cooled on ice for 2 hours
o

before storage at -80 C.
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2.2.6. Confirmation of Vector Plasmid
Confirmation of the correct sequence by DNA digestion and sequencing was required for each clone.
o

DNA (0.5 µg) from each clone was digested at 37 C for 1 hour with a combination of the enzymes
o

XhoI and XbaI, and the reactions were stopped by incubation at 65 C for 20 minutes. The digested
products and the 1Kb Plus DNA Ladder were run on a 0.8% agarose gel containing ethidium bromide
in order to confirm insertion.
In addition, 6 µg of plasmid DNA from each clone was sent for sequencing with primers designed to
amplify the insert region (Table 2-5). BioEdit alignment editor (Ibis Biosciences) was used to align the
resultant DNA sequences from each clone against the human PAX6 sequence (Appendix 7.3) and the
vector backbone pLVX-IRES-tdTomato sequence for plasmid (pLVX-PAX6-tdTomato) confirmation.
Table 2-5: Primers used for plasmid DNA sequencing.

Once the vector plasmid pLVX-PAX6-tdTomato was confirmed, a small amount of bacterial glycerol
stock was revived by inoculating it in LB broth for preparation of a large amount of plasmid DNA using
the PureLink Maxiprep kit (Life Technologies; K2100-17).
For large-scale DNA preparation of expression plasmids (i.e pLVX-SOX2-zsGreen and pLVX-PAX6tdTomato), the bacterial glycerol stock was incubated in 5 mL of LB medium at 37°C and shaken at
220 rpm for 4 hours as a starter culture. Starter cultures were transferred into 400 mL of LB media
containing the antibiotic Amp (100 µg/mL) at 37°C and shaken at 220 rpm overnight. The maxiprep
procedure was performed the next day according to the manual protocol. Subsequently, DNA pellet
was resuspended in an appropriate volume of Tris-EDTA (TE) buffer in a biological safety cabinet,
and the concentration and quality of the isolated DNA were determined using a Nanodrop (Thermo
Fisher Scientific Inc.) for later applications.

2.3. Lentiviral packaging
2.3.1. Thawing and Growing Lenti-X 293T Cells
To generate infectious vesicular stomatitis virus glyoprotein (VZV-G) pseudotyped lentiviral vector
particles, Lenti-X 293T (Clontech; 632180) was used for packaging. Lenti-X 293T cells are Human
Embryonic Kidney (HEK) 293T/17 cells which have been transformed with temperature-sensitive
large T antigen strain which was selected specifically for its high transfectability.
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Lenti-X 293T cells were thawed and propagated in antibiotic-free DMEM complete medium
comprising DMEM, 1% non-essential amino acids (NEAA, Gibco; 11140), 1% MEM Sodium Pyruvate
(Gibco; 11360), and 10% heat-inactivated, gamma-irradiated Foetal Bovine Serum (FBS). Lenti-X
293T were thawed and propagated according to the procedure described previously (Section 2.1.2).

2.3.2. Poly-D-Lysine Coating
Poly-D-Lysine (PDL) (Sigma-Aldrich; P1149) was used to coat the bottom of culture flasks for
lentiviral packaging. For coating a T75 flask, a minimum of 5 mL PDL (0.1 mg/mL) per flask was used.
The PDL was rocked gently to ensure even coating of the culture flask, and the flask was incubated at
RT for 1 hour. The PDL was aspirated off and the flask was rinsed once with sterile water. The flask
o

was left in an incubator at 5% CO2, 37 C to dry for at least two hours before addition of cells.

2.3.3. Transfection for Viral Packaging
6

After PDL coating, Lenti-X 293T cells were plated out at 7 x 10 cells per T75 flask in 15 mL of
o

antibiotic-free DMEM complete medium and incubated at 5% CO2, 37 C overnight. The density of
Lenti-X 293T should achieve 80-90% confluence for an optimal transfection in the next day.
For transfection for each T75 flask, a DNA mix and a Lipofectamine 2000 mix (Life Technologies;
11668019) were prepared, and made up to 750 µL with Opti-MEM medium. The DNA mix contained
10 µg of lentiviral expression plasmid DNA from either pLVX-IRES-zsGreen, pLVX-IRES-tdTomato,
pLVX-SOX2-zsGreen, or pLVX-PAX6-tdTomato along with packaging helper plasmids (Linterman,
Palmer et al. 2011) pMDLgpRRE (Gag/Pol, 6.5 µg), pMD2.G (VZV-G, 3.5 µg) and pRSV-Rev (Rev,
2.5 µg). A Lipofectamine 2000 mix containing 67.5 µL of Lipofectamine 2000 reagent (3:1
Lipo2000:DNA ratio) was prepared. The DNA mix was added to the Lipofectamine 2000 mix and
combined gently by swirling and tapping. The mixture was incubated at room temperature for 5
minutes to allow complexes to form.
Following the incubation, 1500 µL of the DNA-Lipo2000 mixture was added to the flask and it was
rocked to ensure even distribution. The cells were then incubated with transfection medium at 5%
o

CO2, 37 C for 6 hours. At the end of transfection, the medium was discarded and replaced with fresh
antibiotic-free DMEM complete medium(10 mL per T75 flask), and the cells were incubated at 7.5%
o

CO2, 32 C for 48 hours.

2.3.4. Lentiviral Collection and Purification
Following incubation cells should express the fluorescent protein, which can be observed under a
fluorescent microscope. The medium was collected after transfection and fresh antibiotic-free DMEM
complete media (10 mL per T75 flask) was added again and it was incubated for another 24 hours. At
72 hours after the removal of transfection medium, the medium (containing live viruses) was collected
and pooled with the medium collected at 48 hours after the removal of transfection medium. The
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o

pooled medium from the two time points was spun at 500x g for 10 minutes at 4 C to get rid of cell
debris.
o

The supernatant was transferred to a fresh falcon tube and then re-spun at 7500rpm at 4 C overnight
(approximately 17 hours) for virus concentration. The supernatant was discarded, and the viral pellets
were resuspended at a 400-fold concentration in 1x Hank’s Balanced Salt Solution (HBSS, Life
Technology; 14025). Concentrated virus was then aliquoted in small volumes (i.e 10 µL and 20 µL),
o

and stored at -80 C until use. Once the lentiviruses were thawed they couldn’t be re-frozen, therefore
the volume of the aliquots depended on the usage.

2.3.5. Viral Titre Determination
HT1080 (American Type Culture Collection (ATCC)) cells were used to determine the concentration
of lentivirus. HT1080 cells were thawed and propagated in DMEM complete medium (antibiotic-free
DMEM complete medium with additional 1% PSG).
5

One day prior to viral titre transduction, HT1080 were plated at 3 x 10 cells per well (6-well plate
format) in DMEM complete medium, each well contained 2 mL of medium. The next day,
2

8

concentrated lentivirus (10 µL) was serially diluted from 10 to 10 in DMEM complete medium
containing 24 µg/mL of polybrene. HT1080 cells were transduced by adding 1 mL of the diluted viral
stock to the 2 mL of DMEM complete media in the well (the polybrene concentration was equivalent to
o

8 µg/mL per well). They were incubated at 5% CO2, 37 C for 24 hours. The diluted viral stock was
removed and fresh DMEM complete medium was added. Forty-eight hours later, the cells were
washed with warm PBS and then fixed using 4% PFA. The cells were then rinsed with PBS and
o

stored in PBS at 4 C until quantification.
To calculate viral titre, the number of colonies expressing fluorescent protein was identified under 10x
magnification using an inverted Nikon fluorescent microscope. The number of fluorescenceexpressing colonies per well was determined for each dilution and the concentration of each lentivirus
was calculated. For example, for the titre determination of pLVX-IRES-zsGreen or pLVX-SOX26

zsGreen expressing viruses, the presence of 4 colonies in the 10 dilution would represent a viral titre
6

of 4 x 10 cfu (colony forming units)/mL. The functional viral titre was calculated according to the
formula in below:

Viruses pLVX-IRES-zsGreen and pLVX-IRES-tdTomato, and pLVX-SOX2-zsGreen and pLVX-PAX6tdTomato were made in pairs (Table 2-6) in order to match the viral titres for later usage.
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To help better visualise and count the cells expressing pLVX-IRES-zsGreen/pLVX-SOX2-zsGreen
and

pLVX-IRES-tdTomato/pLVX-PAX6-tdTomato,

immunocytochemistry

was

performed

using

primary antibodies for dsRed and zsGreen (Table 2-7) respectively in order to get an accurate count.

Table 2-6: List of lentiviruses used for transduction.

2.4. Gene Delivery Methods
After multiple cell passaging, a sufficient number of cells should be obtained for experimentation.
Cells were then prepared for gene transfer using either non-viral or viral gene delivery methods.
5

Cells were harvested and seeded at a previously established density of 5 x 10 cells per well onto a 6well Nunc culture dish (Corning; 3516). Cells were maintained in HDF growth media (2 mL/well)
overnight to allow cell attachment. Plasmid transfections or lentiviral transductions were conducted
the following day.

2.4.1. Plasmid Transfection
Two types of transfection reagents were used in this work, Lipofectamine-LTX/-Plus Transfection and
K2 transfection reagents.

Lipofectamine LTX and Plus Transfection
After ensuring that the cells were attached to the 6-well plate, the HDF growth medium was replaced
o

with Opti-MEM (Gibco; 31985062) at 1.5 mL/well and incubated at 5% CO2, 37 C for 1 – 2 hours
before transfection.
5

For transfection of one well of plated HDF cells (5 x 10 ), two mixes were made, one for DNA and one
for LTX, and both were made up to 200 µL with Opti-MEM medium. The DNA mix contained 2.5 µg of
plasmid DNA encoding transcription factor SOX2 (either pCMV-SOX2 or pLVX-SOX2-zsGreen), 2.5
µg of plasmid DNA encoding transcription factor PAX6 (either pCMV-PAX6 or pLVX-PAX6-tdTomato)
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(Appendix 7.1; 7.2), and 5 µL Plus Reagent (1:1 DNA:Plus Reagent ratio). The LTX mix contained 15
µL Lipofectamine LTX Reagent (Life Technology; 15338100; 3:1 LTX:DNA ratio). After both mixes
were prepared, the DNA mix was added to the LTX mix by gently swirling and tapping. The mix was
incubated at room temperature for 5 minutes to allow DNA-LTX complexes to form. For transfection of
more wells or for a smaller area of the culture wells, the volumes were scaled up or down.
Following incubation, 400 µL of the DNA-LTX mix was distributed into one well in a drop-wise manner.
o

Cells were incubated with DNA-LTX mixture at 5% CO2, 37 C for 5 hours. Medium containing the
transfection reagents was removed at the end of the 5-hour incubation and replaced with fresh HDF
growth medium. Cells were maintained in HDF growth medium until 3 days post-transfection (PTF) for
cell adjustment and recovery.

K2 Transfection
Similar to the procedure of LTX transfection, once the cells were attached to the 6-well plate, the
growth medium was replaced with 1.5 mL of Opti-MEM medium and given 10 µL K2 Multiplier per well.
o

The cells were incubated at 5% CO2, 37 C for 1 – 2 hours before K2 transfection (Biontex
Laboratories GmbH; T060-8.0).
5

For transfection of one well of plated HDF cells (5 x 10 ), a DNA mix and a K2 mix were prepared
each was made up to 200 µL with Opti-MEM medium. The DNA mix contained 2.5 µg of SOX2
plasmid (either pCMV-SOX2 or pLVX-SOX2-zsGreen) and 2.5 µg of PAX6 plasmid (either pCMVPAX6 or pLVX-PAX6-tdTomato). The K2 mix contained 15 µL of K2 reagent (3:1 K2:DNA ratio). After
both mixes were prepared, the DNA mix was added to the K2 mix by gently swirling and tapping. The
transfection mixture was incubated at room temperature for 20 minutes to allow DNA-K2 complexes
to form. The mix was scaled up and down according to the area of culture wells.
Following incubation, 400 µL of the DNA-K2 mix was distributed into the well in a drop-wise manner.
Cells were incubated with the DNA-K2 mixture at 5% CO2, 37˚C overnight (17 – 24 hours). Medium
containing the transfection reagents was removed at the end of transfection and replaced with HDF
growth medium. Cells were maintained in HDF growth medium until 3 days PTF for cell adjustment
and recovery.

For HDFs transfected with plasmids containing a fluorescent protein, the fluorescent signal could be
detected 24 – 72 hours PTF under a fluorescent microscope (Nikon Eclipse, TE2000-U). Fluorescent
expression from transfected cells allowed for confirmation of transfection, and the efficiency of
transfection could be determined by passing cells through a FACS machine.
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2.4.2. Lentiviral Transduction
5

5

High density (3 x 10 – 5 x 10 ) of aHDFs were plated out for each well (6-well plate format). Once
o

cells had attached after overnight incubation at 5% CO2, 37 C, the medium was replaced with fresh
HDF growth medium (1 mL) containing 8 µg/mL Polybrene (Sigma-Aldrich; AL-118), 10 µL of SOX2expressing lentivirus (pLVX-SOX2-zsGreen), and 10µL of PAX6-expressing lentivirus (pLVX-PAX6o

tdTomato) (Section 2.3). Cells were further incubated with lentiviruses at 5% CO2, 37 C for 24 hours.
At the end of lentiviral incubation, the transduction medium containing the lentiviruses was removed
and replaced with HDF growth medium. Cells were maintained in HDF growth medium until 3 days
post-transduction (PTD) for cell adjustment and recovery. Fluorescent signal from the transduced
cells could be detected from 72 hours PTD under a fluorescent microscope. Fluorescent expression
allowed for confirmation of transduction, and the efficiency could be determined by passing cells
through a FACS machine. Lentiviruses in the same titre range were used in the transduction in order
to aid the similar efficiency.

2.5. Reprogramming
Reprogramming using neural supportive medium is the process of facilitating direct conversion of
aHDFs to induced neural precursor cells by transfection or transduction of fibroblasts.

2.5.1. Reprogramming of Transfected Cells
Three days after plasmid transfection using either the LTX or K2 system, HDF growth media was
changed to ‘reprogramming media’ containing Neurobasal-A (Gibco), 0.3% D-glucose (Sigma-Aldrich),
1x Penicillin/Streptomycin/Glutamine (PSG; Gibco), 2% B27-RA supplement (Gibco), 20 ng/mL EGF
(PeproTech), 2 µg/mL Heparin (Sigma-Aldrich), 1 mM VPA (Sigma-Aldrich), and 25 ng/mL Midkine
(Peprotech, for the first 18 days of reprogramming only). Cells were pooled using trypsin and replated
5

weekly into a fresh well at an optimal density of 3 x 10 /well (6-well plate) from day 31 PTF for
neurosphere colony formation. The reprogramming media was changed three times weekly until the
end of reprogramming.

2.5.2. Reprogramming of Transduced Cells
Three days after lentiviral transduction, the cells were pooled using trypsin and replated weekly into a
5

fresh well at an optimal density of 5 x 10 /well (6-well plate) using reprogramming media as above but
without Midkine. The reprogramming media was changed three times weekly until the end of
reprogramming.
There were a mixture of adherent and floating cells after the initial re-plating after both transfectionand transduction-mediated reprogramming. Whereas the pure colonies (with few or no fibroblasts)
with various sizes were observed after several replates. Hence, cell medium changes and cell
passaging were conducted with care to ensure that all the cells are retained.
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2.6. Differentiation of Induced Neural Precursor Cells
Following reprogramming of iNPs, the cells were collected and plated out for generation of striatal
neurons using a differentiation protocol adapted from Zhang and colleagues (Zhang, An et al. 2010,
An, Zhang et al. 2012, Maucksch, Firmin et al. 2012), and for generation of mixed neurons using a
differentiation protocol adapted from Brennand and colleagues (2011).
Eight-well multi-chamber slides (Lab-Tek; NUN159910) were coated with Poly-L-ornithine (0.01%
Sigma-Aldrich; P3655) at room temperature for 1 hour. Following this incubation, the coating was
removed and the chambers were left in the safety cabinet overnight with the lid slightly ajar to dry.
o

The following day, the chambers were incubated at 5% CO2, 37 C with Laminin (10 µg/mL, Life
Technologies; 23017-015) for at least 1 hour. Cells were plated at a high density, aiming for 100,000
2

cells/cm (Maucksch, Firmin et al. 2012, Connor, Firmin et al. 2015) onto the coated surface in
differentiation media. Each well of the chamber slide contained 0.3 mL of the relevant media. Media
changes (every 2 days) were performed gently to avoid the cells peeling off. At the end of the striatal
or mixed neuronal differentiation, the cells were fixed for immunocytochemical analysis.

2.6.1. Striatal Neuronal Differentiation Media
For the differentiation of striatal neurons, the coating solution was removed and neuronal striatal
stage 1 media with cells was added immediately while the coating was still wet. Reprogrammed iNPs
were cultured in neuronal striatal stage 1 media containing Neurobasal-A medium, 0.3% D-glucose,
1x PSG, 2% B27-RA supplement, 25 ng/mL FGF2, 0.01 mM Retinoic acid, and with the addition of 1x
N2 supplement (Life Technologies; 17502-048), 250 ng/mL SHH, 100 ng/mL DKK1, 20 ng/mL Brainderived neurotrophic factor (BDNF) (Peprotech; 450-02), and 10 µM Y27632 (Calbiochem; 688001)
for 10 days. Then the cells were given neuronal striatal stage 2 media for about 20 days, which
consists of Neurobasal-A medium, 0.3% D-glucose, 1x PSG, 2% B27 supplement, 25 ng/mL FGF2,
0.01 mM Retinoic acid, and with the addition of 1x N2, supplement, 20 ng/mL BDNF, 10 µM Y27632,
0.5 mM dcAMP, and 0.5 µM Valpromide (Sigma; V3640).

2.6.2. Mixed Neuronal Differentiation Media
For the differentiation of mixed neurons, the coating solution was removed and mixed neuronal
differentiation media with cells was added immediately while the coating was still wet. Reprogrammed
iNPs were cultured for 14 days in the mixed neuronal media containing Neurobasal-A medium, 0.3%
D-glucose, 1x PSG, 2% B27-RA supplement, 25 ng/mL FGF2, 0.01 mM Retinoic acid, and with the
addition of 1x N2, supplement, 20 ng/mL BDNF, 20 ng/mL glial derived neurotrophic factor (GDNF), 1
mM dcAMP, and 200 nM ascorbic acid (Sigma; A4403).
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2.7. Immunocytochemistry
Antibodies for neuronal markers were used to characterise the phenotype of differentiated cells by
immunocytochemistry (ICC). Cells were fixed prior to immunocytochemistry. Cell culture medium was
removed and cells were rinsed once with PBS. Cells were then incubated with ice-cold 4%
paraformaldehyde (PFA) for 10 minutes at room temperature. After removal of PFA, cells were given
o

a gentle PBS wash and stored in fresh PBS at 4 C. Be extremely gentle with the cells to avoid peeling,
and if it is possible, fixing and washing cells with DPBS containing Calcium, Magnesium (Life
Technologies, 14040-133) to better facilitate continued attachment.
After cell fixation, the cells were permeabilised with PBS+0.2% Triton X (Sigma-Aldrich; T8787) three
2 minutes washes at room temperature. Primary antibodies were diluted in PBS with 3% Normal
o

Serum (NS, either Goat or Donkey), and incubated at 4 C overnight. In the following day, cells were
washed with PBS two times 5 minutes. Those cells were then incubated at room temperature with
secondary antibodies which were diluted in PBS+3% NS for 1 hour. DAPI nuclear staining was often
utilised, where DAPI (1:1000) was diluted in PB (0.1 M) and incubated at RT for 10 minutes. The cells
o

were then rinsed once with PB (0.1 M) before being stored at 4 C in PB (0.1 M) for imaging.
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Table 2-7: List of antibodies used for immunocytochemistry.

2.8. Gene Expression Analysis
At various time points during reprogramming, cell samples were collected via trypsinisation and
centrifugation. RNA was extracted from those cell samples, and cDNA was synthesised for qPCR
analysis.

2.8.1. RNA extraction
RNA was extracted from collected iNP colonies using either the NucleoSpin RNA kit (Macherey-Nagel;
740955) or the PureLink RNA kit (Ambion; 12183018A), following the manufacture’s protocol. RNasest

free water was used to elute RNA. To increase the concentration of collected RNA, the 1 eluate was
collected and re-loaded back into the same column for another centrifugation. The RNA was
o

quantified by Nanodrop (BioRad) and then stored at -80 C.

2.8.2. cDNA synthesis
Complementary DNA synthesis was conducted with the SuperScript III First-Strand Synthesis System
(Life technologies; 18080-051) using both oligo(dT)20 and random hexamers and following the
manufacture’s protocol. To eliminate any remaining RNA template, the reaction mix was incubated
o

with 1µL of RNase H at 37 C for 20 minutes for the final step of the process. The synthesised cDNA
was diluted as appropriate and was used directly thereafter for quantitative PCR (qPCR) reactions or
o

stored at -20 C.
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2.8.3. Quantitative PCR
The expression of mRNA for selected neural markers was measured by qPCR, which was performed
in MicroAmpTM Optical 384-well (4343370) reaction plates using the TaqMan system (Applied
Biosystems). A total amount of 4 ng of cDNA was used in a volume of 10 µL per reaction. Each
reaction contained 0.5 µL of FAM-labelled gene of interest expression assay, 0.5 µL of VIC-labelled
reference gene 18S assay (Table 2-8), 5 µL of TaqMan Gene Expression Master Mix (Life
technologies; 4369514), and 4 µL of cDNA (dilute cDNA at 1 ng/µL). Each cDNA sample was run in
triplicate reactions and template-free controls were included for each gene of interest (Table 2-8).
The Applied Biosystems 7900HT Fast Real-Time PCR machine was used to quantify gene
expression under the default PCR thermal cycling conditions (Table 2-9). The cycle threshold (Ct)
values for FAM-labelled samples were analysed and normalised to the VIC-labelled housekeeping
gene (18S rRNA). Fold changes in gene expression were calculated relative to those of the initial
HDF samples using the ΔΔCt method (Livak and Schmittgen 2001). The fold changes less than one
were converted to fold regulatory changes by taking the negative inverse of the value – these
represent the downregulated fold changes.
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Table 2-8: List of Taqman assays used for qPCR.
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Table 2-9: Default PCR thermal cycling conditions.

2.9. Fluorescence-Activated Cell Sorting (FACS)
FACS was utilised for determining the transfection/transduction efficiency and for cell sorting.

2.9.1. Efficiency Analysis
FACS flow cytometry can be performed to investigate the efficiency of gene delivery for cells that
were transfected or transduced with fluorescence-expressing vectors.
In order to validate the efficiency of gene delivery, cells were harvested by trypsinisation, and then
washed and resuspended in FACS buffer containing PBS and 1% FBS. Approximately 100,000 cells
were resuspended in 500 µL FACS buffer for FACS analysis in order to avoid diluting the cells
incorrectly, as an overly diluted solution may increase the time required for FACS analysis, while an
overly concentrated one may block the machine. After resuspending the cells in FACS buffer,
samples were pipetted several times and then passed through a strainer before collection into a round
bottom FACS tubes (BD Falcon; 352003) to ensure single cell suspension. To obtain a robust result
for transfection or transduction efficiency, triplicate wells at 100,000 cells/well (24-well plate) were
prepared, cells from each well were collected and analysed separately.
Following preparation, samples were analysed using a BD LSRII Flow Cytometer with the help of Mr.
Stephen Edgar. The efficiency represents the percentage of cells expressing fluorescent proteins of
the total number of living cells in the sample, as the dead cells were excluded by forward/side
scattering parameters at begining of each flow cytometry experiment.

70

Chapter 2

2.9.2. Cell Sorting
When using the gene delivery system with fluorescence-expressing vectors, the fluorescent signals
could be detected 24 – 72 hours after non-viral transfection and from 72 hours after lentiviral
transduction. During these time frames, the FACS technique can also be used to purify cell
populations based on intracellular expression of the fluorescent proteins.
Cells were harvested by trypsinisation, and then washed and resuspended in FACS buffer containing
either PBS or DMEM medium with 1% FBS (use of DMEM with 1% FBS can improve cell survival
during sorting procedure). The concentration of the sample for cell sorting should between 1 million
and 10 million cells per mL, having a prepared sample with higher cell concentration may shorten the
process of cell sorting, however, the higher concentration of cells may easily form cell clumps and
block the machine. Therefore, the cell sample for sorting must be thoroughly pipetted up and down
after re-suspension and cells must be freshly filtered through a strainer to avoid cell clumps.
Cell sorting was performed using the FACs machine (BD LSRII Flow Cytometer) with the help of Mr.
Stephen Edgar, and up to four populations were sorted at the same time. Cells were collected in the
culture medium using round bottom FACS tubes and then plated out onto culture plates in an
appropriate concentration (dependent on the number of cells that were collected). To restore cells that
were not surviving well after sorting, a high concentration of serum (i.e. 10% FBS) was included for
the first few days in the culture media. The serum was withdrawn once the sorted cells were attached
to the plate.
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Chapter 3. Temporal Profile of Proneural and RegionSpecific Markers during Generation of Induced Neural
Precursor Cells using Non-Viral Plasmid Transfection
3.1. Introduction
We have previously shown that transient ectopic expression of neural-promoting transcription factors,
SOX2 and PAX6 (Maucksch, Firmin et al. 2012, Connor, Firmin et al. 2015), in aHDFs is sufficient to
reprogram them into neural stem/precursor cells, which can be further differentiated into regionspecific neuronal populations. Characterisation of the iNPs shows they express a range of neural
positional markers: SOX1, SOX2, SIX3, PAX6, NGN2, IRX3, HOXB9, NKX6.1, and ASCL1 at days 65,
75, and 85 post transfection (Maucksch, Firmin et al. 2012). Upon differentiation, the plasmid-derived
iNPs give rise to GFAP+ astrocytes and functional mature neurons expressing TUJ1, MAP2, NSE,
and the subtype-specific markers VGLUT1, TH, Calbindin, DARPP32, and GAD65/67 (Maucksch,
Firmin et al. 2012, Connor, Firmin et al. 2015).
The relative mRNA levels vary depending on the time the iNPs were collected, indicating that a
temporal change of proneural and region-specific marker expression may have occurred during
reprogramming of iNPs (Maucksch, Firmin et al. 2012). Therefore, the aim of this chapter is to
investigate the temporal profile of proneural and region-specific gene expression during
reprogramming. This study focuses on the genes that are known to regulate human neural
development processes, based on both the timing of human neural development and the regionspecific identity of the developing human brain (Figure 3-1). These include specification of neural
induction and the formation of the forebrain, midbrain, and hindbrain.
Human neural development originating from hiPSCs and hESCs shares a similar gene profile with
variable potency (Hu, Weick et al. 2010). This chapter aims to determine whether or not the direct
reprogramming of iNPs using plasmid transfection resembles the sequential gene profile observed
during human neural development.
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Figure 3-1: Transcription factors associated with different neural progenitor populations during human
neural development.
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3.2. Methods
HDFs (line #2352) were proliferated and plated out (500,000 per well for 6-well plates) for plasmid
transfection with both pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato (Chapter 2.4.1). During
reprogramming, transfected cells were maintained in reprogramming media without replating for 31
days after transfection (Day 3 – 31 post transfection) followed by weekly replating of the cells for days
31 – 66 post transfection (passage 1 – 5). At each time point (except day 66 post transfection),
biological triplicate samples were collected (Figure 3-2).
After cell collection, RNA was extracted (Section 2.8.1) and ran through a TapeStation (Agilent; 2200)
to confirm the integrity of the RNA. The expression of genes (Table 2-8) controlling neural induction,
forebrain, midbrain, and hindbrain specification was examined using Taqman assays (Section 2.8.3).

Figure 3-2: Schematic representation of the iNP reprogramming process and time points for cell
collection.

3.2.1. Quantitative PCR Analysis
The expression of mRNA for selected neural markers was measured by qPCR using the TaqMan
system (Applied Biosystems; Section 2.8.3). The amplification efficiency of Taqman Gene Expression
Assays are tested extensively by Applied Biosystems, and all Taqman Gene Expression Assays have
a high (>90%) amplification efficiency (AppliedBiosystems 2004). In this study, the normalisation of
gene expression was determined using a single housekeeping gene, 18S rRNA; it has been validated
by our research assistant Ms. Erin Firmin that 18S is expressed abundantly and stably in cells
throughout the reprogramming process.
Fold changes in gene expression were calculated relative to those of the initial aHDF samples using
the ΔΔCt method (Livak and Schmittgen 2001). The neural markers in human fibroblasts are not
expressed or expressed in a low levels (Janmaat, de Rooij et al. 2015, Huang, Miller et al. 2016, Li,
Sun et al. 2016), therefore the normalization of proneural and region-specific gene expression relative
to aHDFs may create variability. However, the purpose of this study is to demonstrate the generation

74

Chapter 3

of iNPs from aHDFs by characterising the change in neural-specific gene expression relative to the
original cell source during reprogramming, rather than to compare the characteristics of aHDF-derived
iNPs with other cell lines, e.g. hiPSC-derived iNPs or hESC-derived iNPs. Hence, aHDFs are
appropriate as the baseline for determination of gene changes (Cheng, Hu et al. 2014, Zhu,
Ambasudhan et al. 2014, Li, Sun et al. 2016, Shahbazi, Moradi et al. 2016).
Triplicate qPCR values from each time point were expressed as mean ± SEM. Differences between
means were assessed by one-way analysis of variance (ANOVA) and Dunnett’s post hoc tests, and p
< 0.05 was considered statistically significant. The statistical significance does not reflect the fold
change of gene expression relative to the control aHDFs, hence this study also employs a biologically
meaningful assessment by using an accepted (2-fold) cut off (DeRisi, Penland et al. 1996, Schena,
Shalon et al. 1996, Hui and Feng 2013) to analyse the qPCR data. However, it must considered that
a minimal change in transcription factor levels may still have a huge effect on downstream targets.
Analysis of gene expression based on either p-value or fold change cut off can alter the interpretation
of gene expression significantly (Dalman, Deeter et al. 2012). The most stringent criteria would be a
combination of both p-value and fold change cut-offs in order to give a statistically and biologically
meaningful assessment (Dalman, Deeter et al. 2012).
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3.3. Results
3.3.1. Co-localization and Detection of Transgene Protein
The expression plasmids pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato have respectively the
transgenes SOX2 and PAX6 located upstream of their fluorescent detection protein, zsGreen or
tdTomato (See Appendix 7.2). To confirm that the expression of SOX2 or PAX6 transgenes colocalized with the corresponding fluorescent detection proteins, HDF cells were transfected with either
pLVX-SOX2-zsGreen

or

pLVX-PAX6-tdTomato

and

fixed

one

day

post

transduction

for

immunocytochemistry with SOX2 or PAX6 antibodies (Chapter 2.7). The results showed colocalisation of the nuclear marker DAPI with both SOX2 and PAX6 which confirmed nuclear
expression of both transgenes (Figure 3-3). In addition, the fluorescent detection proteins zsGreen
and tdTomato were expressed in both the nucleus and cytoplasm of transduced cells (Figure 3-3).
These results indicate that the fluorescent detection proteins zsGreen or tdTomato were coexpressed with the transgenes SOX2 and PAX6 as expected, and the expression of zsGreen or
tdTomato represented SOX2 and PAX6 expression, respectively.

Figure 3-3: Co-localisation of ectopic transgene and reporter protein.
Fluorescent images of HDF cells transfected with expression plasmids (A) pLVX-SOX2-zsGreen and (B)
pLVX-PAX6-tdTomato. Co-localisation of a nuclear stain (DAPI; blue) with (A) SOX2 (red) and (B) PAX6
(green) can be seen at one day post transfection in cells also expressing the detection proteins zsGreen
and tdTomato respectively. Scale bar = 50 µm.
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3.3.2. Morphological Changes for Transfection of Reprogrammed Cells
HDFs were plated out as per Section 2.4.1 one day prior to plasmid transfection to allow the
fibroblasts to adhere to the bottom of the plates. Transfected HDFs were allowed to recover in HDF
growth media for 3 days after transfection, before culturing in neural reprogramming medium (Section
2.5.1). Due to the cytotoxicity of Lipofectamine transfection, severe cell death was observed in culture
shortly after transfection (days 1 – 3 post transfection) (Figure 3-4; D3), then, cell numbers recovered
(days 3 – 31 post transfection) (Figure 3-4; D17 – D31).
When the cells were observed under a fluorescence microscope, the cultures exhibited a mixture of
cells expressing either SOX2-zsGreen (green), PAX6-tdTomato (red) or neither, and a population of
cells expressing both SOX2-zsGreen and PAX6-tdTomato (yellow). From days 3 – 10 post
transfection, the fluorescence was downregulated (Error! Reference source not found.) indicating
the transient nature of the plasmid transfection.
After the initial cell replate at day 31 post transfection, the cells exhibited morphological changes
(Figure 3-4). Cells changed from having an elongated and thin fibroblast morphology to a round
morphology that formed networks (days 33 – 38 post transfection). After the 2

nd

th

to 4 replates (days

38, 45, and 52 post transfection), the cells generated colonies resembling the neurospheres
commonly observed for neural precursor cells (Marshall, Reynolds et al. 2007) 2 days after each
replate (at days 40, 47, and 54 post transfection). However, 7 days after each replate (at days 45, 52
and 59 post transfection) a monolayer cell culture with networks was again observed.
These results demonstrate that transient ectopic expression of SOX2 and PAX6 by plasmid
transfection can generate cells with a morphology characteristic of neural precursors. It is importantly
to note that, colony formation was achieved in the absence of a feeder layer.
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Figure 3-4: Images showing the morphology changes seen during plasmid transfection reprogramming.
Brightfield images of aHDFs were taken prior to the transfection (from top left). At day 3 post transfection (D3), there was a reduction in cell number due to the
transfection. Images of cells were taken at the time of replating on days 31, 38, 45, 52, and 59 post transfection (D31, 38, 45, 52, and 59), and two days after each
nd
replate (D33, 40, 47, and 54). Cell morphology changed after the initial replate at day 31 post transfection (D31). From the 2 replate, cell colonies formed two days
after each replate, and those colonies spread out to from a monolayer before the next replate. Scale bar = 100 µm.
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Figure 3-5: Transient expression of pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato follow plasmid
transfection.
The fluorescent proteins were expressed at day 3 post transfection. After the transfected cells were
cultured in the reprogramming media, the fluorescence expression decreased from days 3 to 10 post
transfection. The fluorescence expression was not detectable at day 10 post transfection. Scale bar = 100
µm.

79

Chapter 3

3.3.3. RNA Quality Assessment
The transfected cells were collected at various time points during reprogramming (Section 2.8). After
extraction of RNA, as per Section 2.8.1, the quality of the RNA was determined by scoring the RNA
Integrity Number (RIN). RINs generated by TapeStation (Figure 3-6) shows the ladder (lane A),
aHDFs (lane B), and iNP reprogramming lines from different time points (lanes C to K). The ladder
specifies the nucleotides (nt) of the denatured RNA. The RINs indicated that the integrity of RNA
samples collected ranged from 9.3 to 9.9, confirming that the RNA samples extracted from cells
collected during reprogramming were of high quality (RIN > 8) (Fleige, Walf et al. 2006). Importantly,
the tested RNA gave clean, sharp bands without smearing indicating minimal RNA degradation of the
purified samples.

Figure 3-6: TapeStation analysis of RNA integrity.
RINs generated by TapeStation showed the ladder (lane A), HDFs (lane B), and iNP reprogramming cells
collected at various time points (lane C, day 3; lane D, day 10; lane E, day 17; lane F, day 24; lane G, day
31; lane H, day 38; lane I, day 45; lane J, day 52; lane K, day 59) during reprogramming. The ladder
specifies the nucleotides (nt) of the denatured RNA.
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3.3.4. Temporal Profile of Gene Expression during Direct Reprogramming
Quantitative PCR was performed after cDNA synthesis, as per Section 2.8.2, in order to examine the
temporal expression of neural stem, proneural, and regional developmental genes during
reprogramming to iNPs. The results in this chapter are first presented according to their
developmental identity and then in an order of temporal profile.

Expression of Neural Crest Marker for aHDFs
The neural crest markers SOX10 and PAX7 were investigated in the parent aHDFs to assess the
possibility of neural crest contamination. SOX10 and PAX7 were not detected in parent aHDFs,
confirming that aHDFs are not contaminated with neural crest cells.
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Ectopic Transgene Expression
Expression of the ectopic transgenes SOX2 and PAX6 was increased after plasmid transfection
(Figure 3-7). The mRNA expression level for both transgenes was increased at day 3 post
transfection compared to control aHDFs, with fold changes becoming smaller during the
reprogramming process.
There was a statistically significant (p = 0.0218) difference in SOX2 expression relative to aHDFs over
time. SOX2 expression was induced to approximately 700,000-fold relative to aHDFs at day 3 post
transfection, followed by a decrease to about 2000-fold relative to aHDFs at day 10 post transfection.
The expression of SOX2 was decreased further to 700-fold at day 17 and again to 400-fold at day 31
post transfection. At day 38 post transfection (7 days after the first replate), the level of expression fell
to 100-fold relative to aHDFs and continued to decrease to approximately 20-fold at days 45 and 52
post transfection. The fold change relative to aHDFs remained at 12-fold at days 59 and 66 post
transfection (Figure 3-7; Table 3-1). SOX2 expression at days 10 – 31, 52, and 59 post transfection
was significantly higher compared to the aHDFs. There was no significant difference at days 3, 38, 45,
and 66 post transfection compared to aHDFs.
There was a statistically significant (p = 0.0017) difference for PAX6 expression relative to aHDFs
over time. Ectopic PAX6 expression was induced to approximately 80,000-fold at day 3 post
transfection. The level of expression was then reduced to approximately 700-fold at day 10 post
transfection. PAX6 expression remained between 200-fold and 100-fold relative to aHDFs during days
17 and 31 post transfection. At day 38 post transfection (7 days after the first replate), the level of
expression decreased to 30-fold, and then remained at 10-fold from days 45 to 66 post transfection
(Figure 3-7; Table 3-1). PAX6 expression in the reprogrammed cells at days 3 – 38 post transfection
was significantly higher compared to the aHDFs. There were no statistically significant differences for
days 45 – 66 post transfection compared to the aHDFs.
These results indicate significant induction of ectopic gene expression of SOX2 and PAX6
immediately after transfection. Although there is a dramatic decrease of both SOX2 and PAX6
expression from day 3 to 10 post transfection, the expression gradually decreased afterward with the
fold changes of ectopic genes relative to control aHDFs and remained elevated to the end of
reprogramming.
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Figure 3-7: mRNA expression of ectopic transgenes SOX2 and PAX6 relative to control aHDFs over time
(p < 0.05; *).
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Neural Stem Cell Gene Expression
The NSC marker OCT4 exhibited no statistically significant (p = 0.5629) difference in mRNA
expression relative to control aHDFs during reprogramming. The expression of OCT4 at each time
point was also below the 2-fold cut-off (Figure 3-8; Table 3-1).
There was a statistically significant (p = 0.0045) difference in HES5 expression relative to control
aHDFs over time. HES5 was significantly upregulated by 45-fold (Table 3-1) relative to control aHDFs
at day 3 post transfection. HES5 expression for the rest of time points at days 10 – 66 post
transfection had no statistically significant differences relative to aHDFs, and the fold changes were
below the 2-fold cut-off (Figure 3-8; Table 3-1).
These results indicate that during reprogramming of iNPs using SOX2 and PAX6 plasmid transfection,
the expression of early undifferentiated NSC marker OCT4 were not induced at all, whereas HES5
was significantly induced at day 3 post transfection and then downregulated for the rest of time points.

Figure 3-8: mRNA expression of neural stem cell markers OCT4 and HES5 relative to control aHDFs over
time (p < 0.05; *).
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Expression of Neuroectoderm Genes
The genes expressed in the anterior neuroectoderm were examined over time during iNP
reprogramming (Figure 3-9). The PAX6-expressing plasmid (pLVX-PAX6-tdTomato) used in this
study contains only its coding sequence (CDS), therefore, an assay which locates the 3’UTR of the
PAX6 sequence was used to determine whether over-expression of ectopic PAX6 during
reprogramming turned on the endogenous PAX6. There was no statistically significant (p = 0.0700)
difference in endogenous PAX6 expression over time. However, the expression of endogenous PAX6
was induced approximately 2-fold relative to aHDFs at days 3, 59, and 66 post transfection, and it
was downregulated 2- to 3-fold at days 17, 24, and 31 post transfection (Table 3-1). Expression of
endogenous PAX6 was below the 2-fold cut-off for the other time points at days 10 and 38 – 52 post
transfection (Figure 3-9).

Figure 3-9: mRNA expression of the forebrain anterior patterning genes PAX6, SIX3, LHX2 and FOXG1
relative to control aHDFs over time (p < 0.05; *).
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There was a statistically significant (p = 0.0393) difference for SIX3 expression relative to the control
aHDFs. SIX3 expression was statistically significantly higher in the reprogrammed cells at days 52 –
59 post transfection compared to the aHDFs. There were no statistically significant differences for
days 3 – 45 and 66 post transfection compared to aHDFs. However, the expression of endogenous
PAX6 and SIX3 shared a similar expression profile, a SIX3 was initially downregulated 4- to 5-fold at
days 17, 24, and 31 post transfection. SIX3 expression was then upregulated approximately 4-fold
from days 52 to 66 post transfection. Expression of SIX3 remained below the 2-fold cut-off for other
time points at days 3, 10, and 38 – 45 post transfection (Figure 3-9; Table 3-1).
There was no statistically significant difference observed for expression of LHX2 (p = 0.3023) and
FOXG1 (p = 0.1207) during reprogramming compared to aHDFs. The fold change of LHX2 was
induced 2.6-fold and 2.1-fold at days 38 and 52 post transfection, respectively. The expression of
LHX2 generally remained below the 2-fold cut-off from days 3 – 31, 45, 59 and 66 post transfection.
The expression of FOXG1 was induced 4.7-fold relative to control aHDFs at day 3 post transfection,
and it was upregulated 2- to 3-fold at days 38 – 66 post transfection. The FOXG1 remained below the
2-fold cut-off at days 10 – 31 post transfection (Figure 3-9).
Overall, it was observed that endogenous PAX6 and SIX3 shared a similar temporal pattern of
expression, with both genes downregulated at the beginning of reprogramming and their expression
induced at the end of reprogramming. The expression of LHX2 and FOXG1 was initiated from days
31 – 45 post transfection, whereas the expression of neuroectoderm genes PAX6 (endogenous),
LHX2, FOXG1, and SIX3 were predominantly expressed from days 52 to 66 post transfection.
Importantly, the SIX3 was significantly upregulated at days 52 – 59 post transfection compared to
aHDFs.
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Expression of Forebrain Dorsal Positioning Genes
The genes regulating dorsal positioning of the forebrain were examined over time during iNP
reprogramming (Figure 3-10).
There was no statistically significant difference observed in the expression of NGN2 (p = 0.1512) and
BRN2 (p = 0.5343) during reprogramming compared to aHDFs. NGN2 expression was induced 4.6fold, 3.4-fold, 2.4-fold, and 2.8-fold relative to aHDFs (Table 3-1) at days 3, 31, 52, and 59 post
transfection, respectively. The fold change of NGN2 was below the 2-fold cut off for days 10 – 24, 38,
45, and 66 post transfection (Figure 3-10). The expression of late forebrain dorsal marker BRN2
relative to control aHDFs remained below the 2-fold cut-off at time points during reprogramming.
The potential expression NGN2 but not BRN2 demonstrates that iNPs may exhibit an early stage
dorsal telencephalic progenitor phenotype during reprogramming (Mariani, Simonini et al. 2012,
Imayoshi and Kageyama 2014).

Figure 3-10: mRNA expression of forebrain dorsal positioning markers NGN2 and BRN2 relative to
control aHDFs over time.
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Expression of Forebrain Ventral Positioning Genes
The genes regulating ventral positioning of the forebrain were examined over time during iNP
reprogramming (Figure 3-11).
Expression of the ventral marker GSH2, involved in the specification of LGE progenitors, was
upregulated 3.1-fold and 2.3-fold relative to control aHDFs at days 3 and 10 post transfection,
respectively. GSH2 remained below the 2-fold cut-off from days 17 – 31 and 66 post transfection. The
expression of GSH2 was induced from 4.4-fold at day 38 post transfection to 3.3-fold at day 59 post
transfection, with the greatest level of expression observed at day 38 post transfection (Table 3-1).
However, there was no statistically significant (p = 0.3114) difference for GSH2 expression over time
relative to aHDFs.
There was a statistically significant (p = 0.0043) difference for DLX2 expression relative to control
aHDFs. DLX2 was significantly induced 11.9-fold relative to control aHDFs at day 3 post transfection.
There were no statistically significant differences at days 10 – 66 post transfection compared to
aHDFs. However, the expression of DLX2 was induced 3.6-fold and 2.1-fold at days 38 and 45 post
transfection, respectively. The DLX2 expression remained below the 2-fold cut-off from days 10 – 31
and 52 – 66 post transfection. Finally, the expression of ASCL1 and NKX2.1 (the ventral markers for
the specification of MGE progenitors) was not detected during reprogramming.
The results demonstrate the induction of GSH2 and DLX2 at day 3 post transfection. The
reprogrammed iNPs exhibit expression of GSH2 and/or DLX2, representative of a potential ventral
telencephalic LGE progenitor fate, from days 38 – 59 post transfection. In contrast, no expression of
NKX2.1 and ASCL1 (representative of MGE progenitor fate) was detected during reprogramming.

Figure 3-11: mRNA expression of the forebrain ventral positioning genes GSH2 and DLX2 relative to
control aHDFs over time (p < 0.05; *).
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Expression of Midbrain and Hindbrain Positioning Genes
Expression of the midbrain/hindbrain marker EN1 remained below the 2-fold cut-off from days 3 – 24
and 38 post transfection. The expression of EN1 was induced 2.1-fold relative to the control aHDFs at
day 31 post transfection, and EN1 was upregulated from 2.0- to 2.4-fold from days 45 – 66 post
transfection with a peak expression of 3.9-fold at day 59 post transfection. However, there was no
statistically significant (p = 0.1401) difference in EN1 expression during reprogramming relative to
aHDFs.
There was a statistically significant (p = 0.0021) difference in GBX2 expression relative to the control
aHDFs. The expression of hindbrain marker GBX2 was significantly induced 17.1-fold at day 3 post
transfection, and there were no statistically significant differences at days 10 – 66 post transfection
compared to aHDFs. A 2.2-fold downregulation of GBX2 was observed at day 10 post transfection,
and GBX2 expression remained below the 2-fold cut-off for the rest of time points. The expression of
the forebrain/midbrain marker OTX2 and the midbrain/hindbrain marker IRX3 was not detected during
reprogramming.
The presence of EN1 but not OTX2 is suggestive of the hindbrain (Xi, Liu et al. 2012). However, the
lack of the hindbrain markers GBX2 and IRX3 indicates that the plasmid-derived iNPs were unlikely to
acquire any midbrain or hindbrain regional fate.

Figure 3-12: mRNA expression of the midbrain and hindbrain gene EN1 relative to control aHDFs over
time (p < 0.05; *).
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Table 3-1: Fold change of proneural and region-specific markers in plasmid-derived iNPs*.

* Grey = fold change below 2-fold cut off; Blue = downregulated fold change > 2 relative to control aHDF;
Red = upregulated fold change > 2 relative to control aHDF.
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3.3.5. Gene Expression during Different Phases of Reprogramming
Following the temporal analysis of neural developmental gene expression during reprogramming, the
gene profile was further analysed. Results were grouped into four reprogramming phases: phase 0,
phase 1, phase 2, and phase 3. Phase 0 is the time point at day 3 post transfection when the
transfected aHDFs were collected prior to the culture in the reprogramming media. Phase 1 is defined
as the period between initial reprogramming and the first replate. Phase 2 is the time frame between
the first and second replates (P1 – 2). The phase 3 is the time frame between third and fifth replates
(P3 – 5).

Gene Expression at Phase 0 (Day 3 Post Transfection)
At day 3 post transfection, the transfected cells have not yet been cultured in reprogramming media,
however HES5, FOXG1, endogenous PAX6, NGN2, GSH2, DLX2, and GBX2 were induced at phase
0 (day 3 post transfection).

Figure 3-13: Expression of neural developmental genes relative to control aHDFs at phase 1 (day 3 post
transfection) of reprogramming.
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Gene Expression at Phase 1 (Days 10 – 31 Post Transfection)
The expression of proneural and region-specific genes in iNPs during phase 1 of reprogramming was
analysed (Figure 3-14). At day 10 post transfection, the expression of all proneural and region-specific
genes remained below the 2-fold cut-off relative to aHDFs, except for the induction of the LGE
progenitor marker GSH2 and the downregulation of GBX2. At days 17, 24, and 31 post transfection,
the neuroectoderm marker SIX3 and endogenous PAX6 were downregulated relative to aHDFs.
Further reprogramming for up to 31 days after transfection resulted in the induction of NGN2 and EN1.
In contrast, expression of the neuroectoderm markers LHX2 and FOXG1, and the late dorsal
forebrain marker BRN2 did not change relative to aHDFs from days 10 – 31 post transfection.
During phase 1 of reprogramming, the temporal profile revealed the upregulation of GSH2, NGN2,
and EN1 and the downregulation of SIX3, endogenous PAX6, and GBX2. The inconsistency in
expression observed in these gene profiles suggest that cells at phase 1 of reprogramming may not
yet possess a defined phenotype.

Figure 3-14: Expression of neural developmental genes relative to control aHDFs at phase 1 (days 10 – 31
post transfection) of reprogramming.
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Gene Expression at Phase 2 (Passage 1 – 2; Days 38 and 45 Post Transfection)
During phase 2 of reprogramming, the neuroectoderm marker LHX2 and the midbrain/hindbrain
marker EN1 were expressed at days 38 (P1) and 45 (P2) post transfection, respectively. Meanwhile,
FOXG1 and the LGE markers GSH2 and DLX2 were expressed at both days 38 and 45 post
transfection (P1 and P2) (Figure 3-15). This suggests that, at phase 2 of reprogramming, the
transfected cells may contain heterogeneous populations of neural precursors with neuroectoderm
and ventral telencephalic LGE phenotypes.

Figure 3-15: Expression of neural developmental genes relative to control aHDFs at phase 2 (days 38 – 45
post transfection) of reprogramming.
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Gene Expression at Phase 3 (Passage 3 – 5; Days 52, 59, and 66 Post
Transfection)
For cells at phase 3 of reprogramming (Figure 3-16), the gene profile showed that the neuroectoderm
markers LHX2, FOXG1, SIX3, dorsal marker NGN2, the LGE marker GSH2, and EN1 were
expressed at day 52 post transfection (P3). FOXG1, SIX3, endogenous PAX6, NGN2, and GSH2
were also expressed at day 59 post transfection (P4). FOXG1, SIX3, and endogenous PAX6
continued to be expressed at day 66 post transfection (P5). The midbrain/hindbrain marker EN1, but
not GBX2, was induced from days 52 – 66 post transfection. These results suggest that the
transfected cells at phase 3 of reprogramming may contain heterogeneous populations of neural
precursors with neuroectoderm, dorsal telencephalic, and ventral telencephalic LGE progenitor
phenotypes.

Figure 3-16: Expression of neural developmental genes relative to control aHDFs at phase 3 (days 52 – 66
post transfection; n = 3 days 52 and 59; n = 1 day 66) of reprogramming.
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3.4. Discussion
3.4.1. Overview
The previous findings from our lab (Maucksch, Firmin et al. 2012) indicated a potential temporal
change in proneural and region-specific marker expression during direct reprogramming of aHDFs to
iNPs. It was known that human neural development originating from hiPSCs and hESCs share a
similar gene profile with variable potency (Hu, Weick et al. 2010). The aim of the current study was to
assess the temporal profile of proneural and region-specific gene expression during the conversion of
aHDFs to iNPs to determine whether reprogrammed iNPs express the sequential gene profile
observed in human neural development (Figure 3-1).
This chapter demonstrates that plasmid-derived iNPs do not express the temporal gene expression
profile observed in human neural development (Figure 3-17). The results suggest that direct
reprogramming of aHDFs using SOX2 and PAX6 generates a heterogeneous population of neural
precursor-like cells that exhibit a gene profile initially representative of neuroectoderm and then
progress to dorsal and ventral telencephalic phenotypes. This led us to propose that aHDFs-derived
iNPs by plasmid transfection of SOX2 and PAX6 should be able to generate neurons representative
of the telencephalic region of the developing human brain.
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Figure 3-17: Schematic representation of the expression of neural developmental genes during direct
reprogramming of iNPs.
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3.4.2. Morphology Changes during Reprogramming
After the first replate at day 31 post transfection, our plasmid-derived iNPs changed from elongated
and thin fibroblast morphology to a round morphology that formed networks and exhibited a notable
expression of proneural and region-specific genes. Morphological change is often the first observation
during a proper reprogramming event, with cells that remain fibroblast-like undergoing apoptosis,
senescence, or cell cycle arrest (Plath and Lowry 2011). The weekly replate in our plasmid-derived
iNP reprogramming strategy could potentially remove non-reprogrammed cells, and led to a more
pure population of reprogrammed cells with a neural precursor fate. It may explain the induction of
neural-specific genes after the cellular replate.
Apart from the observation of morphological changes in this study, it had been recorded in our
previous publication that the primary colonies were mechanically dissociated to single cells after the
first cell replate and gave rise to secondary colonies with increased cell diameter, indicating the
proliferative capability of plasmid-derived iNPs using SOX2 and PAX6 (Maucksch, Firmin et al. 2012).
DNA replication may be prerequisite for permitting epigenetic changes, such as DNA and histone
modifications, to occur (Hanna, Saha et al. 2010). Hence, we postulated that cells undergoing
morphological changes may lead to an induction of proliferation (Ruiz, Panopoulos et al. 2011,
Buganim, Faddah et al. 2013), which participates in deactivation of somatically active genes (Liang,
He et al. 2012, Onder, Kara et al. 2012) and promotes differentiation toward a neural lineage
commitment (Hirabayashi and Gotoh 2010, Kim, Park et al. 2014) for specification of neural precursor
cell fate.
Neurosphere colony formation (Rietze and Reynolds 2006, Marshall, Reynolds et al. 2007) were
observed 2 days after the replate at days 40, 47, and 54 post transfection and coincided with the
colony formation observed in our previous observation of SOX2/PAX6 transfected iNP generation
(Maucksch, Firmin et al. 2012). Moreover, a monolayer cell culture reformed from the colonies and
was observed in this plasmid reprogramming 7 days after the replate at days 45, 52, and 59 post
transfection. This is consistent with the observation in SOX2 infected iNSCs (Ring, Tong et al. 2012).
This further indicates that passaging iNPs as a monolayer may be an approach to generate a
population of NP-like cells (Ring, Tong et al. 2012). It is important to note that colony formation
followed by monolayer reformation was achieved in the absence of an MEF feeder cell layer. The
feeder-free strategy reduces the risks of transferring exogenous antigens, unknown viruses, or
zoonotic pathogens to the generated cell populations which makes it a suitable approach for
generating iNPs for clinical application (Thomson, Itskovitz-Eldor et al. 1998, Seki and Fukuda 2015).
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3.4.3. Temporal Profile of Proneural and Region-Specific Markers
This chapter and the next (Chapter 4) focused on measuring the mRNA expression of proneural and
region-specific markers for aHDFs-derived iNPs. The respective protein level assessment was not
conducted for all the investigated genes.

Lack of Neural Crest Marker in Parent aHDFs
Neural crest cells are a multipotent stem cell-like population which emerge at the interface between
the non-neural ectoderm and the dorsal region of the neural plate (Crane and Trainor 2006). They
migrate extensively to form a diverse range of both neuronal and non-neuronal derivatives (Selleck
and Bronner-Fraser 1996, Lee, Chambers et al. 2010). The hESC-derived neural crest cells express
SOX10 and PAX7 (Colleoni, Galli et al. 2010, Milet and Monsoro-Burq 2012). A recent study (Cho,
Cargnin et al. 2014) found that overexpression of the neural crest marker SOX10 in combination with
extrinsic factors can convert human postnatal fibroblasts to induced neural crest (iNC) cells. This
indicates that not only is SOX10 expressed in neural crest cells, it is also critical for the formation of
neural crest cells (Kelsh 2006, Betancur, Bronner-Fraser et al. 2010) even during direct conversion of
human fibroblasts.
As determined by qPCR, neither SOX10 nor PAX7 were expressed in the parent aHDFs used in this
study. This indicates that the generation of iNPs was not due to contamination of the parent aHDF
population with neural crest cells or cells in a ‘neural crest stem-like cell’ state. As such, we propose
that the iNPs generated were derived from aHDFs through SOX2/PAX6 reprogramming.

Expression of SOX2 and PAX6
There was a significant induction of ectopic gene expression of SOX2 and PAX6 at day 3 post
transfection followed by a dramatic decrease in expression at day 10 post transfection. The large
decrease in transgene expression from day 3 to 10 post transfection coincided with the
disappearance of fluorescent expression by day 10 post transfection which is consistent with the
transient nature of plasmid transfection. Both SOX2 and PAX6 expression were gradually decreased
from days 17 – 66 post transfection. However, the ectopic expression of both SOX2 and PAX6
remained elevated throughout reprogramming suggesting that either 1) transgene expression may not
be completely silenced during reprogramming, 2) remaining transgene expression may take time to
be eliminated from transfected cells, or 3) endogenous expression of transgenes may be induced
during reprogramming.
The following studies (Lu, Liu et al. 2013, Cheng, Hu et al. 2014, Yu, Shin et al. 2015) have provided
evidence that SOX2 may activate the neural precursor gene PAX6 during the generation of iNPs from
human fibroblasts. The expression of Pax6 was not detected in mouse iNPs when omitting Sox2
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(Lujan, Chanda et al. 2012) indicating that PAX6 may be a downstream target of SOX2 in the
reprogramming of iNPs. Similarly, when SOX2 was used as an ectopic transgene in the absence of
PAX6, both protein and mRNA expression of PAX6 could be detected during the generation of iNPs
(Lu, Liu et al. 2013, Yu, Shin et al. 2015). The conversion of aHDFs using sendai virus expressing
OCT4, SOX2, KLF4, cMYC (Lu, Liu et al. 2013) generates PAX6 expressing iNP colonies which were
detected at day 20 post infection. Retroviral transduction with SOX2 and HMGA-2 led to the
generation of PAX6 and NESTIN at day 7 post infection (Yu, Shin et al. 2015). Furthermore, the
combination of small molecule compounds, including RepSox, and hypoxic culture conditions led to a
generation of iNPs from human urinary cells in the absence of transgenes, the expression of PAX6
was detected by qPCR and immunocytochemistry for iNPs at Passage 5 (Cheng, Hu et al. 2014). It
has been demonstrated that the small molecule RepSox can replace SOX2 (Ichida, Blanchard et al.
2009) in the reprogramming of iPSCs, and that hypoxia enhances the efficiency of reprogramming
(Yoshida, Takahashi et al. 2009). Furthermore, quantitative RT-PCR confirmed that cells containing
ectopic Pax6 expression increased their endogenous Pax6, possibly due to the upregulation of Pax6
at the protein level (Aota, Nakajima et al. 2003, Pinson, Simpson et al. 2006). All of this supports our
qPCR result from day 3 post transfection, that a notable induction of endogenous PAX6 expression is
due to the high expression of SOX2 and/or PAX6.
Proneural and region-specific markers HES5, FOXG1, endogenous PAX6, NGN2, GSH2, DLX2, and
GBX2 were induced at day 3 post transfection (phase 0 of reprogramming). The expression profile at
day 3 post transfection indicates that plasmid transfected aHDFs may comprise a heterogeneous
population of neural precursors exhibiting either primitive NSC, NE, dorsal/ventral telencephalic
progenitor, or hindbrain phenotypes. The plasmid transfected aHDFs have not yet been cultured in
the reprogramming media at day 3 post transfection. It is unlikely that reprogramming occurs 3 days
after transfection in the absence of reprogramming media since the neural supportive media is
essential for reprogramming mouse and human fibroblasts towards a neural precursor fate (Kim, Efe
et al. 2011, Lu, Liu et al. 2013). However, the highly upregulated expression of transgenes SOX2
and/or PAX6 at day 3 post transfection may contribute to the expression of HES5, FOXG1, NGN2,
GSH2, DLX2, and GBX2.
Sox2 induces Hes5 at the transcriptional level (Lin, Ouchi et al. 2009). Hes5 is also upregulated by
Pax6 and functions as an NSC maintenance factor (Sansom, Griffiths et al. 2009, Edri, Yaffe et al.
2015). This is consistent with the significant induction of HES5 3 days after transfection with SOX2
and PAX6 in this study. Moreover, this study showed that the notable expression of FOXG1, NGN2,
and GBX2 was induced at day 3 post transfection. Previous study demonstrated that Sox2 binds to
the Foxg1 enhancer and upregulates its expression via activation of Six3.2 for telencephalon
development in the mouse (Beccari, Conte et al. 2012). Sox2 decreases the repressive H3K27me3
mark at the proneural genes Ngn2 and NeuroD1 (Amador-Arjona, Cimadamore et al. 2015), while
Pax6 induces Ngn2 in a concentration-dependent manner (Scardigli, Bäumer et al. 2003).
Furthermore, Gbx2 is strongly activated by Sox2 (Iwafuchi-Doi, Matsuda et al. 2012). The gene
regulation observed in the non-human system is consistent with the expression of FOXG1, NGN2,
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and GBX2 observed at day 3 post transfection in this study. In the rodent brain, Pax6 and Gsh2
genetically oppose each other for the positioning of the dorsal-ventral boundary in telencephalic
progenitors (Toresson, Potter et al. 2000, Hébert and Fishell 2008), and the induction of Dlx2
expression appears to be a secondary effect of the inhibition of Pax6 expression in rodent study
(Toresson, Potter et al. 2000, de Chevigny, Core et al. 2012). This is contradictory to the notable
expression of GSH2 and the significant induction of DLX2 observed in this study at day 3 post
transfection, possibly due to a decrease in the repressive H3K27me3 mark through changes in
chromatin landscapes due to the high expression of SOX2 (Amador-Arjona, Cimadamore et al. 2015,
Zhou, Yang et al. 2016). These results indicate that gene upregulation at day 3 post transfection may
be caused by the high expression of SOX2 and/or PAX6. SOX2 controls the WNT signalling pathway
and therefore interacts with proteins associated with chromatin regulation. Thus SOX2 exerting the
role of a master transcription factor in the specification of neural precursor cell fate (Amador-Arjona,
Cimadamore et al. 2015, Zhou, Yang et al. 2016) toward multiple phenotypes (Muzio, Di Benedetto et
al. 2002, Manuel and Price 2005).
In phase 1 of reprogramming, GSH2 was induced and GBX2 was downregulated at day 10 post
transfection. The expression of SIX3 and endogenous PAX6 were downregulated from days 17 – 31
post transfection, and NGN2 and EN1 were induced at day 31 post transfection. The random gene
expression at phase 1 of reprogramming suggests that the plasmid-derived iNPs may not exhibit any
region-specific identity prior to replating. The discrepancy in the expression patterns of phase 0 and
phase 1 of reprogramming is consistent with the dramatically decreased expression of SOX2 and
PAX6 at phase 1 of reprogramming compared to at phase 0. Hence, the lack of persistent expression
of transgenes SOX2 and PAX6 may be responsible for downregulating the transgenes-induced gene
expression exhibited at day 3 post transfection in our plasmid reprogramming (Samavarchi-Tehrani,
Golipour et al. 2010, Smith, Sindhu et al. 2016).
While transgene expression continued to decrease, the plasmid-reprogrammed iNPs expressed
genes representative of neuroectoderm or dorsal/ventral telencephalic progenitor phenotype during
phase 2 – 3 of reprogramming. The difference in expression pattern between phase 1 and phases 2 –
3 provides strong evidence that the expression of neural precursor markers with region-specific
phenotype may not be induced until the initiation of replating during the reprogramming protocol. This
observation may be caused by the following mechanisms: 1) the lower density of the culture after the
initial replates may decrease NOTCH signalling activation which will promote neurogenesis (Oishi,
Kamakura et al. 2004, Zhou, Kumari et al. 2010); 2) there was an indication of proliferative capability
in the plasmid-derived iNPs using SOX2 and PAX6 after the mechanical dissociation (Maucksch,
Firmin et al. 2012), and proliferation may be a prerequisite for permitting epigenetic changes (Hanna,
Saha et al. 2010) for the induction of neural-specific genes; 3) the cellular replates in our plasmidderived iNP reprogramming strategy could potentially remove non-reprogrammed cells and lead to a
purer population of reprogrammed cells with neural precursor fate, As the expression of neuralspecific genes was induced after the cellular replate. This all indicates that the cell dissociation step
may be crucial for the process of reprogramming.
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It has been demonstrated that the dosage of Sox2 can affect cellular reprogramming potential by
regulating pluripotent regulatory genes (Han, Tapia et al. 2013). It was also shown that both Sox2 and
Pax6 proteins were highly expressed in RG cells and at lower levels in intermediate progenitor cells
(Hutton and Pevny 2011). Ectopic expression of SOX2 inhibits neuronal differentiation, resulting in the
maintenance of progenitor characteristics (Graham, Khudyakov et al. 2003, Zhang and Cui 2014). In
contrast the level of Pax6 in mice is modulated at different steps during neurogenesis, and high
expression of Pax6 maintains the neural progenitor state (Bel-Vialar, Medevielle et al. 2007). Hence,
while the induction of proneural and region-specific genes at phase 2 – 3 of reprogramming may
associate with the continued decrease of transgene expression, it is reasonable to assume that the
level of transgene expression may also exhibit a negative effect on the expression of proneural and
region-specific genes during direct reprogramming of iNPs.

Expression of Primitive NSC Markers
OCT4 and HES5 are genes expressed in undifferentiated NSC, along with SOX2, and regulate the
self-renewal of NSCs (Ahmed, Gan et al. 2009, Lee, Jeyapalan et al. 2010). The lack of both OCT4
and HES5 during reprogramming indicates that SOX2 and PAX6 plasmid reprogramming does not
generate cells with a primitive NSC fate.
HES5 is a downstream target of PAX6 at the transcriptional level and functions as an NSC
maintenance factor (Sansom, Griffiths et al. 2009). The gene expression profile indicates the
induction of HES5 at day 3 post transfection, whereas there was no ongoing induction of HES5 during
SOX2 and PAX6 plasmid reprogramming. The significant induction of HES5 at day 3 post transfection
in this study is consistent with the high expression of SOX2 and/or PAX6 (Lin, Ouchi et al. 2009,
Sansom, Griffiths et al. 2009, Edri, Yaffe et al. 2015). The previous study demonstrated that the
aHDFs-derived iNPs colonies expressing HES5 by immunocytochemistry and RT-PCR along the
reprogramming at passage 1, 5, and 20 (Lu, Liu et al. 2013). The expression of HES5 has not been
demonstrated in the generation of iNPs except in the generation of iNPs using the four Yamanaka
factors (OSKM) (Lu, Liu et al. 2013). The lack of ongoing induction of HES5 during our plasmid
reprogramming is probably due to the differences between pluripotent factors OSKM used by Lu and
colleagues (Lu, Liu et al. 2013) and the use of proneural transcription factors SOX2 and PAX6 as
used in this study. Also, the addition of the Activin/Nodal inhibitor SB431542 in the Lu study (Lu, Liu et
al. 2013) not only imposes a posterior positional identity on the derived neural progenitors (Patani,
Compston et al. 2009), it also promotes the differentiation and maintenance of primitive NSC from
hESCs (Chambers, Fasano et al. 2009, Li, Sun et al. 2011, Surmacz, Fox et al. 2012). The latter role
of SB431542 might explain the difference in HES5 expression between the two studies. Overall, the
lack of a primitive NSC phenotype during SOX2 and PAX6 reprogramming is probably due to the use
of neural transcription factors and the composition of the reprogramming media.
OCT4 is also a key pluripotent marker that functions in early embryonic development, along with
SOX2, (Szabo, Rampalli et al. 2010) and is known to be downregulated upon neural differentiation
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(Nat, Salti et al. 2012). SOX2 is also involved in the regulation of both pluripotency and neural lineage.
As SOX2 is used in our direct reprogramming protocol, the question was asked as to whether or not
the over-expression of SOX2 may induce pluripotency during reprogramming of iNPs. However, we
did not observe the induction of OCT4 during direct iNP reprogramming. While further assessment of
other pluripotent markers (e.g. NANOG, SSEA1, SSEA3, and TRA-1-60) by both qPCR and
immunocytochemistry is required to define the generation of pluripotent cells, the results suggest that
the generation of iNPs using both SOX2 and PAX6 via transient plasmid transfection does not
generate pluripotent cells (Kim, Efe et al. 2011, Kim, Ambasudhan et al. 2012); at least not in the time
frame of reprogramming studied here.
Direct generation of iNPs without passing through a pluripotent stage can be achieved by using
pluripotent factors with or without neural factors (Corti, Nizzardo et al. 2012, Kumar, Declercq et al.
2012, Lu, Liu et al. 2013, Wang, Wang et al. 2013, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et
al. 2014). Recent studies (Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al. 2014) have shown that
over-expression of OCT4 alone with neural-supportive culture conditions can directly generate
iNSC/iNP cells from human adult and/or embryonic fibroblasts, indicating that expression of OCT4
may promote the reprogramming of human fibroblasts to neural precursor cells. However, a recent
study demonstrated that reprogramming factors may affect chromosome stability, as chromosome
instability occurred in the transdifferentiated neural cells when pluripotent factors, such as OCT4,
were used for direct reprogramming (Weissbein, Ben-David et al. 2014). This indicates it is possible
that the generation of iNPs using both SOX2 and PAX6 via transient plasmid transfection not only
bypasses the pluripotent stage, but may also ensure the derived iNPs maintain their genomic integrity
for safe application of the reprogramming technology (Michor, Iwasa et al. 2005, Ricke, van Ree et al.
2008, Hamada, Malureanu et al. 2012).

Future studies examining chromosome stability of

SOX2/PAX6 directly reprogrammed iNPs should be undertaken using karyotyping and fluorescent in
situ hybridization (FISH) for both the stomatic cells of origin and the iNP lines (Hamada, Malureanu et
al. 2012).

Expression of Neuroectoderm Markers
The proneural and region-specific genes that regulate the neuroectoderm, along with PAX6, are LHX2,
FOXG1, and SIX3 (Hou, Chuang et al. 2013, Nicoleau, Varela et al. 2013). Notable expression of
LHX2 and FOXG1 was induced in phase 2 of reprogramming, with predominant expression of anterior
neuroectoderm markers LHX2, FOXG1, SIX3, and endogenous PAX6 detected in phase 3
reprogramming. Hence, the gene profile suggests that an anterior neuroectoderm fate is initiated in
the phase 2 of reprogramming with a stronger anterior neuroectoderm fate generated in plasmidderived iNPs towards the phase 3. This is in contrast to Lu’s study in which the generation of iNSCs
using the OSKM factors (Lu, Liu et al. 2013) acquired anterior neuroectoderm fate at early passage 1
while stable hindbrain identity was acquired at passages 5 and 20 – possibly due to the use of small
molecules such as SB431542 or CHIR that impose a posterior positional or hindbrain identity,
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respectively, on the derived neural progenitors (Patani, Compston et al. 2009, Xi, Liu et al. 2012).
Moreover, endogenous PAX6 and SIX3 shared a similar expression pattern during plasmid
reprogramming, coinciding with their mutual regulation effect (Ashery-Padan, Marquardt et al. 2000,
Goudreau, Petrou et al. 2002, Liu, Lagutin et al. 2006, Avdonin, Markitantova Iu et al. 2008).
Expression of LHX2 and SIX3 has not been demonstrated in any previous reprogramming studies
except in those from our lab (Maucksch, Firmin et al. 2012). Generation of iNSCs derived from
postnatal fibroblasts (1 month old infant) expressed FOXG1 and/or OTX2 at early passage (P1), but
not at passage 5 or passage 20 (Lu, Liu et al. 2013). However, Lu and colleagues observed using the
same reprogramming protocol, that FOXG1 and/or OTX2 were not expressed in the aHDFs-derived
iNSCs (Lu, Liu et al. 2013). Similarly, the anterior marker OTX2 was shown to be induced in human
neonatal fibroblast-derived iNSCs but not in iNSCs generated from aHDFs (Zhu, Ambasudhan et al.
2014). This indicates that neonatal and postnatal fibroblasts may have more potential for
reprogramming iNPs with anterior identity than aHDFs under the same neural reprogramming
procedure. It is possible that human neonatal and postnatal fibroblasts may obtain greater
proliferative capacity than adult fibroblasts (Tan, Salgado et al. 2014), which may promote
reprogramming of iNPs towards an anterior fate (Ruiz, Panopoulos et al. 2011). Yet in the presence of
a feeder cell layer, both neonatal and adult human fibroblasts expressed FOXG1 from days 9 – 15
post transduction (Kumar, Declercq et al. 2012). In conclusion, our plasmid reprogramming strategy
enables the successful conversion of aHDFs into neural precursor with anterior neuroectoderm fate
without further anterior patterning molecule or a feeder cell layer.
Interestingly, OTX2 is predominantly expressed in both the diencephalon and mesencephalon in the
early developing human brain (Larsen, Lutterodt et al. 2010). Additionally, the mutual repression of
SIX3 and IRX3 regulates the early anterior/posterior patterning of developing brain and delineates the
development of the telencephalon and diencephalon domains, respectively (Kobayashi, Kobayashi et
al. 2002, Braun, Etheridge et al. 2003). Therefore, the expression of PAX6, LHX2, SIX3, and FOXG1
without OTX2 or IRX3 demonstrates that the neuroectoderm identity of iNPs might be representative
of a telencephalon but not diencephalon fate.

Expression of Dorsal Forebrain Markers
Genes PAX6, NGN2, and BRN2 are expressed in a sequential order which regulates the induction of
the dorsal forebrain (Mariani, Simonini et al. 2012, Manuel, Mi et al. 2015). Predominant expression of
NGN2 and endogenous PAX6 was induced in cells at phase 3 of reprogramming, whereas notable
induction of BRN2 was not observed in any phase of reprogramming. The expression profile suggests
that the plasmid-derived iNPs may have acquired an early dorsal telencephalic progenitor fate
towards the end of reprogramming.
This study showed an induction of NGN2 at days 3 and 31 post transfection. Notably induction of
NGN2 was observed again from days 52 – 59 post transfection and then decreased below the two
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fold cut off at day 66 post transduction. The induction of NGN2 at day 3 post transfection may be due
to the high expression of ectopic transgenes (Scardigli, Bäumer et al. 2003, Amador-Arjona,
Cimadamore et al. 2015). The reduced expression of NGN2 in phase 3 of reprogramming is
consistent with our previously reported finding that NGN2 expression progressively decreased from
days 65 – 85 post transfection (Maucksch, Firmin et al. 2012). Other than this, no iNP reprogramming
studies (Corti, Nizzardo et al. 2012, Kumar, Declercq et al. 2012, Ring, Tong et al. 2012, Lu, Liu et al.
2013, Wang, Wang et al. 2013, Cheng, Hu et al. 2014, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan
et al. 2014, Zou, Yan et al. 2014, Winiecka-Klimek, Smolarz et al. 2015, Yu, Shin et al. 2015) have
examined the expression of NGN2 during reprogramming. However, late dorsal markers NEUROD1
and BRN2 have been observed in iNPs derived from aHDFs by lentiviral transduction of OCT4
(Mitchell, Szabo et al. 2014) which contradicts the lack of notable induction of BRN2 during our
plasmid reprogramming. This discrepancy might be explained by the differences in persistent vs
transient expression for both the viral and plasmid delivery methods. Although it has not been clearly
demonstrated, the direct reprogramming of iNPs with pluripotent factors rather than neural factors
may induce different molecular mechanisms during reprogramming process (Kim, Ambasudhan et al.
2012, Zhu, Ambasudhan et al. 2014).

Expression of Ventral Forebrain Markers
GSH2 and DLX2 were expressed at day 3 post transfection with predominant expression of GSH2
and DLX2 in phase 2 of reprogramming and continued expression of GSH2 in phase 3 from days 52 –
59 post transfection. The expression of GSH2 and/or DLX2 suggests the plasmid-derived iNPs may
have acquired a ventral telencephalic progenitor identity and may retain a potential LGE progenitor
fate during reprogramming.
The expression of GSH2 and the significant induction of DLX2 observed at day 3 post transfection is
contradictory to our understanding that both genes are negatively regulated by PAX6 (Toresson,
Potter et al. 2000, Hébert and Fishell 2008, de Chevigny, Core et al. 2012). However, their induction
at day 3 post transfection may due to the decreased repressive H3K27me3 mark through changes in
chromatin landscapes during the high expression of SOX2 (Amador-Arjona, Cimadamore et al. 2015,
Zhou, Yang et al. 2016).
The presence of GSH2 but not DLX2 at days 52 – 59 post transfection indicates that GSH2 alone
may not be sufficient to induce the downstream target gene DLX2. It was proposed that the forebrain
marker Foxg1 functions as an additional regulator which works with Gsh2 to promote Ascl1 and Dlx2
expression for a ventral telencephalic LGE fate specification (Manuel, Martynoga et al. 2010, Pauly,
Piroth et al. 2012). Hence, induction of DLX2 may require the combination of FOXG1 and GSH2
which coincided with the induction of FOXG1, GSH2, and DLX2 at days 38 and 45 post transfection in
our plasmid-derived iNPs. Furthermore, GSH2 and FOXG1 were co-expressed at days 52 and 59
post transfection, yet the combination of these genes failed to upregulate DLX2 at the same time in
our plasmid-derived iNPs. Since the ventral marker ASCL1 was also not detected during
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reprogramming, the question remains as to whether there is a cross-regulation effect that might also
contribute to the induction of DLX2 in the absence of ASCL1. From the expression profile, DLX2 was
induced immediately after upregulation of NGN2. Meanwhile, NGN2 expression remained unchanged
relative to the aHDFs when DLX2 was induced in iNPs at phase 2 of reprogramming. The expression
of DLX2 was decreased to below the 2-fold cut off when NGN2 reappeared in phase 3 of
reprogramming. This suggests that it is possible that cross-regulation occurs in the absence of ASCL1,
inhibition of NGN2 playing an important role in the induction of DLX2 in the presence of GSH2 (Figure
3-18). However, the cellular replates and/or additional extrinsic factors, e.g. SHH, FGF8 (Rallu,
Machold et al. 2002, Manuel, Martynoga et al. 2010), may also facilitate the induction of DLX2 during
direct reprogramming.

Figure 3-18: Schematic of proposed gene cross-regulation in specification of glutamatergic and
GABAergic neurons. (Figure adapted from Toresson, Potter et al. 2000. Company of Biologists.).

Induction of DLX2 expression indicates the possibility that iNPs could acquire both a ventral LGE and
MGE phenotype. However, the lack of expression of the MGE progenitor marker NKX2.1 and the
ventral marker ASCL1 during reprogramming indicates that the generated iNPs are unlikely to acquire
a MGE progenitor identity during our reprogramming.
The neuronal determinant ASCL1 is one of the BAM factors used for most direct iNs generation
(Chanda, Ang et al. 2014), but not for generating iNPs. Since ASCL1 was not detected during our
plasmid reprogrammed iNPs, the induction of ASCL1 for the direct reprogramming of iNPs may be
unnecessary. Instead, SOX2 is the common denominator transgene used for most of the studies
(Corti, Nizzardo et al. 2012, Kumar, Declercq et al. 2012, Ring, Tong et al. 2012, Lu, Liu et al. 2013,
Wang, Wang et al. 2013, Zhu, Ambasudhan et al. 2014, Zou, Yan et al. 2014, Winiecka-Klimek,
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Smolarz et al. 2015, Yu, Shin et al. 2015) showing the generation of human iNPs. Therefore, in this
plasmid-facilitated reprogramming of iNPs, it is reasonable to assume that SOX2 may function as the
key driver for neural precursor lineage conversion. However it does not make PAX6 less important,
given that PAX6 functions in forebrain regionalization (Muzio, Di Benedetto et al. 2002, Manuel and
Price 2005). It is possible that PAX6 modulates the regional identity while SOX2 exerts the role of a
master transcription factor in the specification of neural precursor cell fate (Amador-Arjona,
Cimadamore et al. 2015, Zhou, Yang et al. 2016).
The continual expression of GSH2, DLX2, and FOXG1 strongly suggests that aHDF-derived iNPs
may acquire the characteristics of striatal progenitors, which are also characterized by the expression
of MEIS2 and ISLET1 upon further differentiation (Aubry, Bugi et al. 2008, Ghanem, Yu et al. 2008,
Ma, Hu et al. 2012). Hence, the striatal neuronal markers MEIS2 and ISLET1 were not examined in
this study (Ghanem, Yu et al. 2008). However, additional patterning and signalling molecules, such as
SHH, DKK1, dcAMP, and Valproic acid, may be required during reprogramming to maintain and
progress the iNPs to a striatal progenitor specification (Zhang, An et al. 2010). In support of this, we
demonstrated that GAD65/67- and DARPP32-positive neurons (Chapter 5) can be differentiated from
plasmid-derived iNPs using patterning molecules – confirming the potential of SOX2/PAX6 iNPs to
acquire a GABAergic medium spiny phenotype.

Expression of Midbrain and Hindbrain Markers
Significant induction of the hindbrain marker GBX2 (Tailor, Kittappa et al. 2013) was observed at day
3 post transfection, after which it remained either unchanged or downregulated. The expression of
midbrain/hindbrain marker EN1 was induced at days 31 and 45 – 66 post transfection. Expression of
the forebrain/midbrain marker OTX2 (Larsen, Lutterodt et al. 2010) and midbrain/hindbrain marker
IRX3 (Moya, Cutts et al. 2014) was not detected during this reprogramming. The presence of EN1 but
not OTX2 is suggestive of hindbrain characteristics (Xi, Liu et al. 2012). However, the lack of
hindbrain markers GBX2 and IRX3 indicates that the plasmid-derived iNPs were unlikely to acquire
any midbrain or hindbrain fate during reprogramming.
In contrast, Lu et al (2013) demonstrated using their non-integrative system that human postnatal
fibroblast-derived iNPs expressed forebrain markers FOXG1 and/or OTX2 or hindbrain markers
HOXA2 and/or HOXB4 at day 27 post infection (P1) – indicating a heterogeneous population of neural
precursors with forebrain and hindbrain identities (Lu, Liu et al. 2013). The forebrain identity of the
iNPs was lost upon further reprogramming and passaging, which led to a stable dorsal hindbrain
identity with an expression of GBX2 at P5 (~ day 50 post infection). The stable iNPs generated from
aHDFs also exhibited a dorsal hindbrain identity at passage 5 and passage 20 (Lu, Liu et al. 2013).
The midbrain/hindbrain marker IRX3 and spinal cord marker HOXB9 were expressed in plasmidderived iNPs at days 65, 75, and 85 post transfection (Maucksch, Firmin et al. 2012). Yet, the
expression of IRX3 was not detected during the reprogramming of plasmid-derived iNPs in this study.
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Given that the last time point for this study is at day 66 post transfection, it is possible that the IRX3
was not yet induced. Posterior patterning markers may appear in our plasmid-derived iNPs if we
extend the length of reprogramming or include additional patterning molecules, such as SB431542
and CHIR99021, at the optimized concentration and the exposure time/length (Patani, Compston et al.
2009, Xi, Liu et al. 2012, Moya, Cutts et al. 2014).

3.4.4. The Generation of iNPs via Plasmid Transfection
Our plasmid reprogramming strategy enables the successful conversion of aHDFs into a
heterogeneous population of neural precursor with neuroectoderm, dorsal, and ventral telencephalic
progenitor phenotypes without further patterning molecules, nor a feeder cell layer. The use of nonviral plasmid transfection and the use of neural factors alone as reprogramming factors ensures the
derived iNPs maintain their genomic integrity for safe application of the reprogramming technology
(Michor, Iwasa et al. 2005, Ricke, van Ree et al. 2008, Hamada, Malureanu et al. 2012). Hence, this
technology provides a simpler and more advanced approach than other studies of iNPs for generating
neural precursors representative of the telencephalic region of the developing human brain, and so
has great potential for understanding and treating neurological diseases and neurodevelopmental
disorders.
In the generation of plasmid-derived iNPs, the expression of genes representative of neuroectoderm,
dorsal, and ventral progenitor phenotypes share little similarity with all the other generation of iNPs
(Corti, Nizzardo et al. 2012, Kumar, Declercq et al. 2012, Ring, Tong et al. 2012, Lu, Liu et al. 2013,
Wang, Wang et al. 2013, Cheng, Hu et al. 2014, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al.
2014, Zou, Yan et al. 2014, Winiecka-Klimek, Smolarz et al. 2015, Yu, Shin et al. 2015). The event of
neuroectoderm formation seems conserved during all the reprogramming process, yet, they all
exhibited differences, such as the different gene expression and/or the time of those gene expression
varied, between studies.
The differences of gene profiles between this study and others can be explained as follows: 1) Each
reprogramming factor has its own identity/function, the choice of reprogramming factors may turn on
the distinct type of molecular pathways during reprogramming, hereby, affecting the states of resulting
reprogrammed cells (David and Polo 2014). There is clear evidence that subtype-specific fate
determinants, such as dopaminergic or motor neurons, will affect the identity of the resulting neurons
(Caiazzo, Dell'Anno et al. 2011, Pfisterer, Kirkeby et al. 2011, Son, Ichida et al. 2011, Liu, Zang et al.
2013, Torper, Pfisterer et al. 2013, Pereira, Pfisterer et al. 2014), and that neural reprogramming
media is essential for reprogramming mouse and human fibroblasts towards a neural precursor fate
(Kim, Efe et al. 2011, Lu, Liu et al. 2013). 2) The direct reprogramming of iNPs occurs over multiple
steps. After the specification of neural precursor fate is achieved, the levels of certain reprogramming
factors, stoichiometry, and the reprogramming conditions may redirect the reprogramming cells into
different fates (Bel-Vialar, Medevielle et al. 2007, Matsushima, Heavner et al. 2011, Nagamatsu, Saito
et al. 2012, Han, Tapia et al. 2013, Papp and Plath 2013). 3) The direct reprogramming of iNPs is a
stochastic process. Even though human fibroblasts went through the same defined sequence of
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events for each of reprogramming iNPs, the time latency for each of the event varied (Hanna, Saha et
al. 2009) and led to the generation of iNPs at different stages of reprogramming. The latter two
reasons may also explain why the expression of proneural and region-specific genes representative
of neuroectoderm, dorsal, and ventral progenitor phenotypes occurred at the same time during
reprogramming. Moreover, the temporal profile of the genes expressed in the plasmid reprogrammed
iNPs did not resemble the sequential gene profile observed in human neural development may be
due to the stochastic process of direct reprogramming of iNPs (Hanna, Saha et al. 2009).
MicroRNAs were identified that function either upstream or downstream of transcription factors known
for regulating neurogenesis (Bhinge, Poschmann et al. 2014, Needhamsen, White et al. 2014),
suggesting it is possible that miRNA and transcription factors function either interchangeably or
synergistically in promoting direct reprogramming towards neural lineage. MicroRNA have been
widely investigated and applied for redirecting cell fate specification towards the neural lineage
(Ambasudhan, Talantova et al. 2011, Yoo, Sun et al. 2011, Wang, Wang et al. 2013, Victor, Richner
et al. 2014, Yu, Shin et al. 2015). Long ncRNAs (lncRNAs) are another abundant ncRNAs that is
expressed in human NPCs and iPSC (Lin, Pedrosa et al. 2011, Hecht, Ballesteros-Yanez et al. 2015).
The mechanisms of lncRNA in human neural developmental gene networks are still understudied (Ng,
Johnson et al. 2012). Recent discoveries show that ncRNAs, particularly miRNA and lncRNAs are
able to remodel transcriptional circuits and reshape epigenetic landscapes (Li and Izpisua Belmonte
2015) in cell fate determination, including in maintaining self-renewal of pluripotent stem cells and
directing neural cell lineage (Ng, Johnson et al. 2012, Guan, Zhang et al. 2013). The future efforts in
the high-throughput transcriptomic analysis (RNA-Seq) will expand the current knowledge of the
underlying mechanisms of neural cell fate determination by ncRNA and how they interact with genetic
and epigenetic factors during neural reprogramming of iNPs. Hence, it is safe to predict that targeting
specific ncRNAs and/or transcription factors represents a promising alternative approach for
optimising cell-based disease modelling and regenerative therapy (Guan, Zhang et al. 2013).

3.5. Conclusions
Overall, the plasmid-derived iNPs initially exhibit a gene profile representative of anterior
neuroectoderm and then a telencephalic glutamatergic and GABAergic phenotype. It demonstrates
that the plasmid-derived iNPs are a heterogeneous population of neural precursor cells which may
generate subtype-specific neurons representative of the telencephalic region of the brain. To confirm
this, the neuronal differentiation potential of the plasmid-derived iNPs is investigated in Chapter 5.
Specifically, the ability of human iNPs to generate both the glutamatergic and GABAergic fate is
examined.
It has been demonstrated that the efficiency of plasmid transfection is low (12%) for expressing
pCMV-EGFP-N1 in aHDFs (Maucksch, Firmin et al. 2012). Lentiviral transduction is an efficient
technology for introducing nucleic acids into a wide range of cell types, whether they are dividing or
quiescent (Mitta, Rimann et al. 2002, Romano 2005), and has been extensively used for human iNP
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reprogramming (Corti, Nizzardo et al. 2012, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al. 2014,
Zou, Yan et al. 2014, Winiecka-Klimek, Smolarz et al. 2015). Hence, lentiviral transduction is
proposed to increase the efficiency and kinetics of reprogramming as compared to the use of plasmid
transfection (Cao, Xie et al. 2010). In the next chapter, lentiviral vectors containing both SOX2 and
PAX6 will be used for direct reprogramming of iNPs from aHDFs, and the temporal profile of
proneural and region-specific gene expression will be further investigated.
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Chapter 4. Temporal Profile of Proneural and RegionSpecific Markers during Generation of Induced Neural
Precursor Cells using Lentiviral Transduction
4.1. Introduction
Our lab (Maucksch, Firmin et al. 2012) have demonstrated that aHDFs can be directly converted into
iNPs using plasmid transfection of both SOX2 and PAX6. In addition, Chapter 3 indicated that SOX2
and PAX6 plasmid-based reprogramming generates a heterogeneous population of iNPs, which
exhibit a gene profile representative of anterior neuroectoderm and a dorsal or ventral telencephalic
phenotype.
Although the use of non-viral transfection methods may advance iNP technology towards clinical
application, the cell transfection efficiency obtained is low. Presumably, lentiviral transduction would
result in an increase in the efficiency and kinetics of reprogramming compared to the use of plasmid
transfection, and it has been predominantly used for the generation of iNPs from adult human
fibroblasts (Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al. 2014). Despite the safety concerns
regarding insertional mutagenesis, generation of iNPs using lentiviral transduction may be better
suited for research purposes than non-viral methods. Nevertheless, advances (e.g. non-integration
systems) in LV technology have improved the safety and efficacy of LVs with implications for clinical
application (Isacson and Kordower 2008, Schambach and Baum 2008, D'Costa, Mansfield et al. 2009,
Matrai, Chuah et al. 2010).
This chapter first aims to establish a lentiviral transduction protocol to directly generate neural
precursors from aHDFs using lentiviral vectors expressing either SOX2 or PAX6. Then, the temporal
profile of proneural and region-specific gene expression during the conversion of aHDFs to iNPs
using lentiviral transduction of SOX2 and PAX6 will be assessed to determine whether reprogrammed
lentiviral-derived iNPs express the same sequential gene profile as in human neural development.
This study focused on the genes that are known to regulate the human neural development
processes, based on both the timing of human neural development and the region-specific identity of
the developing human brain (Figure 4-1). These include specification of neural induction and the
formation of the forebrain. We propose that aHDFs can be efficiently reprogrammed to iNPs via
lentiviral transduction of both SOX2 and PAX6, and that the genes expressed in the direct
reprogramming of iNPs using lentiviral transduction will resemble the sequential gene profile observed
in the plasmid-reprogrammed iNPs (Chapter 3).

110

Chapter 4

Figure 4-1: Transcription factors associated with different neural progenitor populations during human
neural development.
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4.2. Methods
HDFs (Line #2352) were proliferated and plated out for lentiviral transduction (Section 2.4.2) with both
pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato viruses (Appendix 7.2). During reprogramming,
transduced cells were maintained in the reprogramming media for days 3 – 25 post transduction. A
cell replate was performed weekly, at days 3, 10, and 17 post transduction. At each time point,
triplicate cell samples were collected for qPCR using the TaqMan system (Applied Biosystems)
(Section 2.8.3) (Figure 4-2Figure 3-2).
Triplicate qPCR values at each time point were expressed as mean ± SEM. Differences between
means were assessed by one-way analysis of variance (ANOVA) and a Dunnett’s post-hoc test, p <
0.05 was considered statistically significant. The result of qPCR was analysed as per section 3.2.1.

Figure 4-2: Schematic representation of lentiviral-reprogrammed iNP generation and time points for cell
collection.

112

Chapter 4

4.3. Results
4.3.1. Lentiviral Titre Determination
6

8

Lentiviral packaging consistently generated lentivirus in a titre range of 10 – 10 cfu/mL (Section
2.3.5). In order to determine the titre of lentivirus, HT1080 cells were transduced with serially diluted
pLVX-IRES-zsGreen or pLVX-IRES-tdTomato control lentivirus. This resulted in cells expressing
zsGreen or tdTomato respectively (Figure 4-3). Cells transduced with serially diluted pLVX-SOX2zsGreen and pLVX-PAX6-tdTomato lentivirus also resulted in zsGreen- and tdTomato-expressing
cells (Figure 4-4). ZsGreen- and tdTomato-expressing cells were visible under the fluorescence
microscope. To calculate viral titre, the number of fluorescence-expressing colonies per well was
determined for each dilution and the concentration of each lentivirus was calculated as per section
2.3.5.
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Figure 4-3: Titre of pLVX-IRES-zsGreen and pLVX-IRES-tdTomato.
3

4

5

6

HT1080 cells transduced with pLVX-zsGreen diluted (A) 10 , (B) 10 , (C) 10 , (D) 10 , and (E) negative
3
4
5
6
control. HT1080 cells transduced with pLVX-tdTomato diluted (F) 10 , (G) 10 , (H) 10 , (I) 10 , and (J)
negative control. Scale bar = 100 µm.
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Figure 4-4: Titre of pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato.
3

4

5

6

HT1080 cells transduced with pLVX-SOX2-zsGreen diluted (A) 10 , (B) 10 , (C) 10 , (D) 10 , and (E)
3
4
5
negative control. HT1080 cells transduced with pLVX-PAX6-tdTomato diluted (F) 10 , (G) 10 , (H) 10 , (I)
6
10 , and (J) negative control. Scale bar = 100 µm.
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4.3.2. Efficiency of Lentiviral Transduction
Flow cytometry analysis was performed 3 days after transduction to investigate the efficiency of
lentiviral transduction.
Three days after transduction, pLVX-IRES-zsGreen and pLVX-IRES-tdTomato transduced aHDF cells
exhibited green (zsGreen+) and red (tdTomato+) single colour cells respectively, which overlapped to
yield yellow (zsGreen+/tdTomato+) cells (Figure 4-5; A). Flow cytometry analysis as per section 2.9.1
revealed that 9.3% of the total cell population were yellow cells, representing co-expression of pLVXIRES-zsGreen and pLVX-IRES-tdTomato. The transduction efficiency of pLVX-IRES-zsGreen was
41.3% and the efficiency of pLVX-IRES-tdTomato was 18.7% (Figure 4-5; B).
Lentiviruses pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato transduced aHDF cells also exhibited
green (SOX2-zsGreen+), red (PAX6-tdTomato+), and yellow (SOX2-zsGreen+/PAX6-tdTomato+)
cells (Figure 4-5; C). Flow cytometry analysis revealed that 2.1% of the total cell population were
yellow cells, representing co-expression of pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato. The
transduction efficiency of pLVX-SOX2-zsGreen was 6.1% and the efficiency of pLVX-PAX6-tdTomato
was 5.2% (Figure 4-5; D).
Overall, the control vectors pLVX-IRES-zsGreen and pLVX-IRES-tdTomato appeared to exhibit a
higher transduction efficiency than the expression vectors pLVX-SOX2-zsGreen and pLVX-PAX6tdTomato for aHDF cell transduction.
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Figure 4-5: Lentiviral transduction of aHDFs.
(A) Fluorescent images of HDFs 3 days post transduction with pLVX-IRES-zsGreen and pLVX-IREStdTomato. (B) Efficiency analysis of control vector transduction using FACS (n = 1). (C) Fluorescent
images of HDFs 3 days post transduction with pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato. (D)
Efficiency analysis of SOX2 and PAX6 expression vector transduction (n = 3). Scale bar = 100 µm.
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4.3.3. Co-localisation and Detection of Transgene Proteins
The lentiviral expression vectors pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato have the
transgenes SOX2 and PAX6, respectively, located upstream of the fluorescent detection protein—
zsGreen or tdTomato (Appendix 7.2). To investigate whether SOX2 and PAX6 transgene expression
was co-localised with their corresponding fluorescent detection protein, aHDF cells were transduced
with either pLVX-SOX2-zsGreen or pLVX-PAX6-tdTomato and fixed at 3 days post transduction for
immunocytochemistry with SOX2 or PAX6 antibodies (Section 2.7). The results showed complete colocalisation of the nuclear marker DAPI with either SOX2 or PAX6, which indicates the nuclear
expression of both transgenes (Figure 4-6). In addition, the fluorescent detection proteins zsGreen
and tdTomato were expressed in both the nucleus and cytoplasm of transduced cells (Figure 4-6),
and not in the non-transduced aHDFs. These results indicate that the fluorescent detection proteins
zsGeen and tdTomato were co-expressed with the transgenes SOX2 and PAX6 as expected, and
that expression of zsGreen or tdTomato represents SOX2 or PAX6 expression, respectively.

Figure 4-6: Co-localisation of transgene and detection protein.
Fluorescent images of aHDF cells transduced with (A) pLVX-SOX2-zsGreen and (B) pLVX-PAX6-tdTomato.
Three days post transduction, co-localisation of a nuclear stain (DAPI) with (A) SOX2 (red) and (B) PAX6
(green) can be seen in cells also expressing zsGreen and tdTomato, respectively. Scale bar = 50 µm.
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4.3.4. Characterisation of Lentiviral-derived iNP-like Cells

Colony Formation of iNPs
Adult HDFs were plated at 500,000 cells per well of a 6-well plate (As per section 2.4.2) one-day prior
to the lentiviral transduction, which allowed the fibroblasts to adhere to the bottom of the plate prior to
transduction (Figure 4-7; A). Transduced cells were then allowed to recover in HDF growth media
before being transferred into a neural reprogramming media (As per section 2.5.2).
Cell colonies resembling neurospheres were generated following lentiviral transduction and replating
(Marshall, Reynolds et al. 2007). At 8 days post transduction, transduced cells exhibited changes in
cell morphology. Cells transformed from elongated, thin fibroblast cells into round-looking cells (Figure
4-7; B). In addition, the transduced cells were grouped together and formed cell colonies. At day 8
post transduction colonies exhibited a mixture of cells expressing either SOX2-zsGreen or PAX6tdTomato, both SOX2-zsGreen and PAX6-tdTomato, and negatively expressing cells, which indicates
a heterogeneity of transgene expression in the lentiviral-transduced aHDFs. At day 10 post
transduction, the cells (Figure 4-7; C) formed bigger colonies than at 8 days post transduction (Figure
4-7; B). The cell colonies increased in diameter, and their edges became smoother compared to the
colonies at day 8 post transduction. Cells continued to be replated and cultured in the reprogramming
media until day 15 post transduction (Figure 4-7; D), indicating a second and third colony formation.
These results demonstrate that the ectopic expression of SOX2 and PAX6 by lentiviral transduction
can generate cell colonies resembling neurospheres as early as day 8 post transduction.
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Figure 4-7: Brightfield and fluorescent images of lentiviral-derived iNPs.
(A) Brightfield image of HDF prior to transduction. (B – D) Brightfield and fluorescent images of HDF cells
transduced with both pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato (B) 8 days, (C) 10 days, and (D) 15
days after transduction. Scale bar = 100 µm.
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Dynamics of Induced Neural Precursor Cell Generation Over 24 Hours
In order to observe the cellular progress of iNP reprogramming, aHDF cells transduced with both
pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato were placed in a BioStation (Nikon) 2 days after the
second replate (day 15 post transduction) for 24 hours to perform a series of time-lapse images
(brightfield and fluorescence) (Figure 4-8). This allowed us to observed changes in cell morphology
during reprogramming over a 24-hour period.
It was observed that a mixture of colonies (round, compact structure) and monolayer cells grouped
together at time 00:00, when the time lapse started. Cell colony #1 was formed by a mixture of pLVXSOX2-zsGreen- and pLVX-PAX6-tdTomato-expressing cells, which had many short filopodia-like
fibres (black arrowheads) sticking out from the edge of the colony. The filopodia-like fibres in colony
#1 extended towards the cells in colony #2 from 00:00 to 04:00 hrs and connected to a PAX6tdTomato-expressing cell in colony #2 at 04:00 hrs. Colony #1 started to flatten out on the bottom of
the plate and continued to spread between 04:00 and 10:30 hrs. During this time, the filopodia-like
fibre and PAX6-tdTomato-expressing cell connection broke up and connected to another PAX6tdTomato expressing cell that then bonded to a cell expressing both SOX2-zsGreen and PAX6tdTomato (*) from colony #2. Once the bond was formed, the filopodia-like fibre appeared to retract
and stretch into a straight thin fibre (during time 10:30 – 13:30 hrs) in order to shorten the distance
between colonies #1 and #2 (during time 13:30 – 24:00 hrs).
In the meantime, the PAX6-tdTomato-expressing cell (red arrowhead) appeared to divide into two
PAX6-tdTomato-expressing cells, from 00:00 to 02:00 hrs, and moved apart after cell division. The
cell co-expressing both SOX2-zsGreen and PAX6-tdTomato (*) gradually moved toward to the fibre
extending from colony #1 between 00:00 and 13:30 hrs, and divided into two cells expressing both
SOX2-zsGreen and PAX6-tdTomato (*) between 15:30 and 20:30 hrs.
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Figure 4-8: Time-lapse video images of cells transduced by both pLVX-SOX2-zsGreen and pLVX-PAX6tdTomato, captured over 24 hours.
Green cells = cells expressing SOX2-zsGreen; Red cells = cells expressing PAX6-tdTomato, black
arrowheads indicate the presence of filopodia-like fibres, red arrowheads indicate PAX6-tdTomatoexpressing cells, and black asterisks indicate cells expressing both SOX2-zsGreen and PAX6-tdTomato.
Scale bar = 10μm.

4.3.5. Temporal Profile of Gene Expression during Direct Reprogramming
Quantitative PCR was performed after cDNA synthesis, as per section 2.8.2, in order to examine the
temporal expression of the neural stem, proneural, and regional developmental genes during the
reprogramming of iNPs. The results are first presented according to their developmental identity and
then in order of temporal profile.
The previous chapter demonstrated that the SOX2 and PAX6 plasmid-derived iNPs exhibit a
predominant expression of genes representative of neuroectoderm and anterior telencephalic
progenitors. Since the same transgenes were also applied in this study by lentiviral transduction, this
chapter focuses on the investigation of the neural stem, neuroectoderm, and forebrain positioning
markers.

Ectopic Transgene Expression
There was a statistically significant (p < 0.0001) difference in SOX2 expression relative to aHDFs over
time. SOX2 expression was significantly higher compared to the aHDFs at all-time points except at
day 17 post transduction. The expression of SOX2 was significantly induced by approximately
20,000-fold (Table 4-1) relative to aHDFs at 3 days post transduction. After the first replate, SOX2
expression increased to approximately 27,000-fold at day 5 post transduction, then gradually
decreased to approximately 8,000-fold from days 5 to 9 post transduction. Following the second
replate at 11 days post transduction, SOX2 expression was increased to approximately 15,000-fold
relative to the control aHDFs, with expression then decreasing to 5,000-fold from 11 to 17 days post
transduction. SOX2 expression increased again after the third replate and expression was sustained
at 9,200-fold from days 19 to 25 post transduction, with a peak expression of 17,000-fold relative to
the control aHDFs at day 21 post transduction (Figure 4-9).
There was a statistically significant (p = 0.0005) difference in PAX6 expression relative to aHDFs over
time. PAX6 expression was induced to approximately 3,000-fold (Table 4-1) at 3 days post
transduction. After the first replate, PAX6 expression increased by 5,000-fold relative to the control
aHDFs at 5 days post transduction. Expression then decreased to approximately 2,500-fold from 5 to
9 days post transduction. Following the second replate, the expression of PAX6 was gradually
decreased from 4,000-fold to 2,000-fold from days 11 to 17 post transduction. PAX6 expression
increased again after the third replate, with expression then decreasing from 4,000-fold to 3,000-fold
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from days 19 to 25 post transduction, with a peak expression of 9,000-fold at day 21 post transduction
(Figure 4-9). PAX6 expression in the reprogrammed cells at days 5, 11, and 21 post transduction was
significantly higher compared to the aHDFs.
These results confirm the expression of the ectopic genes SOX2 and PAX6 following transduction.
SOX2 and PAX6 share a similar transcription profile, with their expression increasing after each
replate and then gradually decreasing over time. Furthermore, the expression of ectopic genes
relative to the control aHDFs remained high during reprogramming.
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Figure 4-9: mRNA expression of ectopic transgenes SOX2 and PAX6 mRNA relative to the control aHDFs
over time (p < 0.05; *).
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Neural Stem Cell Gene Expression
The NSC marker OCT4 exhibited statistically significant (p = 0.0019) difference relative to aHDFs.
The expression of OCT4 exhibited no alteration (below the 2-fold cut-off) relative to the control aHDFs
from days 3 to 11 post transduction (Figure 4-10). Expression of OCT4 was increased from 2.3-fold to
3.4-fold (Table 4-1) relative to the aHDFs from days 13 to 25 post transduction. OCT4 was
significantly higher than in aHDFs at days 19 and 25 post transduction.
At days 7 post transduction, the expression of the NSC marker HES5 was increased 2.3-fold relative
to in the aHDFs (Table 4-1). The level of expression remained unchanged for the remaining time
points examined. However, there was no significant (p = 0.2674) difference for expression of HES5
compared to in the aHDFs.
These results show a low expression of primitive NSC markers OCT4 and HES5 during
reprogramming of iNPs following lentiviral transduction.
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Figure 4-10: mRNA expression of the neural stem cell markers OCT4 and HES5 relative to the control
aHDFs over time (p < 0.05; *).
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Expression of Neuroectoderm Genes
Neuroectoderm genes were examined over time during iNP reprogramming (Figure 4-11).
Endogenous PAX6 exhibited a statistically significant (p = 0.0006) difference relative to the aHDFs.
Endogenous PAX6 was initially upregulated approximately 3- to 4-fold relative to aHDFs from days 5
to 15 post transduction (Table 4-1) and approximately 7-fold from days 17 to 25 post transduction,
with a peak expression of 14-fold at day 23 post transduction. A significantly higher expression of
endogenous PAX6 was detected for days 19 – 23 post transduction compared to aHDFs.
The overall expression of LHX2 exhibited no difference (p = 0.0879) relative to aHDFs. However,
LHX2 was induced 2.2-fold relative to the control aHDFs at day 13 post transduction and
approximately 3-fold from days 19, 21, and 25 post transduction (Table 4-1:). Expression of LHX2
remained unchanged from days 3 to 11, 15, 17, and 23 post transduction. The expression of FOXG1
was not altered during reprogramming except for a 2-fold downregulation of expression at day 11 post
transduction (Table 4-1:). Yet, the overall expression of FOXG1 was significantly different (p = 0.0013)
relative to aHDFs. The overall expression of SIX3 exhibited a significant difference (p = 0.0002)
relative to aHDFs. Expression of SIX3 was downregulated approximately 2-fold at day 9 post
transduction and then increased 3- to 5-fold from days 17 to 21 post transduction. The expression of
SIX3 relative to aHDFs remained unchanged for days 3 – 7, 11 – 15, 23, and 25 post transduction. A
significant induction of SIX3 was observed at day 19 post transduction.
Overall, the notable expression of LHX2 and SIX3 was induced in a random pattern, while the
induction of FOXG1 was not observed during reprogramming.
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Figure 4-11: mRNA expression of the forebrain anterior patterning genes PAX6, SIX3, LHX2, and FOXG1
relative to control aHDFs over time (p < 0.05; *).
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Expression of Forebrain Dorsal Positioning Genes
The dorsal positioning markers of the forebrain were examined over time during iNP reprogramming
(Figure 4-12). NGN2 exhibited a significant difference in expression (p = 0.0033) relative to the
aHDFs. NGN2 was below 2-fold cut-off at day 3 post transduction. Following the initial replate, NGN2
increased 2- to 3-fold from days 5 to 15 post transduction. Expression of NGN2 then increased from
4- to 5.2-fold from days 17 to 25 post transduction, with a peak expression of 6.9-fold at day 23 post
transduction. A significant induction of NGN2 was observed at days 19, 23, and 25 post transduction.
BRN2 exhibited a significant difference in expression (p < 0.0001) relative to the aHDFs. BRN2 was
below the 2-fold cut off from days 3 to 5 post transduction. Expression of BRN2 was upregulated 2- to
3.4-fold from days 7 to 13 post transduction, with expression increasing from 2.6- to 5.8-fold from
days 15 to 25 post transduction and a peak expression of 7.2-fold at day 21 post transduction. A
significant induction of BRN2 was detected for most of the time points except days 3, 5, 9, and 11
post transduction.
These results demonstrate the expression of forebrain dorsal positioning genes NGN2 and BRN2
during reprogramming, which suggests a possible dorsal telencephalic progenitor identity for lentiviralderived iNPs.
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Figure 4-12: mRNA expression of forebrain dorsal positioning markers NGN2 and BRN2 relative to
control aHDFs over time (p < 0.05; *).
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Expression of Forebrain Ventral Positioning Genes
Markers regulating the ventral positioning of the forebrain were examined over time during
iNP reprogramming (Figure 4-13). The ventral marker GSH2 exhibited no significant difference in
expression (p = 0.2366) relative to the aHDFs. GSH2 expression remained below the 2-fold cut-off
(Table 4-1) relative to the control aHDFs at day 3 post transduction and then increased approximately
2- to 3-fold from days 5 to 17 post transduction. The expression of GSH2 was then reduced from 4.9to 3.5-fold (Table 4-1:) from days 19 to 25 post transduction. DLX2 exhibited no significant difference
in expression (p = 0.2981) relative to the aHDFs. The expression of DLX2 remained below the 2-fold
cut-off from days 3 to 11, 15 and 17 post transduction. However, at days 13, 19 – 23 post
transduction DLX2 was increased to approximately 3-fold relative to control aHDFs (Table 4-1:).
Expression of the ventral gene ASCL1 remained below the 2-fold cut-off during the entire
reprogramming, and no significant difference in ASCL1 expression (p = 0.9681) was observed relative
to the aHDFs. The expression of NKX2.1 was not detected during reprogramming (Table 4-1:). These
results demonstrate that the transduced cells expressed a notable induction of GSH2 and DLX2,
which suggests a possible ventral telencephalic progenitor fate with a potential LGE phenotype.
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Figure 4-13: mRNA expression of the forebrain ventral positioning genes GSH2, DLX2, and ASCL1
relative to the control aHDFs over time.
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Table 4-1: Fold change of proneural and region-specific markers in lentiviral-derived iNPs*.

* Grey = fold change below the 2-fold cut-off; Blue = downregulated fold change of >2 relative to the
control aHDF; Red = upregulated fold change of >2 relative to the control aHDF.
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4.3.6. Gene Expression during Different Phases of Reprogramming
Following the temporal analysis of neural developmental gene expression during reprogramming, we
further analysed the transcriptional profile by grouping lentiviral transduced reprogramming into four
phases: phase 0 (day 3 post transduction, transduced cells before the first replate), phase 1 (days 5 –
9 post transduction, cells had one replate), phase 2 (days 11 – 17 post transduction, cells had two
replates), and phase 3 (days 19 – 25 post transduction, cells had three replates).
The phases in this chapter do not correlate with the phases examined for plasmid reprogramming due
to the lentiviral reprogramming procedure having an earlier initial replate and a shorter reprogramming
length.

Gene Expression at Phase 0 (Day 3 Post Transduction)
The expression of proneural and region-specific genes in transduced cells at phase 0 was analysed
(Figure 4-14). The results showed that expression of all genes remained below the 2-fold cut-off
relative to the control aHDFs. The transcription profile for cells at phase 0 indicates that cells do not
express any proneural and region-specific markers prior to the first replate.
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Figure 4-14: Expression of proneural and region-specific markers for cells at phase 0 of reprogramming.

Gene Expression at Phase 1 (Days 5 – 9 Post Transduction)
The expression of proneural and region-specific genes in transduced cells at phase 1 of
reprogramming was analysed (Figure 4-15). At 5 days post transduction, transduced cells
endogenously expressed the forebrain dorsal positioning gene PAX6 and the downstream target
genes NGN2 and GSH2. The expression of the late dorsal and ventral genes BRN2, DLX2, ASCL1,

131

Chapter 4

and genes that regulate primitive NSCs (OCT4 and HES5) or neuroectoderm (LHX2, FOXG1, and
SIX3) remained unchanged relative to in the control aHDFs.
At day 7 post transduction, the transduced cells continued to express endogenous PAX6 and both the
downstream genes NGN2 and BRN2. In addition, the primitive NSC marker HES5 and the forebrain
ventral marker GSH2 were induced relative to in the control aHDFs. Expression of OCT4, LHX2,
FOXG1, SIX3, DLX2, and ASCL1 remained unchanged. At day 9 post transduction, endogenous
PAX6, NGN2, BRN2, and GSH2 continued to be expressed, while SIX3 expression was
downregulated relative to in the control aHDFs. OCT4, HES5, LHX2, FOXG1, DLX2, and ASCL1
expression remained unchanged.
The temporal profile at phase 1 of reprogramming reveals a notable expression of genes regulating a
dorsal telencephalic progenitor fate.
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Figure 4-15: Expression of proneural and region-specific markers for cells in phase 1 of reprogramming
at days 5 – 9 post transduction.

132

Chapter 4

Gene Expression at Phase 2 (Days 11 – 17 Post Transduction)
Endogenous PAX6, NGN2, and BRN2 continued to be expressed during phase 2 of reprogramming
(Figure 4-16). In addition, the forebrain ventral gene GSH2 was expressed at all-time points during
phase 2 of reprogramming, while DLX2 was expressed at day 13 post transduction. Except for day 11
post transduction, the primitive NSC marker OCT4 was also expressed in transduced cells from days
13 to 17 post transduction. In addition, the neuroectoderm gene FOXG1 was downregulated at day 11
post transduction and notable expression of LHX2 and SIX3 was induced at days 13 and 17 post
transduction, respectively.
The transcription profile at phase 2 of reprogramming exhibited expression of the dorsal telencephalic
progenitor markers PAX6, NGN2, and BRN2. In addition, the ventral telencephalic LGE progenitor
markers GSH2 and DLX2 were co-expressed at day 13 post transduction. These results indicate a
strong dorsal telencephalic progenitor and a likely ventral LGE progenitor phenotype at phase 2 of
reprogramming.
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Figure 4-16: Expression of proneural and region-specific markers for cells in phase 2 of reprogramming
at days 11 – 17 post transduction.

133

Chapter 4

Gene Expression at Phase 3 (Days 19 – 25 Post Transduction)
The transcription profile shows that the primitive NSC marker OCT4 was expressed at all time points
of phase 3 after the third replate. Furthermore, the neuroectoderm genes LHX2 and SIX3 were
expressed from days 19 and 21 and LHX2 was expressed at day 25 post transduction, while FOXG1
remained unchanged in iNPs at phase 3 of reprogramming. PAX6, NGN2, and BRN2 continued to be
expressed in cells during phase 3 of reprogramming (Figure 4-17). GSH2 was also expressed at all
time points during phase 3 of reprogramming, while DLX2 was expressed from days 19 to 23 post
transduction.
The temporal profile reveals a low expression of the neuroectoderm genes OCT4, LHX2, and SIX3
during phase 3 of reprogramming. The lentiviral-induced iNPs may exhibit a predominant dorsal
telencephalic progenitor and a potential ventral LGE progenitor phenotype at phase 3 of
reprogramming.
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Figure 4-17: Expression of proneural and region-specific markers for cells in phase 3 of reprogramming
at days 19 – 25 post transduction.
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Fate Specification of Lentiviral-Reprogrammed iNPs
The temporal profile (Figure 4-18) indicates that the proneural and region-specific genes were not
expressed in the transduced cells prior to the first replate at day 3 post transduction (phase 0).
Following the first replate, lentiviral-derived iNPs predominantly expressed the dorsal telencephalic
progenitor markers PAX6, NGN2, and BRN2 or the ventral LGE progenitor marker GSH2 (phases 1 –
3). The ventral telencephalic progenitor marker DLX2 was expressed at phase 3 of reprogramming.
The primitive NSC and neuroectoderm markers OCT4, LHX2, and SIX3 were initially observed in
transduced cells after the second replate (phase 2) and continued to be expressed in the lentiviraltransduced iNPs after the third replate (phase 3).
Lentiviral-reprogrammed iNPs appear to acquire a dorsal telencephalic progenitor fate immediately
after the first replate, and the dorsal telencephalic progenitor fate strengthened towards the end of
reprogramming. In addition to the dorsal telencephalic progenitor fate, reprogrammed iNPs exhibited
a ventral telencephalic progenitor phenotype with a potential LGE fate. Interestingly, the genes
representative of the primitive NSC and neuroectoderm fates were not observed until the end of
lentiviral reprogramming.

Figure 4-18: Schematic demonstration of the expression pattern of proneural and region-specific markers
during all phases of reprogramming.
Fold change of genes equal to or higher than 2-fold relative to the control aHDFs are indicated in the
schematic.
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4.4. Discussion
4.4.1. Overview
Our lab (Maucksch, Firmin et al. 2012) has demonstrated that aHDFs can be directly converted into
iNPs using plasmid transfection of both SOX2 and PAX6. The previous chapter (Chapter 3) indicated
that SOX2 and PAX6 plasmid-facilitated reprogramming generates a heterogeneous population of
iNPs that initially exhibit a gene profile representative of anterior neuroectoderm and then a
telencephalic glutamatergic and GABAergic phenotype. The efficiency of plasmid transfection is low
(Maucksch, Firmin et al. 2012), so we proposed that viral transduction could increase the efficiency
and kinetics of reprogramming compared to the use of plasmid transfection (Cao, Xie et al. 2010).
Lentiviral vectors have been extensively used for human iNP reprogramming (Corti, Nizzardo et al.
2012, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al. 2014, Zou, Yan et al. 2014, WinieckaKlimek, Smolarz et al. 2015), including the use of aHDFs (Mitchell, Szabo et al. 2014, Zhu,
Ambasudhan et al. 2014) as the parental cell source. Therefore, the current chapter first aimed to
establish a lentiviral transduction protocol to directly generate neural precursors from aHDFs using
lentiviruses expressing SOX2 and PAX6. Then the temporal profile of proneural and region-specific
gene expression was assessed during the conversion of aHDFs to iNPs using lentiviral transduction
of SOX2 and PAX6 to determine whether the lentiviral-derived iNPs express the same sequential
gene profile observed in human neural development.
This chapter demonstrates that iNPs can be generated from aHDFs using lentiviral transduction of
SOX2 and PAX6, and that lentiviral-derived iNPs do not express the same gene expression profile as
that observed in human neural development, Further, lentiviral reprogramming generated a different
transcriptional profile to that observed using plasmids (Chapter 3). The results suggest that direct
reprogramming of aHDFs using lentiviruses expressing SOX2 and PAX6 generates a heterogeneous
population of neural precursor-like cells that exhibit a gene profile representative of a dorsal
telencephalic progenitor phenotype or a potential ventral LGE progenitor phenotype. This leads us to
propose that SOX2/PAX6-transduced iNPs can generate neurons representative of the telencephalic
region of the developing human brain.

4.4.2. Efficiency of Lentiviral Transduction for Control and Expression Vectors
Lentiviral transduction is an efficient technology for introducing nucleic acids into a wide range of cell
types, whether they are dividing or quiescent (Mitta, Rimann et al. 2002, Romano 2005). It provides
higher transduction efficiency than non-viral transfection methods (Cao, Xie et al. 2010). FACS
analysis of the transfection and transduction of H1 and H9 hESCs with eGFP in vitro shows that
eGFP expression was highest in lentiviral-transduced cells, with 25.3!±!4.8% and 22.4!±!6.5% positive
eGFP cells for H1 and H9, respectively, whereas the lowest eGFP expression was seen with
lipofection (1.5!±!0.5% (H1) and 1.3!±!0.2% (H9) (Cao, Xie et al. 2010).
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To determine the efficiency of lentiviral transduction, FACS analysis was conducted and
demonstrated that the transduction efficiency of pLVX-IRES-zsGreen and pLVX-IRES-tdTomato was
41.3% and 18.7%, respectively, whereas the transduction efficiency of pLVX-SOX2-zsGreen and
pLVX-PAX6-tdTomato was 6.1% and 5.2%, respectively. Why the transduction efficiency of the
expression vectors is lower than the transduction efficiency of the control vectors can be explained by
1) the transgene expressed: for the lentiviral transduction of aHDFs using expression vectors pLVXSOX2-zsGreen and pLVX-PAX6-tdTomato, both the ectopic and fluorescent detection genes from a
single lentiviral vector are translated in the same cells (Figure 4-6). As such, differences in the
detection protein intensity from both the viral transduction may affect their efficiency as determined by
the FACS analysis; and/or 2) the titres applied to the cells: viral titre decreased semi-logarithmically
with increasing vector length (Kumar, Keller et al. 2001). Therefore, the expression viruses may
exhibit a lower viral titre compared to the control viruses due to their larger size, thereby affecting the
transduction efficiency. Furthermore, while it has not further investigated, it is postulated that the use
of a single lentiviral vector to co-express both SOX2 and PAX6 may be optimal for achieving highlevel expression of multiple transgenes in the majority of target cells (Amendola, Venneri et al. 2005).
Yet, the larger size of a dual gene expression vector may further decrease the transgene expression
and/or titre compared to the single gene expression vectors.
Moreover, the FACS analysis was conducted and demonstrated that 41.3% of aHDFs were
transduced with pLVX-IRES-zsGreen, almost 4 times higher than the plasmid transfection efficiency
(12%) of pCMV-EGFP-N1 (Maucksch, Firmin et al. 2012). However, the efficiency of the vector
transduction giving rise to cells expressing both pLVX-SOX2-zsGreen and pLVX-PAX6-tdTomato was
2.1%. This low transduction efficiency suggests that the use of lentiviral vectors may not be as
efficient as expected for the direct reprogramming of iNPs.

4.4.3. Morphological Changes for Lentiviral-Derived iNPs
As early as day 8 post transduction, the lentiviral-derived iNPs changed from having a thin, elongated
fibroblast morphology to a round morphology that formed either networks or small neurosphere-like
colonies (Marshall, Reynolds et al. 2007). Morphological change is often the first observation in a
proper reprogramming event, with cells that remain fibroblast-like undergoing apoptosis, senescence,
or cell cycle arrest (Plath and Lowry 2011). The observed colonies exhibited a mixture of cells
expressing either SOX2-zsGreen or PAX6-tdTomato or co-expressing both SOX2-zsGreen and
PAX6-tdTomato. A population of cells was also observed expressing neither transgene (Figure 4-7).
This indicates heterogeneity of transgene expression in the lentiviral-transduced aHDFs. Similar to in
the plasmid-derived iNPs, the weekly replate in our lentiviral-derived iNP reprogramming strategy
likely leads to a more pure population of reprogrammed cells with a neural precursor fate by removing
non-reprogrammed cells—hence the induction/increase of neural-specific genes after each cellular
replate, especially in SOX2 and PAX6 expression.
Consistent with the iNPs previously generated via plasmid transfection (Chapter 3) (Maucksch, Firmin
et al. 2012), the neurospheres generated by lentiviral transduction could be passaged multiple times
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during reprogramming, indicating the generation of secondary and tertiary colonies and cell
proliferation. Further assessment of cell proliferation in these neurospheres to determine their full
proliferation potential will be interesting.
During the plasmid reprogramming of iNPs (Chapter 3), colony formation was observed at days 40,
47, and 54 post transfection, coinciding with our previous observation in the SOX2/PAX6-transfected
iNPs (Maucksch, Firmin et al. 2012). Yet, the lentiviral reprogramming of iNPs exhibited colony
formation much earlier than the plasmid reprogramming. Moreover, a monolayer cell culture that
reformed from the colonies was observed in the plasmid reprogramming 7 days after the replate at
days 45, 52, and 59 post transfection. This is consistent with the observation in SOX2-induced iNSCs,
that passage of iNPs as a monolayer may be an approach for generating a population of NP-like cells
(Ring, Tong et al. 2012). The series of time-lapse images over a 24-hour period happened to capture
a neurosphere-like colony flattening out on the bottom of the plate over a very short time period, 04:00
to 10:30 hrs, and continued to spread until 24:00 hrs. This indicates that the passage of iNPs as a
monolayer can be observed in the lentiviral reprogramming, which may occur much faster compared
to the plasmid reprogramming. The quick morphological changes and early induction of neuralspecific genes further support the assumption that lentiviral transduction can increase the kinetics of
reprogramming.
Furthermore, the dynamics of cell-cell interaction and the existence of filopodia-like extensions in
reprogramming cells were observed in a 24-hour live-cell imaging session (Figure 4-8). This suggests
that a Notch-DLL interaction may be present during cell reprogramming (Nelson, Hodge et al. 2013).
While we did not examine this further in the current study, it has been demonstrated that Notch
signalling is involved in the aggregation of human neural stem/progenitor cells (Mori, Ninomiya et al.
2006). Therefore, it would be interesting to further investigate the role of the Notch-DLL signalling
pathway during the reprogramming of iNPs.

4.4.4. Temporal Profile of Proneural and Region-Specific Markers
This chapter focused on measuring the mRNA expression of proneural and region-specific markers in
aHDFs-derived iNPs. The respective protein level assessment was not conducted for all the
investigated genes.

Expression of SOX2 and PAX6
The fluorescent detection proteins zsGreen and tdTomato were expressed throughout reprogramming
(Figure 4-7) and coincided with the significant induction of transgene mRNA expression over time.
This further confirms the sustainable expression of transgenes via lentiviral transduction (Mao, Yan et
al. 2015). Moreover, the expression of SOX2 and PAX6 shared a similar transcription profile and their
expression increased after each replate. In addition to sustainable transgene expression via lentiviral
transduction (Mao, Yan et al. 2015)(Mao, Yan et al. 2015)(Mao, Yan et al. 2015), the induction of
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transgene expression after cellular replate probably coincided with the same mechanisms stated in
the previous chapter, that 1) the lower-density culture after the initial cellular replates may decrease
the NOTCH signalling activation, which will promote neurogenesis (Oishi, Kamakura et al. 2004, Zhou,
Kumari et al. 2010); 2) there was an indication of a proliferative capability of iNPs using SOX2 and
PAX6 after the mechanical dissociation of reprogramming cells (Maucksch, Firmin et al. 2012), and
proliferation may be the prerequisite for permitting epigenetic changes (Hanna, Saha et al. 2010) for
induction of neural-specific genes; and 3) the cellular replates in our iNP reprogramming strategy
could potentially remove non-reprogrammed cells and led to a more pure population of reprogrammed
cells with a neural precursor fate, i.e., the notable expression of neural-specific genes induced after
the cellular replates. It further confirms that the cell dissociation step may be crucial for the process of
reprogramming.
In the previous chapter, proneural and region-specific markers HES5, FOXG1, endogenous PAX6,
NGN2, GSH2, DLX2, and GBX2 were induced at day 3 post transfection, it was presumably caused
by the high expression of SOX2 and/or PAX6. However, in this chapter, none of the proneural and
region-specific markers were induced at day 3 post transduction, indicating that lentiviral-transduced
cells do not contain any proneural and region-specific identities at phase 0 of reprogramming. The
discrepancy may be explained by the relative lower transgene expression at day 3 post transduction
compared to the transgene expression in the plasmid-transfected iNPs at the same time, in the
absence of neural supportive media prior to the cell replate.
Ectopic expression of SOX2 inhibits neuronal differentiation, resulting in the maintenance of
progenitor characteristics (Graham, Khudyakov et al. 2003, Zhang and Cui 2014). Whereas the level
of Pax6 in mice modulated different steps during neurogenesis, and high expression of Pax6
maintained the neural progenitor state (Bel-Vialar, Medevielle et al. 2007). Hence, a Tet-On/Off
lentiviral-transduction system, which allows a precise control over transgene expression (Barde,
Zanta-Boussif et al. 2006), might be essential to facilitate the reprogramming of iNPs. In particular,
turning off the ectopic transgenes towards the end of reprogramming might promote the neuronal
differentiation of iNPs.

Expression of Primitive NSC Markers
HES5 is a downstream target gene of PAX6 at the transcriptional level and functions as an NSC
maintenance factor (Sansom, Griffiths et al. 2009). In this study, HES5 exhibited a transient, low-level
of expression (2.3-fold) at day 7 post transduction but remained below the 2-fold cut-off relative to
aHDFs at the other time points. The induction of HES5, however, was not correlated with the highest
expression of PAX6 during reprogramming. The expression of HES5 has not been demonstrated in
the generation of iNPs except when using the four Yamanaka factors (OSKM), in which aHDFsderived iNPs colonies expressed HES5 by immunocytochemistry and RT-PCR along the
reprogramming at passage 1, 5, and 20 (Lu, Liu et al. 2013). Similar to in the plasmid-reprogrammed
iNPs, the lack of the ongoing primitive NSC marker HES5 in our lentiviral-reprogrammed iNPs may
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also be due to differences between the pluripotent factor OSKM used by Lu and colleagues (Lu, Liu et
al. 2013) and the use of the proneural transcription factors SOX2 and PAX6 in this study. Also, the
addition of the Activin/Nodal inhibitor SB431542 in the Lu study (Lu, Liu et al. 2013) promoted the
differentiation and maintenance of primitive NSC from hESCs (Chambers, Fasano et al. 2009, Li, Sun
et al. 2011, Surmacz, Fox et al. 2012) and might explain the difference in HES5 expression.
Over-expressing SOX2 alone by retroviral infection has been used for generating iNPs from human
foetal foreskin fibroblasts (Ring, Tong et al. 2012). The forced expression of SOX2 alone by lentiviral
transduction, however, is not sufficient for the generation of iNPs from aHDFs (Zhu, Ambasudhan et
al. 2014). This indicates that SOX2 alone may be sufficient for direct generation of iNPs from human
foetal fibroblasts but not from adult HDFs, possibly because human foetal fibroblasts acquire a better
reprogramming capacity due to their greater proliferative capacity compared to adult fibroblasts (Tan,
Salgado et al. 2014). OCT4 and HES5 are genes expressed early in undifferentiated NSC, along with
SOX2, and regulate the self-renewal of NSCs (Ahmed, Gan et al. 2009, Lee, Jeyapalan et al. 2010).
OCT4 is a key pluripotent marker that functions in early embryonic development along with SOX2 and
is also known to be downregulated upon neural differentiation (Szabo, Rampalli et al. 2010, Nat, Salti
et al. 2012). Moreover, the lentiviral transduction of OCT4 alone enables generation of iNPs from
aHDFs and human neonatal fibroblasts (Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al. 2014),
which indicates that OCT4 might have a particular role in the direct reprogramming of iNPs from
human fibroblasts. While PAX6 expression resulted in the loss of OCT4 expression (Zhang, Huang et
al. 2010), Oct4 expression appeared to be positively regulated by Sox2 (Masui, Nakatake et al. 2007).
Given that the expression of OCT4 was observed in the lentiviral-derived iNPs from days 13 to 25
post transduction at phases 2 and 3 of reprogramming (Figure 4-10), it is possible that the persistent
expression of SOX2 induces OCT4 for a neuroectodermal commitment at the later phase of
reprogramming (Kunath, Saba-El-Leil et al. 2007, Loh and Lim 2011). It is important to note that
endogenous OCT4 was expressed in the reprogramming of iNPs using a Sendai virus expressing
OSKM, and those reprogrammed cells failed to form iPSC colonies when cultured in the neural
supportive media (Lu, Liu et al. 2013). Hence, the expression of OCT4 is required but not sufficient for
the induction of pluripotency (Kim, Efe et al. 2011, Lu, Liu et al. 2013). While further assessment of
other pluripotent markers (e.g. NANOG, SSEA1, SSEA3, and TRA-1-60) by both qPCR and
immunocytochemistry is required to define the generation of pluripotent cells, the result indicates that
the generation of iNPs using both SOX2 and PAX6 via lentiviral transduction in the presence of neural
reprogramming media may not induce pluripotent cells (Kim, Efe et al. 2011, Kim, Ambasudhan et al.
2012).
Overall, in the presence of neural supportive media, the lack of HES5 expression and the low-level of
OCT4 expression at the later stages of reprogramming indicate that the lentiviral-derived iNPs may
acquire a telencephalic progenitor phenotype directly, without going through a primitive NSC fate.
There was evidence that the early stages of neural precursors (e.g. primitive NSC) may lack the
appropriate receptors or signalling pathways necessary to respond to their local environment (Sheen,
Arnold et al. 1999), hence, they undergo limited neuronal differentiation. Whereas, the neural
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progenitors with a specific regional identity might be more definitively differentiated and suitable for
the generation of functional neurons (Kirkeby, Grealish et al. 2012). Therefore, the primitive NSC fate
may not be necessary for the direct reprogramming of region-specific neural precursors.

Expression of Neuroectoderm Markers
The proneural and region-specific genes regulating the neuroectoderm are LHX2, FOXG1, and SIX3
along with PAX6 (Hou, Chuang et al. 2013, Nicoleau, Varela et al. 2013). FOXG1 was not expressed
during the entire reprogramming. This is consistent with the absence of FOXG1 when overexpressing
PAX6 in hESCs through retroviral infection (Zhang, Huang et al. 2010). The generation of iNPs using
the viral OSKM factors and the small molecules TGFβ inhibitor and GSK3β inhibitor (Lu, Liu et al.
2013) showed the induction of neuroectoderm gene FOXG1 in early passage (P1) iNPs derived from
human postnatal fibroblasts. Furthermore, in the presence of a feeder cell layer, both neonatal and
adult human fibroblasts expressed FOXG1 from days 9 to 15 post transduction (Kumar, Declercq et al.
2012). However, the results from this lentiviral-derived iNPs study showed that, apart from the
immediate upregulation of endogenous PAX6 in iNPs after the first replate, FOXG1 remained
unchanged relative to the control aHDFs during the lentiviral reprogramming of iNPs using both SOX2
and PAX6.
The temporal profile of LHX2 and SIX3 suggests that a potential neuroectoderm identity for the
lentiviral-transduced iNPs was initiated from phase 2 of reprogramming. While the neuroectoderm
phenotype continued to strengthen at phase 3 of reprogramming, the neuroectoderm markers were
randomly expressed. The results suggest a potential neuroectoderm identity in the later stage of
lentiviral-based reprogramming, which was probably exhibited in a population of partially
reprogrammed cells. However, given that the expression of both transgenes, SOX2 and PAX6,
remained high during the entire reprogramming, these partially reprogrammed cells are likely to
acquire their full neuroectoderm phenotype by extending the length of reprogramming further.

Expression of Dorsal Forebrain Markers
The genes PAX6, NGN2, and BRN2 were expressed in a sequential order which regulates the
induction of the dorsal forebrain (Mariani, Simonini et al. 2012, Manuel, Mi et al. 2015). In this study,
expression of endogenous PAX6, NGN2, and BRN2 was predominantly observed from day 5 post
transduction, which provides evidence that the direct reprogramming of iNPs via lentiviral transduction
of both SOX2 and PAX6 may have acquired a dorsal telencephalic progenitor phenotype. Moreover,
the induced expression of endogenous PAX6, NGN2, and BRN2 was increased during
reprogramming, and a significant induction of those genes was observed at phase 3 of
reprogramming. This observation indicates that the generation of lentiviral-reprogrammed iNPs with a
dorsal telencephalic progenitor phenotype strengthened towards the end of reprogramming.
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The following studies (Lu, Liu et al. 2013, Cheng, Hu et al. 2014, Yu, Shin et al. 2015) provide
evidence that SOX2 may activate endogenous PAX6 during the generation of iNPs from human
fibroblasts. Furthermore, quantitative RT-PCR confirmed that cells containing ectopic Pax6
expression increased the level of their endogenous Pax6 due to a feedback mechanism (Aota,
Nakajima et al. 2003, Pinson, Simpson et al. 2006). Hence, it is possible that sustained expression of
SOX2 and PAX6 during reprogramming is responsible for the induction of endogenous PAX6. The
correlated temporal profile of endogenous PAX6 with NGN2 and BRN2 supports that NGN2 is
regulated by PAX6 in a concentration-dependent manner (Scardigli, Bäumer et al. 2003) and further
confirms the sequential order of PAX6, NGN2, and BRN2 for the induction of the dorsal forebrain
(Mariani, Simonini et al. 2012, Manuel, Mi et al. 2015).
Except our previous generation of iNPs using plasmid transfection (Maucksch, Firmin et al. 2012), no
other iNP reprogramming studies have examined the expression of NGN2 during reprogramming
(Corti, Nizzardo et al. 2012, Kumar, Declercq et al. 2012, Ring, Tong et al. 2012, Lu, Liu et al. 2013,
Wang, Wang et al. 2013, Cheng, Hu et al. 2014, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al.
2014, Zou, Yan et al. 2014, Winiecka-Klimek, Smolarz et al. 2015, Yu, Shin et al. 2015). The late
dorsal markers NEUROD1 and BRN2 have been observed in iNPs derived from aHDFs by lentiviral
transduction of OCT4 at day 14 post transduction (Mitchell, Szabo et al. 2014). The temporal
expression of BRN2 was consistent with that detected in our lentiviral-derived iNPs. However, notable
expression of BRN2 was not observed in our plasmid-derived iNPs (Chapter 3). The persistent vs
transient expression of transgenes may be responsible for the induction of BRN2 in the lentiviralderived iNPs but not in the plasmid-derived iNPs, with transient SOX2 and PAX6 expression failing to
induce sufficient/sustainable expression of endogenous PAX6 and NGN2 for the induction of BRN2
following plasmid reprogramming.
The induction of BRN2 in this study not only indicates that the lentiviral-derived iNPs may comprise a
late dorsal telencephalic phenotype (Mariani, Simonini et al. 2012), but there is also evidence that
mouse iNPCs may possess a tripotent differentiation capability when Brn2 is present. Brn2 may
confer an oligodendrocyte potential as well as lead to repression of fibroblast-specific transcriptional
characteristics in the generation of mouse iNPCs (Lujan, Chanda et al. 2012). In addition, the
generation of human iNPs by lentiviral transduction with OCT4 led to the expression of BRN2, and the
iNPs exhibited a tripotent differentiation capability (Mitchell, Szabo et al. 2014). While we did not
further examine the glial differentiation ability of lentiviral-derived iNPs, we suggest that the
expression of BRN2 may confer a oligodendrocytes potential for human iNPs as seen in mouse
iNPCs (Lujan, Chanda et al. 2012, Maucksch, Firmin et al. 2012, Mitchell, Szabo et al. 2014). Hence,
further investigation of the role of BRN2 in oligodendrocyte differentiation from the lentiviral-derived
iNPs will be vital for understanding the generation of human iNPs with tripotent differentiation ability.
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Expression of Ventral Forebrain Markers
GSH2 was expressed from day 5 post transduction during reprogramming, while expression of DLX2
was observed at day 13 post transduction and in phase 3 of reprogramming from days 19 to 23 post
transduction. The notable expression of GSH2 and DLX2 suggests that the lentiviral-derived iNPs
may have the potential to acquire a ventral telencephalic progenitor identity.
While persistent expression of PAX6 was observed in this study, the notable expression of GSH2 and
DLX2 during lentiviral reprogramming is contradictory to our understanding, as both genes are
negatively regulated by PAX6 (Toresson, Potter et al. 2000, Hébert and Fishell 2008, de Chevigny,
Core et al. 2012). However, this may also explain why the expression of GSH2 and DLX2 was not
significantly induced during lentiviral reprogramming. GSH2 and DLX2 expression may be due to the
decrease in the repressive H3K27me3 marker through changes in chromatin landscapes during the
persistent expression of SOX2 (Amador-Arjona, Cimadamore et al. 2015, Zhou, Yang et al. 2016).
The observed expression of GSH2 and DLX2 may also be due to the presence of extrinsic factors in
the media, e.g. SHH or FGF8 (Rallu, Machold et al. 2002, Manuel, Martynoga et al. 2010), which
facilitate the activation of gene expression during reprogramming.
It has also been proposed that the forebrain marker FOXG1 functions with GSH2 as an additional
regulator to promote ASCL1, and hence DLX2 expression, for a ventral telencephalic LGE fate
specification (Manuel, Martynoga et al. 2010, Pauly, Piroth et al. 2012). In this study, the reduced
expression of GSH2 and DLX2 may be due to the absence of FOXG1 expression.
DLX2 expression indicates the possibility that iNPs could acquire both a ventral LGE and MGE
phenotype. However, the lack of expression of the MGE progenitor marker NKX2.1 and the ventral
marker ASCL1 during reprogramming indicates that the lentiviral-reprogrammed iNPs are unlikely to
acquire an MGE progenitor identity during reprogramming. Although the expression of ventral
telencephalic markers in the lentiviral-derived iNPs was not as strong as the expression of dorsal
telencephalic markers, this study is the first demonstration of the generation of LGE progenitors via
direct reprogramming of iNPs from human somatic cells (Corti, Nizzardo et al. 2012, Kumar, Declercq
et al. 2012, Maucksch, Firmin et al. 2012, Ring, Tong et al. 2012, Lu, Liu et al. 2013, Wang, Wang et
al. 2013, Cheng, Hu et al. 2014, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al. 2014, Zou, Yan
et al. 2014, Winiecka-Klimek, Smolarz et al. 2015, Yu, Shin et al. 2015).
Consistent with the observation in the plasmid-reprogrammed iNPs, the expression of the neuronal
determinant ASCL1, which is used for direct iNs generation, was not induced in this study (Chanda,
Ang et al. 2014). This suggests that the induction of ASCL1 for the direct reprogramming of iNPs may
be unnecessary. Instead, it is reasonable to assume that in our strategy of iNP reprogramming, PAX6
modulates the regional identity (Muzio, Di Benedetto et al. 2002, Manuel and Price 2005), while SOX2
exerts the role of a master transcription factor in the specification of neural precursor cell fate
(Maucksch, Jones et al. 2013, Amador-Arjona, Cimadamore et al. 2015, Zhou, Yang et al. 2016).
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4.4.5. Fate Specification for the Lentiviral- and Plasmid-Derived iNPs
The plasmid-derived iNPs initially exhibited a gene profile representative of the anterior
neuroectoderm, and then a dorsal or ventral telencephalic progenitor phenotype. The lentiviralderived iNPs appeared to bypass an anterior neuroectoderm fate and exhibited a gene profile
representative of a dorsal telencephalic progenitor phenotype or a potential ventral LGE progenitor
fate. This shows that both plasmid- and lentiviral-derived iNPs most likely comprise a heterogeneous
population of neural precursor cells, which generate different subtypes of neurons representative of
the telencephalic region of the developing human brain, due to their different gene expression profiles
of these two approaches. Moreover, the difference in gene profile between plasmid- and lentiviralbased reprogramming indicates that the generation of iNPs from aHDFs may involve different
mechanisms depend on their different gene delivery methods.
Furthermore, the genes expressed in the plasmid- and lentiviral-derived iNPs do not resemble the
sequential gene profile observed in human neural development (Figure 4-19). The differences can be
explained by 1) the direct reprogramming of iNPs occurs in multiple steps: after the specification of a
neural precursor fate is achieved, the levels of certain reprogramming factors, the stoichiometry, and
the reprogramming conditions may redirect the reprogramming cells into different fates (Bel-Vialar,
Medevielle et al. 2007, Matsushima, Heavner et al. 2011, Nagamatsu, Saito et al. 2012, Han, Tapia et
al. 2013, Papp and Plath 2013); and/or 2) the direct reprogramming of iNPs is a stochastic process:
even though human fibroblasts go through the same defined sequence of event for each of the
generation of iNPs, the time latency for each of the event is varied (Hanna, Saha et al. 2009), leading
to the generation of iNPs at different stages of reprogramming. These two reasons can also explain
why the expression of proneural and region-specific genes representative of the neuroectoderm,
dorsal, and ventral progenitor phenotypes occurred at the same time during reprogramming.
The expression of proneural and region-specific markers is spread across 66 days of the plasmidbased reprogramming, whereas, expression of those genes is relatively compact (over 25 days) in
lentivirus-based reprogramming. This is consistent with the higher cell reprogramming kinetics
expected

by

lentiviral-based

reprogramming

compared

to

plasmid-based

reprogramming.

Furthermore, the expression profiles from both reprogramming strategies provide evidence that the
expression of neural precursor markers with region-specific phenotypes may not be induced until the
initiation of cellular replating during the reprogramming protocol. Therefore, the cell dissociation step
appears to be crucial for the process of reprogramming. The question that remains is whether or not
the plasmid-derived iNPs might exhibit more proneural and region-specific markers, or if the induced
gene expression might be stronger if we replated earlier than 31 days post transfection. Either way,
the initial replate of plasmid transfection strategy would probably not be as early as day 3 post
transfection as 1) due to the cell cytotoxicity, transfected cells might not survive the cell dissociation if
they were replated too early, and 2) due to the transient nature of plasmid transfection, the level of
transgene expression will decrease dramatically, therefore, the level of transgene expression
probably would not be high and/or long enough to initiate successful reprogramming if they were
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replated too early. Hence, it is likely that the transfection reprogramming has a narrow window for the
initial cell replate that may lead to an optimised gene expression profile.
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Figure 4-19: Comparison of temporal gene expression for human neural development, plasmidtransfection reprogramming, and lentiviral-transduction reprogramming.
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4.5. Conclusion
In conclusion, lentiviral transduction would increase the kinetics of reprogramming compared to the
use of plasmid transfection, however, the use of lentiviral vectors may not be as efficient as expected
for the direct reprogramming of iNPs. Moreover, lentiviral-transduced iNPs exhibit a gene profile
representative of a dorsal telencephalic progenitor phenotype or a potential ventral LGE progenitor
fate. This indicates that lentiviral-based reprogramming results in a heterogeneous population of iNPs
that can generate subtype-specific neurons representative of telencephalic regions of the developing
human brain. To confirm this, we will investigate the neuronal differentiation potential of both plasmid
and lentiviral-induced iNPs in chapter 5. Specifically, we will examine the ability of human iNPs to
generate both a glutamatergic and a GABAergic fate.
The different gene profiles of plasmid- and lentiviral-based reprogramming indicates that the
generation of iNPs from aHDFs may follow different mechanisms that depend on the different gene
delivery methods. Also, the genes expressed in the lentiviral-reprogrammed iNPs do not resemble the
sequential gene profile observed in the human neural development (Figure 4-19), possibly due to the
stochastic process of the direct reprogramming of iNPs.
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Chapter 5. Investigating the Requirement of SOX2 and/or
PAX6 for the Direct Reprogramming of iNPs
5.1. Introduction
We have demonstrated that region-specific iNPs can be directly generated from aHDFs using nonviral and viral methods by over-expressing both SOX2 and PAX6 (Chapter 3 and 4). Previous studies
have shown that over-expressing SOX2 alone is sufficient for generating iNPs from human foetal
foreskin fibroblasts (Ring, Tong et al. 2012) but not from adult HDFs (Zhu, Ambasudhan et al. 2014)
using lentiviral delivery. Therefore, the aim of this chapter is to investigate the requirement of SOX2
and/or PAX6 for generating iNPs from aHDFs using non-viral and viral reprogramming protocols.
Following non-viral transfection or viral transduction, cells comprise a mixed population expressing
either SOX2/PAX6, SOX2 alone, PAX6 alone, or none of these genes. This study applies FACS to
purify the individual cell populations in order to assess their transcription profile and their neuronal
differentiation ability. We proposed that in the absence of transgenes, reprogramming media alone
cannot generate iNPs with region-specific identity nor neuronal differentiation ability. Moreover, that
populations with both SOX2 and PAX6, and either SOX2 or PAX6 alone give rise to cells that differ in
their transcriptional profile and neuronal differentiation ability, and that neurons with mature
phenotypes can only be derived from iNP cells by delivery of both SOX2 and PAX6.
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5.2. Methods
5.2.1. Reprogramming of iNPs
The plasmid transfection was performed using LTX Lipofectamine (Section 2.4.1). K2 transfection
reagent (Section 2.4.1) was also used in order to reduce the cytotoxicity of plasmid transfection
observed using LTX Lipofectamine.
Adult HDFs were transfected/transduced with plasmid or lentivirus expressing pLVX-SOX2-zsGreen
and pLVX-PAX6-tdTomato to generate the SOX2/PAX6 population. In addition, aHDFs were
transfected/transduced with plasmid or lentivirus expressing either pLVX-SOX2-zsGreen or pLVXPAX6-tdTomato

to

generate

SOX2

only

or

PAX6

only

populations.

Adult

HDFs

were

transfected/transduced without plasmid or lentivirus in order to generate a population that expressed
neither SOX2 nor PAX6 (NEGATIVE) (Table 5-1; Figure 5-1). For each population, HDF2352 (n=1)
was used for generating plasmid-derived iNPs, HDF2352 (n=3) and HDF2116 (n=1) were used for
generating lentiviral-derived iNPs.
The transfection and transduction populations were prepared separately (Table 5-1) in order to
prevent cross contamination between cells expressing different combinations of transgenes. After cell
sorting (Section 2.9.2), each population was maintained in the reprogramming media with extra serum
(10% FBS) for 3 days in order to promote cell survival.
Transfected aHDFs did not survive cell sorting; therefore, non-sorted populations transfected using
non-fluorescent plasmids (HDF2352, n=1) were used to investigate the gene profile of plasmidderived iNPs using SOX2 only, PAX6 only, or both SOX2 and PAX6.

Table 5-1: Illustration for generating plasmid- and lentiviral-derived populations.
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Figure 5-1: Reprogramming scheme of aHDF transfection and transduction for FACS.

5.2.2. Quantitative PCR
Following the standard reprogramming protocol, the plasmid-derived iNPs (n=1) were collected at day
45 post transfection and the lentiviral-derived iNPs (n=4) at day 18 post transduction to compare the
expression of selected region-specific markers between those populations.
Students t-tests were performed to determine whether or not there were significant differences
between the populations, and asterisks (*) are used to denote the significant changes (*, p < 0.05; **,
p < 0.01; ***, p < 0.001). A * on top of a bar indicates there is a significant difference compared to the
NEGATIVE population, and a * on top of the line indicates there is a significant difference between the
two populations.
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5.2.3. Neuronal Differentiation
Plasmid-derived iNPs at day 45 post transfection were differentiated for 30 days using striatal
neuronal differentiation media (Section 2.6.1). The lentiviral-derived iNPs were differentiated at day 18
post transduction using either striatal neuronal differentiation media for 23 days or mixed neuronal
differentiation media (Section 2.6.2) for 14 days (Figure 5-2). The neuronal markers neuron-specific
enolase (NSE), VGLUT1, GAD65/67, DARPP32, Calretinin (CR), and Parvalbumin (PV) were used to
characterise the neuronal phenotype of differentiated iNPs by immunocytochemistry.
Images were taken from nine fields of view per well using a Zeiss LSM710 confocal microscope and
positive cells were quantified for neuronal differentiation. T-tests were performed for statistical
analysis to determine whether or not there were significant differences between the populations.
Asterisks (*) are used to denote the significant changes (*, p < 0.05; **, p < 0.01; ***, p < 0.001). A *
on top of a bar indicates there is a significant difference compared to the NEGATIVE population, and
a * on top of the line indicate there is a significant difference between the two populations.

Figure 5-2: Reprogramming and neuronal differentiation timeline for the plasmid- and lentiviral-derived
iNPs.
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5.3. Results
5.3.1. FACS Derivation of Plasmid-Reprogrammed iNPs
Flow cytometry analysis revealed that after LTX Lipofectamine transfection 4% of the total cell
population expressed both pLVX-IRES-zsGreen and pLVX-IRES-tdTomato. The efficiency of pLVXIRES-zsGreen only was 4.1% and the efficiency of pLVX-IRES-tdTomato only was 4.2% (Figure 5-3).
However, due to the toxicity associated with LTX plasmid transfection and FACS, the sorted cells died
immediately after sorting. Transfection was then performed using K2 transfection reagent in an
attempt to improve cell survival after plasmid transfection. FACS analysis revealed that 1.4% of the
total cell population expressed both pLVX-IRES-zsGreen and pLVX-IRES-tdTomato. The efficiency of
both pLVX-IRES-zsGreen only and pLVX-IRES-tdTomato only was 1.8% of the total cell population
(Figure 5-3). The K2 transfected aHDFs survived better than the LTX transfected aHDFs after sorting.
However, neither of the transfection methods were able to generate sufficient amounts of cells for
further analysis due to low efficiency and high cytotoxicity.
The results demonstrate that FACS is not suitable for high throughput iNP generation using plasmid
transfection. As such, a non-sorted transfection protocol using non-fluorescent plasmids, to allow for
triple label immunocytochemistry analysis, was used to investigate the gene profile of plasmid-derived
iNPs using SOX2 alone, PAX6 alone, or both SOX2 and PAX6.

Figure 5-3: Efficiency of plasmid transfection using LTX lipofectamine and K2 transfection.
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5.3.2. FACS Derivation of Lentiviral-Reprogrammed iNPs
Lentiviral transduction of aHDFs was performed according to the reprogramming scheme (Figure 5-2).
Prior to FACS (at 6 days post transduction), a population of transduced aHDFs expressed zsGreen
and/or tdTomato (Figure 5-4). Transduced aHDFs were then sorted according to their fluorescent
protein expression by FACS. Three days after cell sorting (9 dafys post transduction), nearly all sorted
cells expressed the correct combination of fluorescent proteins, which indicated a successful cell sort.
Moreover, all of the sorted populations except the PAX6 only group survived well in the
reprogramming media. After 12 days in the reprogramming media, the expression of fluorescent
proteins remained strong, but the number of cells in all populations except the NEGATIVE appeared
to have decreased compared to cells at day 9 post transduction (Figure 5-4).
These results demonstrate that FACS may be suitable for high throughput iNP generation using
lentiviral transduction. Following reprogramming, FACS-purified iNPs from each of the sorted
populations were further investigated in order to determine their expression profiles and their ability to
undergo neuronal differentiation.
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Figure 5-4: Reprogramming of the lentiviral-transduced populations.
At 6 days post transduction, a population of transduced aHDFs expressing zsGreen and/or tdTomato
were sorted according to their fluorescent expression by FACS. At 9 days post transduction, sorted cells
from each population expressed the correct combination of fluorescent protein after 3 days culture in
reprogramming media. The fluorescent proteins for each population were expressed until the end of
reprogramming at day 18 post transduction. Scale bar = 100 µm.

5.3.3. Gene Expression of Lentiviral-Derived iNPs
This study focused on investigating the proneural and region-specific markers expressed during the
temporal profile of lentiviral reprogramming of iNPs (Chapter 3 and 4).
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Expression of Ectopic Transgenes
SOX2 expression (Figure 5-5; A) was induced 120,049-fold and 83,870-fold (Table 5-2) relative to
aHDFs in sorted cells transduced with lentiviruses expressing pLVX-SOX2-zsGreen and pLVX-PAX6tdTomato (SOX2/PAX6) (yellow), and in sorted cells transduced with lentivirus expressing pLVXSOX2-zsGreen alone (SOX2) (green), respectively. Expression of PAX6 (Figure 5-5; B) was induced
to 18,207-fold and 27,339-fold in the SOX2/PAX6 population (yellow), and in sorted cells transduced
with lentivirus expressing pLVX-PAX6-tdTomato alone (PAX6) (red), respectively. Interestingly, the
expression of PAX6 was induced 190-fold in cells transduced with SOX2 alone (green). Furthermore,
the expression of SOX2 was induced 9-fold in the PAX6 only population (red). In the NEGATIVE
population, neither SOX2 nor PAX6 were expressed (Figure 5-5; black).
The increased expression of SOX2 was not significantly different between the SOX2/PAX6 and SOX2
only populations, however, SOX2 expression for both populations was significantly higher than either
the NEGATIVE or PAX6 only populations. No significant difference was observed in SOX2 expression
between the NEGATIVE and PAX6 only populations. The high expression of PAX6 was significantly
induced in the SOX2/PAX6, SOX2 only, and PAX6 only populations compared to the NEGATIVE
population, and PAX6 expression was significantly lower in the SOX2 only population compared to
the SOX2/PAX6 and PAX6 only populations. The results indicate that high expression of the ectopic
transgene SOX2 may induce PAX6 expression, whereas, induction of high PAX6 may have little or no
effect on the expression of SOX2.

A

B

Figure 5-5: Expression of ectopic transgenes in the lentiviral-transduced populations at day 18 post
transduction.
Expression of SOX2 (A) and PAX6 (B) in the lentiviral-transduced populations expressing SOX2 and PAX6
(yellow), SOX2 only (green), PAX6 only (red), and none of these genes (black) (*, p < 0.05; **, p < 0.01; ***,
p < 0.001).
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Expression of NSC and Neuroectoderm Genes
Expression of the NSC marker HES5 (Figure 5-6; A) was induced 131-fold in the SOX2/PAX6
population (yellow), while its expression was induced only 5-fold in the SOX2 only population (green).
In addition, HES5 expression was not induced in the PAX6 only population (red) and it was
downregulated 3-fold in the NEGATIVE population (black). Expression of the NE marker SIX3 (Figure
5-6; B) was induced 2-fold and 3-fold for the SOX2/PAX6 (yellow) and SOX2 (green) only populations,
respectively. In contrast, SIX3 remained unchanged for both PAX6 only (red) and NEGATIVE
populations (black).
While the average expression of HES5 in the SOX2/PAX6 population was much higher compared to
the average expression in the SOX2 only population, the expression of HES5 between these
populations was not statistically significant. A low level of SIX3 was expressed in the SOX2/PAX6 and
SOX2 only populations.

A

B

Figure 5-6: Expression of NSC and neuroectoderm genes in the lentiviral-transduced populations at day
18 post transduction.
Expression of HES5 (A, n=4) and SIX3 (B, n=1) in the lentiviral-transduced populations expressing SOX2
and PAX6 (yellow), SOX2 only (green), PAX6 only (red), and none of these genes (black).
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Expression of Forebrain Dorsal Positioning Genes
Expression of the forebrain dorsal marker NGN2 (Figure 5-7; A) was induced 31-fold (Table 5-2) in
the SOX2/PAX6 population (yellow), and 8-fold and 10-fold in the SOX2 only (green) and PAX6 only
populations (red), respectively. BRN2 expression (Figure 5-7; B) was induced 10-fold in the
SOX2/PAX6 population (yellow), 9-fold in the SOX2 only population (green), and 6-fold in the PAX6
only population (red). Expression of both NGN2 and BRN2 remained unchanged in the NEGATIVE
population (Figure 5-7; black).
Among the SOX2/PAX6, SOX2 only and PAX6 only populations, the only population that exhibited a
significantly higher level of NGN2 expression compared to the NEGATIVE population was the SOX2
only population, even though the average induction of NGN2 for the SOX2/PAX6 population was
higher than either the SOX2 only or PAX6 only populations. There was no significant difference
between these populations.

A

B

Figure 5-7: Expression of forebrain dorsal genes in the lentiviral-transduced populations at day 18 post
transduction.
Expression of NGN2 (A) and BRN2 (B) in the lentiviral-transduced populations expressing SOX2 and
PAX6 (yellow), SOX2 only (green), PAX6 only (red), and none of these genes (black) (*, p < 0.05).
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Expression of Forebrain Ventral Positioning Genes
Expression of the LGE marker GSH2 (Figure 5-8; A) was induced 6-fold in the SOX2/PAX6
population (yellow), 17-fold in the SOX2 only population (green), and 2-fold in the PAX6 only
population (red). Expression of DLX2 (Figure 5-8; B) remained unchanged in both the SOX2/PAX6
(yellow) and SOX2 only populations (green), whereas, DLX2 was induced 12-fold in the PAX6 only
population (red). Expression of ASCL1 (Figure 5-8; C) was induced 3-fold, 6-fold, and 9-fold in the
SOX2/PAX6 (yellow), SOX2 only (green), and PAX6 only populations (red), respectively. While
expression of GSH2 and ASCL1 both remained unchanged in the NEGATIVE population (black),
DLX2 expression was downregulated 8-fold in the NEGATIVE population (black).
There were no significant differences between populations in the expression of the ventral markers
GSH2 and ASCL1. The expression of DLX2 in the NEGATIVE population was significantly lower than
in the SOX2/PAX6 and SOX2 only populations. Although the expression of DLX2 was upregulated in
the PAX6 only population and downregulated in the NEGATIVE population, the differences between
the populations were not statistically significant.

A

B

C

Figure 5-8: Expression of forebrain ventral genes in the lentiviral transduced populations at day 18 post
transduction.
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Expression of GSH2 (A), DLX2 (B), and ASCL1 (C) in the lentiviral-transduced populations expressing
SOX2 and PAX6 (yellow), SOX2 only (green), PAX6 only (red), and none of these genes (black) (*, p < 0.05;
**, p < 0.01).

Table 5-2: Fold change of genes in the lentiviral transduced populations*.

*A fold change below the 2-fold cut-off is indicated in grey; fold change > 2-fold is indicated in red; and
fold change < -2-fold is indicated in blue.
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Region-Specific Gene Expression for the Lentiviral-Transduced Populations
In order to compare the differences in gene expression profile between individual transduction groups,
the expression of genes representative of NSC, neuroectoderm, forebrain dorsal, and ventral
phenotypes was presented for each population at day 18 post transduction (Figure 5-9).
For the SOX2/PAX6 population (Figure 5-9; A), both the ectopic genes SOX2 and PAX6 were highly
expressed. The expression of the primitive NSC marker HES5 was induced over 100-fold relative to
the control aHDFs, and SIX3 was induced 2-fold. Expression of the forebrain dorsal markers NGN2
and BRN2 was induced 31-fold and 10-fold, respectively. The forebrain ventral markers GSH2 and
ASCL1 were induced 6-fold and 3-fold, respectively. The expression of DLX2 remained unchanged.
For the SOX2 only population (Figure 5-9; B), high expression of SOX2 and modest expression (190fold) of PAX6 were measured. HES5 was induced 5-fold and SIX3 was induced 3-fold. NGN2 and
BRN2 expression were induced 8- to 9-fold, whereas GSH2 and ASCL1 were induced 17-fold and 6fold respectively, and DLX2 levels remained unchanged.
In the PAX6 only population (Figure 5-9; C), the ectopic PAX6 gene was highly induced, while
expression of SOX2 remained low (9-fold). HES5 and SIX3 remained unchanged. NGN2 was induced
10-fold, and BRN2 was induced 6-fold. The expression of GSH2, DLX2, and ASCL1 was induced 2fold, 12-fold, and 9-fold, respectively.
As expected, none of the investigated genes were expressed in the NEGATIVE population (Figure
5-9; D), which confirms that the reprogramming media alone cannot generate iNPs with any regionspecific identity.
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A

C

B

D

Figure 5-9: Gene expression in the lentiviral-transduced populations at day 18 post transduction.
The expression of genes representative of NSC (yellow), neuroectoderm (orange), forebrain dorsal
(cyan), and ventral phenotypes (blue) for SOX2/PAX6 (A), SOX2 only (B), PAX6 only (C), and NEGATIVE
(D) populations at day 18 post transduction.
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5.3.4. Neuronal Differentiation of FACS-Purified Cells transduced with either
SOX2 or PAX6, or both SOX2 and PAX6

Neuronal Differentiation of Lentiviral-Reprogrammed iNPs
According to the temporal profile of lentiviral transduction of iNPs (Chapter 4), SOX2/PAX6-derived
iNPs at day 18 post transduction may exhibit a dorsal telencephalic progenitor phenotype or a
potential ventral LGE progenitor phenotype. Therefore, the FACS-sorted populations were plated on
poly-ornithine/laminin-coated glass multi-chambers and differentiated in either mixed (Figure 5-10;
Figure 5-11) or striatal neuronal differentiation medium (Figure 5-12; Figure 5-13). The expression of
the fluorescent proteins zsGreen and tdTomato, which are downstream of the ectopic transgenes
SOX2 and PAX6, remained until the end of differentiation.
During neuronal differentiation, the number of cells appeared to gradually decrease except in the
SOX2/PAX6 population. In addition, the cells in the PAX6 only population exhibited a fibroblastic
morphology similar to the NEGATIVE population suggesting that lentiviral reprogramming with either
PAX6 only or reprogramming media alone may not hold the ability for neuronal differentiation. The
lack of neuronal differentiation potential for the NEGATIVE population is consistent with the
expression profile of the NEGATIVE population following reprogramming, with all the examined genes
either downregulated or remaining unchanged relative to the control aHDFs.
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Figure 5-10: Lentiviral-transduced populations cultured in mixed neuronal differentiation media for 2
days.
These images represent the morphology and fluorescent protein expression of SOX2/PAX6 (A), SOX2
only (B), PAX6 only (C), and NEGATIVE (D) populations after 2 days in mixed neuronal differentiation.
Scale bar = 100 µm.
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Figure 5-11: Lentiviral-transduced populations cultured in mixed neuronal differentiation media for 12
days.
These images represent the morphology and fluorescent protein expression of SOX2/PAX6 (A), SOX2
only (B), PAX6 only (C), and NEGATIVE (D) populations after 12 days of mixed neuronal differentiation.
Scale bar = 100 µm.
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Figure 5-12: Lentiviral-transduced populations cultured in striatal neuronal differentiation media for 2
days.
These images represent the morphology and fluorescent protein expression of SOX2/PAX6 (A), SOX2
only (B), PAX6 only (C), and NEGATIVE (D) populations after 2 days of striatal neuronal differentiation.
Scale bar = 100 µm.
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Figure 5-13: Lentiviral-transduced populations cultured in striatal neuronal differentiation media for 22
days.
These images represent the morphology and fluorescent protein expression of SOX2/PAX6 (A), SOX2
only (B), PAX6 only (C), and NEGATIVE (D) populations after 22 days of striatal neuronal differentiation.
Scale bar = 100 µm.
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Glutamatergic Neuronal Subtype Specification from Mixed Differentiation
Upon mixed neuronal differentiation, the lentiviral-derived populations were stained with the mature
neuronal marker neuron-specific enolase (NSE) in order to assess their neuronal differentiation ability.
The previously published mixed differentiation protocol demonstrates that the majority of VGLUT1positive glutamatergic neurons were generated via hiPSC differentiation (Brennand, Simone et al.
2011). Hence, the NSE-expressing neurons were co-stained for VGLUT1 in order to investigate
whether the differentiated mature neurons expressed a glutamatergic phenotype. NSE and VGLUT1
immunoreactivity was quantified following the mixed differentiation using Alexa Fluor secondary
antibodies (647 and 350).
The mean percentage (± SEM) of cells that expressed NSE out of the total number of cells counted
for the SOX2 population (89.91% ± 7.37%) was significantly (p < 0.001) higher than for the
SOX2/PAX6 population (52.24% ± 2.69%) (Figure 5-14; B). The percentage of NSE-expressing
neurons for the SOX2/PAX6 and SOX2 only populations was significantly higher than those from the
PAX6 only (0.62% ± 0.42%) and NEGATIVE (0.39% ± 0.39%) populations (both p < 0.001). The
SOX2/PAX6 and SOX2 only populations exhibited the ability to generate mature neurons upon mixed
differentiation, whereas both PAX6 only and NEGATIVE populations failed to differentiate into mature
neurons (Figure 5-14; B). The mean percentage (± SEM) of NSE-positive neurons that expressed
VGLUT1 in the SOX2/PAX6 population (84.24% ± 2.63%) was significantly (p = 0.039) higher than
the percentage of VGLUT1-positive neurons in the SOX2 only population (69.41% ± 8.02%) (Figure
5-14; C).
These results indicate that lentiviral-derived populations with either SOX2/PAX6 or SOX2 alone can
differentiate into mature neurons upon mixed differentiation. The quantification of NSE-positive
neurons was significantly greater in the SOX2 only population than the SOX2/PAX6 population.
Moreover, the quantification of VGLUT1-positive neurons was significantly higher in the SOX2/PAX6
population than in the SOX2 only population, which indicates that over-expressing both SOX2 and
PAX6 is the most effective condition for generating glutamatergic neurons.
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Figure 5-14: Quantification of glutamatergic neurons for lentiviral transduced populations.
(A) The lentiviral-derived iNPs generate NSE- and VGLUT1-positive neurons upon mixed neuronal
differentiation. Arrowhead = NSE+/VGLUT1+. Scale bar = 50 µm. Quantification of NSE-positive neurons
(B) and VGLUT1-positive glutamatergic neurons (C) for each population are presented in the bar graph (*,
p < 0.05; ***, p < 0.001).
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GABAergic Neuronal Subtype Specification from Striatal Differentiation
In addition to differentiation using the mixed protocol, the lentiviral-derived populations were also
differentiated using a striatal protocol. The quantification of mature neuronal differentiation for
lentiviral-derived populations was assessed by staining of NSE. Since the striatal GABAergic neurons
were generated from hiPSCs via striatal neuronal differentiation (Zhang, An et al. 2010, An, Zhang et
al. 2012), the NSE-expressing neurons were co-stained for GAD65/67 in order to investigate whether
the differentiated mature neurons expressed a GABAergic phenotype. NSE and GAD65/67
immunoreactivity was quantified during the striatal differentiation using Alexa Fluor secondary
antibodies (647 and 350).
The mean percentage (± SEM) of cells that expressed NSE out of the total number of cells for the
SOX2 only population (79.55% ± 1.92%) was significantly (p < 0.001) higher than for the SOX2/PAX6
population (66.15% ± 2.20%) (Figure 5-15; B). The percentage of NSE-expressing neurons in both
the SOX2/PAX6 and SOX2 only populations was significantly higher than those from the PAX6 only
and NEGATIVE populations (both p < 0.001) (Figure 5-15; B). No NSE-positive neurons were
observed in the PAX6 only or NEGATIVE populations. Moreover, the mean percentage (± SEM) of
GAD65/67-positive neurons was 79.27% ± 2.97% and 86.82% ± 2.46% for SOX2/PAX6 and SOX2 only
populations respectively (Figure 5-15; C), their efficiency for generating GABAergic neurons was not
significantly different.
These results indicate that upon striatal neuronal differentiation, SOX2/PAX6 and SOX2 only
populations exhibited the ability to generate mature neurons, whereas, neither the PAX6 only nor
NEGATIVE population underwent neuronal differentiation. The quantification of NSE-positive neurons
was significantly greater for the SOX2 only population than the SOX2/PAX6 population. Moreover, the
quantification of GAD65/67-positive neurons was comparable for the SOX2/PAX6 and SOX2 only
populations, which indicates that over-expressing both SOX2/PAX6 and SOX2 alone are both
effective conditions for generating GABAergic neurons.
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Figure 5-15: Quantification of GABAergic neurons in lentiviral transduced populations.
(A) The lentiviral-derived iNPs generate NSE- and GAD65/67-positive neurons upon striatal neuronal
differentiation. Arrowhead = NSE+/ GAD65/67+. Scale bar = 50 µm. Quantification of NSE-positive neurons
(B) and GAD65/67-positive GABAergic neurons (C) in each population is presented in the bar graph (***, p
< 0.001; ns, not significant).
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5.3.5. Gene Expression of Plasmid-Derived iNPs
This study focused on investigating the proneural and region-specific markers expressed during
temporal profiling of plasmid reprogrammed iNPs (Chapter 3 and 4). BRN2 and ASCL1 were not
included in this study as they were not detected during the plasmid-derived iNPs (Chapter 3).

Expression of Ectopic Transgenes
FACS was not suitable for high throughput iNP generation using plasmid transfection because the low
efficiency of plasmid transfection and high cytotoxicity prohibited the generation of enough cells for
further experimentation. Non-sorted transfected populations (using non-fluorescent plasmids) were
therefore used to investigate the gene profile between plasmid-derived populations using SOX2 only,
PAX6 only, or both SOX2 and PAX6.
Plasmid-derived populations were collected at day 45 post transfection in order to investigate their
gene profiles. The temporal profile of ectopic transgenes for transfection reprogramming (Chapter 3)
exhibited the transient expression of the ectopic transgenes SOX2 and PAX6 at day 3 post
transfection, followed by a continued decrease in transgene expression during the reprogramming
process. Therefore, cell samples in the present study were collected from each population at day 3
post transfection in order to confirm the induction of transgene in those populations.
At day 3 post transfection, SOX2 expression was induced to 23,692-fold and 7,439-fold (Figure 5-16)
relative to aHDFs for SOX2/PAX6 and SOX2 only populations, respectively. In contrast, the
expression of SOX2 was downregulated 5-fold and 6-fold in the PAX6 only and NEGATIVE
populations, respectively. At day 45 post transfection, the expression of SOX2 was decreased from
the 3 days post transfection levels to 188-fold and 64-fold relative to aHDFs for SOX2/PAX6 and
SOX2 only populations, respectively. Moreover, the expression of SOX2 increased to 2-fold and 6fold for PAX6 only and NEGATIVE populations (Figure 5-16).
At day 3 post transfection, the expression of PAX6 was induced 805-fold and 10-fold (Figure 5-16) for
SOX2/PAX6 and PAX6 only populations, respectively. The expression of PAX6 remained unchanged
in the SOX2 population and was downregulated 4-fold in the NEGATIVE population. At day 45 post
transfection, the expression of PAX6 was decreased to 51-fold in the SOX2/PAX6 population, and
below the 2-fold cut-off in the PAX6 only population. PAX6 remained unchanged in the SOX2 only
population and was downregulated 2-fold in the NEGATIVE population (Figure 5-16).
The induction of ectopic transgenes at day 3 post transfection confirmed the transfection in each
population. As expected with a transient system, the elevated expression of transgenes decreased
from days 3 to 45 post transfection. When the SOX2 and/or PAX6 expression plasmid was not used,
the expression of SOX2 and/or PAX6 remained unchanged or was downregulated. The only
exception was the induction of SOX2 in the NEGATIVE population at day 45 post transfection. The
induction of SOX2 in the NEGATIVE population may be caused by the reprogramming media and
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regular replating. At day 3 post transfection, PAX6 expression remained low in the PAX6 population
compared to the SOX2/PAX6 population. At day 45 post transfection, expression of PAX6 was
downregulated to below the 2-fold cut-off for the PAX6 only population (Figure 5-16). It is possible that
the PAX6 transfection was low due to the transient nature of the plasmid transfection, and that the
PAX6 only population may be insufficient for generating iNPs via plasmid-based reprogramming.

Figure 5-16: Ectopic transgene expression in the plasmid-derived iNPs at day 3 and 45 post transfection
(n=1).
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Expression of NSC and Neuroectoderm Genes
The NSC marker HES5 was not detected in any of the transfected populations. The neuroectoderm
marker SIX3 was induced approximately 4-fold (Table 5-3) in both the SOX2/PAX6 and SOX2 only
populations. The expression of SIX3 remained unchanged in both the PAX6 only and NEGATIVE
populations (Figure 5-17).
The results indicate that none of the populations exhibited a primitive NSC phenotype. Whereas, both
SOX2/PAX6 and SOX2 only populations, but not PAX6 only nor NEGATIVE populations, may retain a
neuroectoderm phenotype after plasmid reprogramming.

Figure 5-17: Expression of SIX3 in the plasmid-derived iNPs at day 45 post transfection (n=1).
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Expression of Forebrain Dorsal and Ventral Positioning Genes
The expression of the forebrain dorsal marker NGN2 remained unchanged in the SOX2/PAX6 and
PAX6 populations (Figure 5-18), whereas the expression of NGN2 was induced 3-fold and 5-fold
(Table 5-3) in the SOX2 only and NEGATIVE populations, respectively.
The expression of DLX2 was downregulated in all the transfected populations (Figure 5-18). DLX2
was downregulated 16-fold in the SOX2/PAX6 population, 13-fold in the SOX2 population, 19-fold in
the PAX6 population, and 16-fold in the NEGATIVE population (Table 5-3). Expression of GSH2 was
not detected in any population.
The results indicate that none of the populations exhibited a ventral telencephalic progenitor
phenotype. In addition, the induction of NGN2 in the NEGATIVE population was more likely due to the
reprogramming and/or the regular replating of the iNPs.

Figure 5-18: Expression of NGN2 and DLX2 in the plasmid-derived iNPs at day 45 post transfection (n=1).

Table 5-3: Fold change of genes in the plasmid-transfected populations at day 45 post transfection*.

*The fold change below the 2-fold cut-off is indicated in grey; Fold change > 2-fold is indicated in red;
Fold change < -2-fold is indicated in blue.
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Region-Specific Gene Expression in the Plasmid-Transfected Populations
The profile of each group of transfected cells is also presented to allow comparison of genes
representative of the NSC, neuroectoderm, and forebrain dorsal and ventral phenotypes (Figure 5-19).
In the SOX2/PAX6 population, the induction of the ectopic transgenes SOX2 and PAX6 and
neuroectoderm marker SIX3 was 190-fold, 51-fold, and 4-fold, respectively. In the SOX2 only
population, expression of SOX2, SIX3, and NGN2 was induced by 64-fold, 4-fold, and 3-fold
respectively. In the PAX6 only population, all the examined genes, SOX2, PAX6, SIX3, and NGN2,
remained unchanged, which suggests that aHDFs fail to transfect using PAX6 alone, and the PAX6
only population may be insufficient for generating iNPs via plasmid-based reprogramming. For the
NEGATIVE population, expression of SOX2 and NGN2 was induced 6-fold and 5-fold, respectively,
with the induction of these genes probably due to the reprogramming media and/or the regular
replating. The expression of PAX6 was downregulated 2-fold.
DLX2 was downregulated in all of the populations. The NSC marker HES5 and LGE marker GSH2
were not detected in any of the populations. This gene profile for SOX2/PAX6-derived iNPs at day 45
does not correlate with what was observed in Chapter 3. Therefore, investigation of the neuronal
differentiation ability between the populations was important for determining the requirement for SOX2
and/or PAX6.

Figure 5-19: Gene expression in the plasmid-transfected populations at day 45 post transfection.
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5.3.6. Neuronal Differentiation of Cells Transfected with either SOX2 or PAX6,
or both SOX2 and PAX6

Quantification of Mature Neuronal Differentiation
According to the temporal profile of plasmid-transfected iNPs (Chapter 3), SOX2/PAX6-derived iNPs
at day 45 post transfection possess a predominant expression of genes representative of a
neuroectoderm and LGE phenotype. Therefore, striatal neuronal media was used for the
differentiation of the iNPs at day 45 post transfection for the transfection populations. The
differentiated cells were stained with the mature neuronal marker NSE in order to assess the extent of
neuronal differentiation between each population.
The mean percentage (± SEM) of cells that expressed NSE out of the total number of DAPI for the
PAX6 only population (7.38% ± 1.06%) was significantly (p = 0.030) higher than in the NEGATIVE
population (4.39% ± 0.80%) (Figure 5-20). Whereas, the NSE percentage for both the SOX2/PAX6
(7.15% ± 1.18%) and SOX2 only (3.84% ± 0.68%) populations was not significantly different
compared to the NEGATIVE population (Figure 5-20). The lack of a significant difference might be
due to the low transfection efficiency for each population.
However, when differences between SOX2/PAX6, SOX2 only and PAX6 only populations were
compared, both the SOX2/PAX6 (p = 0.017) and PAX6 only (p = 0.008) populations were significantly
higher than the SOX2 only population (Figure 5-20), and there was no significant difference between
the SOX2/PAX6 and PAX6 only populations. This suggests that both the SOX2/PAX6 and PAX6 only
groups may retain a higher neuronal differentiation ability compared to the SOX2 only population.
Notwithstanding, the efficiency of generating mature neurons for all populations was low, possibly due
to the low efficiency of plasmid transfection.
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Figure 5-20: Quantification of mature neurons differentiated from plasmid-transfected populations.
The quantification of NSE-positive neurons derived from SOX2/PAX6 (yellow), SOX2 only (green), PAX6
only (red), and NEGATIVE (black) populations is presented upon striatal differentiation (*, p < 0.05; **, p <
0.01).
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GABAergic and Glutamatergic Neuronal Differentiation
NSE-expressing neurons were co-stained for GAD65/67 in order to investigate whether the mature
neurons exhibited a GABAergic neuronal subtype identity. The mean percentage (± SEM) of cells that
expressed GAD65/67 of the total number of NSE cells counted for the SOX2/PAX6, SOX2 only and
PAX6 only populations was 42.04% ± 10.50%, 28.70% ± 9.73%, and 6.15% ± 3.76% respectively
(Figure 5-21). Although none of these populations were significantly different compared to the
NEGATIVE population (13.27% ± 10.93%), both the SOX2/PAX6 (p = 0.005) and SOX2 only (p =
0.047) populations were significantly higher than the PAX6 only population (Figure 5-21). This
indicates that over-expression of both SOX2 and PAX6 or SOX2 alone is more effective for
generating GABAergic neurons than over-expression of PAX6 alone.
In addition to GAD65/67, the NSE-expressing neurons were stained for VGLUT1 to determine whether
the NSE-positive cells were glutamatergic neurons. The mean percentage (± SEM) of cells that
expressed VGLUT1 of the total number of NSE cells counted for the SOX2/PAX6 population (47.98%
± 4.48%) was significantly higher than in the NEGATIVE (5.22% ± 2.26%), SOX2 only (12.87% ±
4.53%) and PAX6 only (12.20% ± 3.17%) populations (all p < 0.001) (Figure 5-22). These results
suggest that SOX2/PAX6 is the most effective transfection condition for generating glutamatergic
neurons.
When the proportions of GAD65/67-positive and VGLUT1-positive neurons for each population were
combined, the results showed that the efficiency of both GABAergic and glutamatergic subtype
neurons that were generated from each population was approximately 80%, 40%, 20%, and 20% for
the SOX2/PAX6, SOX2 only, PAX6 only, and NEGATIVE populations, respectively (Figure 5-23).
In summary, the results indicate that SOX2/PAX6 is the most effective treatment for generating
GABAergic and glutamatergic neurons. Moreover, the generation of both GABAergic and
glutamatergic neurons is consistent with the observed gene profile in Chapter 3, which further
confirms a heterogeneous population of neural precursor cells was generated by over-expression of
the SOX2 and PAX6 plasmids.

180

Chapter 5

A

B

Figure 5-21: Quantification of GABAergic neurons in plasmid-derived populations.
(A) The immunocytochemistry of NSE (green), GAD65/67 (red), and DAPI (blue) for neuronal differentiated
SOX2/PAX6, SOX2 only, PAX6 only, and NEGATIVE populations. Arrowhead = NSE+/ GAD65/67+. Scale bar
= 50 µm. (B) The quantification of NSE+/GAD65/67+ neurons derived from plasmid-derived SOX2/PAX6
(yellow), SOX2 only (green), PAX6 only (red), and NEGATIVE (black) populations upon striatal
differentiation (*, p < 0.05; **, p < 0.01).

181

Chapter 5

A

B

Figure 5-22: Quantification of glutamatergic neurons in plasmid-transfected populations.
(A) The immunocytochemistry of NSE (green), VGLUT1 (red), and DAPI (blue) in neuronal differentiated
SOX2/PAX6, SOX2 only, PAX6 only, and NEGATIVE populations. Arrowhead = NSE+/ VGLUT1+. Scale bar
= 50 µm. (B) The quantification of NSE+/VGLUT1+ neurons derived from plasmid-derived SOX2/PAX6
(yellow), SOX2 only (green), PAX6 only (red), and NEGATIVE (black) populations upon striatal
differentiation (***, p < 0.001).
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Figure 5-23: Efficiency of GABAergic and glutamatergic neurons generated from plasmid-derived
populations.

Generation of GABAergic Subtype Neurons from Transfected Populations
The MSN marker DARPP32 and GABAergic interneuron markers CR and PV were used to determine
whether or not GABAergic sub-populations were generated from those populations. The results
demonstrated that each population generated a group of DARPP32-positive neurons, and CR- and
PV-positive cells (Figure 5-24), which indicated that the GABAergic neurons derived from the plasmidderived populations may comprise both the striatal projection neurons and GABAergic interneurons.
Although there was an unknown population of mature neurons that were still unidentified, the
presence of potential GABAergic interneurons originating from MGE progenitors indicates the
unknown neuronal subtype may exhibit a cholinergic identity.
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Figure 5-24: Generation of MSNs (DARPP32) and GABAergic interneurons (CR and PV) from plasmidderived SOX2/PAX6, SOX2 only, PAX6 only, and NEGATIVE populations. Scale bar = 25 µm.
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5.4. Discussion
5.4.1. Overview
The aim of this chapter was to investigate the requirement of SOX2 and/or PAX6 for generating iNPs
from aHDFs using the reprogramming protocol. We hypothesised that populations with both SOX2
and PAX6, and either SOX2 or PAX6 alone give rise to cells that differ in their transcriptional profile
and neuronal differentiation ability, and that neurons with mature phenotypes would only be derived
from iNP cells through the delivery of both SOX2 and PAX6.
For the lentiviral-derived populations enriched by FACS, the neuronal differentiation demonstrated
that cells over-expressing PAX6 or treated with reprogramming media alone failed to differentiate into
mature neurons in either mixed or striatal neuronal differentiation media. Although both SOX2/PAX6
and SOX2 only populations were effective for generating mature neurons with glutamatergic or
GABAergic phenotypes, the SOX2/PAX6 group was the most effective condition for generating
glutamatergic neurons. The neuronal differentiation of plasmid-derived populations showed that
SOX2/PAX6 and SOX2 only populations were able to generate neuronal subtypes comprising
glutamatergic, and GABAergic neurons. However, the SOX2/PAX6 group was the most effective
condition for generating both GABAergic and glutamatergic neurons.

5.4.2. Gene Profile of Lentiviral-Transduced Populations

Ectopic Transgene Expression
Following FACS-purification, individual lentiviral-derived populations were cultured in reprogramming
media for 12 days. It was observed that the NEGATIVE population exhibited downregulation of both
SOX2 and PAX6, which confirms that the reprogramming media itself alone cannot promote the
expression of SOX2 and PAX6 from aHDFs.
The expression of PAX6 (190-fold) in the SOX2 only population was significantly higher than in the
NEGATIVE population, and its expression was significantly lower compared to the SOX2/PAX6 and
PAX6 only populations. This result indicates that the high expression of SOX2 may activate
endogenous PAX6 during lentiviral reprogramming, which is consistent with the previous
demonstration that Sox2 can activate Pax6 expression by transcriptional activation in mouse retinal
development (Lin, Ouchi et al. 2009). Particularly, SOX2 was also found to activate PAX6 during the
generation of iNPs from both mouse and human fibroblasts, when PAX6 was not used as the ectopic
transgene (Lujan, Chanda et al. 2012, Lu, Liu et al. 2013, Yu, Shin et al. 2015).
Moreover, low expression of SOX2 (9.2-fold) was observed in the PAX6 only population. Since the
reprogramming media alone downregulated SOX2 relative to the control aHDFs, the relative lower
expression of SOX2 (9.2-fold) in the PAX6 only population suggests that it is possible that the high
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expression of PAX6 may reciprocally induce endogenous SOX2 during lentiviral reprogramming. This
observation further confirmed that Pax6 activates Sox2 expression directly in mice NPCs (Wen, Hu et
al. 2008). However, the expression of SOX2 in the PAX6 only population was not significantly higher
than the NEGATIVE population, which indicates that the effect of PAX6 promoting SOX2 during
reprogramming is much lower than the induction of PAX6 by SOX2.

Expression of NSC and Neuroectoderm Genes Expression
The NSC marker HES5 and the neuroectoderm marker SIX3 were either unchanged or
downregulated relative to the control aHDFs for both the NEGATIVE and PAX6 only populations,
which indicates the lack of NSC and neuroectoderm phenotypes for the derived iNPs in both
populations. This observation supports our hypothesis that the reprogramming media alone is not
sufficient for the induction of proneural genes.
The notable induction of SIX3 remained at a low level for both SOX2/PAX6 and SOX2 only
populations. This observation is in line with the previous chapter, which supports a population of
partially reprogrammed cells with initiation/randomly expression of neuroectoderm markers in the later
stage of SOX2/PAX6-derived iNPs, that these partially reprogrammed cells are most likely to acquire
their full neuroectoderm phenotype by extending the length of reprogramming further (Chapter 4).
The PAX6 only population failed to induce HES5 when PAX6 was highly induced. This is in contrast
to the expectation that the induction level of HES5 is positively correlated with the expression level of
PAX6 (Sansom, Griffiths et al. 2009). Moreover, the notable induction of HES5 was observed in
SOX2/PAX6 and SOX2 only populations. The high expression of SOX2 and PAX6 in these
populations indicates that the induction of HES5 during lentiviral reprogramming may be due to a
synergistic effect of both SOX2 and PAX6 (Bani-Yaghoub, Tremblay et al. 2006, Sansom, Griffiths et
al. 2009).
In the previous chapter, HES5 was not expressed during reprogramming of lentiviral-derived iNPs.
Although it was not further investigated in this study, it is possible that in the non-sorted experiment
(Chapter 4), the SOX2/PAX6 and SOX2 only populations induced HES5, and its expression was
diluted by the NEGATIVE and PAX6 only populations, which do not express HES5. Given the role of
HES5 in the self-renewal of NSCs and its activation in the proliferating neural precursors
(Hatakeyama, Bessho et al. 2004, Mori, Ninomiya et al. 2006), it is reasonable to assume that the
SOX2/PAX6 and SOX2 only populations may have increased self-renewal compared to the PAX6
only and NEGATIVE populations, which will be interesting to examine in the future.
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Forebrain Dorsal Positioning Gene Expression
The expression of NGN2 and BRN2 was observed in all populations except the NEGATIVE group,
indicating that the iNPs generated from SOX2 and/or PAX6 are required for a dorsal telencephalic
phenotype.
Although the fold change of NGN2 in the SOX2/PAX6 population is higher than its fold changes in the
SOX2 only and PAX6 only populations, the expression of NGN2 between those populations was not
significantly different. However, the expression of PAX6 in SOX2/PAX6 and PAX6 only populations
was significantly higher than PAX6 expression in the SOX2 only population. This observation is in
contrast with the previous finding that the expression of NGN2 is regulated by PAX6 in a
concentration-dependent manner (Scardigli, Bäumer et al. 2003), which indicates that it is possible
that PAX6 interacts with SOX2 to regulate NGN2 synergistically during lentiviral reprogramming of
iNPs.
BRN2 was not expressed in the NEGATIVE group, whereas, notable induction of BRN2 relative to the
control aHDFs was observed at a comparable level for the SOX2/PAX6, SOX2 only, and PAX6 only
populations. The expression of BRN2 in those populations may be activated by NGN2 during direct
reprogramming, as BRN2 acts downstream of NGN2 (Zhang, Pak et al. 2013).

Forebrain Ventral Positioning Genes Expression
The results showed a notable induction of GSH2 in all of the populations except the NEGATIVE group.
There was no significant difference in GSH2 expression between the SOX2/PAX6, SOX2 only and
PAX6 only populations. However, it was observed that the expression of GSH2 was higher in the
SOX2 only population compared to the SOX2/PAX6 and PAX6 only populations. This observation
leads to the suggestion that the expression of GSH2 may be affected by the level of PAX6 expression,
by which the induction of PAX6 at a relatively low level may induce the expression of GSH2, whereas,
relatively high PAX6 expression may suppress the induction of GSH2 (Hébert and Fishell 2008). Yet,
it is unclear whether or not the induction of GSH2 is affected by the level of SOX2 expression.
The expression of DLX2 and ASCL1 was not significantly different between SOX2/PAX6, SOX2 only
and PAX6 only populations. A notable induction of DLX2 was observed in the PAX6 only population,
and its expression was either downregulated or remained unchanged in the NEGATIVE, SOX2/PAX6,
and SOX2 only populations. Moreover, a notable induction of ASCL1 was observed in the
SOX2/PAX6, SOX2 only and PAX6 only populations, while the expression of ASCL1 remained
unchanged for the NEGATIVE population. Both the SOX2/PAX6 and SOX2 only populations exhibited
high expression of SOX2 and PAX6, their expression of DLX2 and ASCL1 was relatively low
compared to the PAX6 only population. These results further support that either DLX2 alone or both
DLX2 and ASCL1 were downregulated by the high expression of both SOX2 and PAX6 (Mansukhani,
Ambrosetti et al. 2005, Sansom, Griffiths et al. 2009).
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Similar to the hypothesis of this study, the gene profile of lentiviral-transduced populations
demonstrated that the populations expressing SOX2 and/or PAX6 or none of those genes give rise to
cells that differ in their transcriptional profile. Moreover, in the absence of transgenes, reprogramming
media alone cannot generate iNPs with region-specific genes. It is important to note that the gene
profile of lentiviral populations allows us to begin to understand some of the molecular mechanisms
during the direct reprogramming of iNPs. Those results indicate a reciprocal effect of SOX2 and PAX6
during the direct reprogramming of iNPs, with a stronger activation of PAX6 by SOX2. Moreover, it is
likely that the synergistic effect of both SOX2 and PAX6 may induce HES5 and NGN2 during
reprogramming (Bani-Yaghoub, Tremblay et al. 2006, Sansom, Griffiths et al. 2009). The results
indicate that the expression of GSH2 may be affected by the level of PAX6 expression, which further
supports that the induction of PAX6 at a relatively low level may induce the expression of GSH2,
whereas relatively high PAX6 expression may suppress the induction of GSH2 (Hébert and Fishell
2008). Furthermore, either DLX2 alone or both DLX2 and ASCL1 may be downregulated by the high
expression of SOX2 and/or PAX6 (Mansukhani, Ambrosetti et al. 2005, Sansom, Griffiths et al. 2009).
Besides the synergistic effect of both SOX2 and PAX6, an optimal reprogramming outcome may be
achieved by modulating the ratio of SOX2/PAX6 expression and the reprogramming conditions (BelVialar, Medevielle et al. 2007, Matsushima, Heavner et al. 2011, Nagamatsu, Saito et al. 2012, Han,
Tapia et al. 2013, Papp and Plath 2013), which will be interesting to further investigate.

5.4.3. Neuronal Differentiation of Lentiviral-Transduced Populations

Generation of Mature Neurons
Following neuronal differentiation using the mixed or striatal protocols, both the SOX2/PAX6 and
SOX2 only populations exhibited the ability of neuronal differentiation, whereas, the PAX6 only and
NEGATIVE populations failed to differentiate into mature neurons. The results showed that the
efficiency of NSE-expressing mature neurons differentiated from either SOX2/PAX6 (50 – 70%) or
SOX2 only (80 – 90%) populations was higher than the efficiency of mature neurons (35 – 60%)
differentiated from previously published viral-reprogrammed hiNPs, when using SOX2 alone, OSKM,
or a combination of SOX2 and HMGA-2 (Corti, Nizzardo et al. 2012, Lu, Liu et al. 2013, Yu, Shin et al.
2015). This indicates that our lentiviral reprogramming of iNPs, using SOX2 with/without PAX6, was a
highly efficient method for the generation of large numbers of mature neurons. Not only in that the
direct generation of expandable neural precursor cells holds great potential for understanding
neurogenesis, the high-yield generation of mature neurons will allow for better understanding of
neural differentiation and for cell replacement therapies for neurological disorders.
Moreover, the SOX2 population displayed a significantly higher efficiency for the generation of mature
neurons than SOX2/PAX6 population, which indicates that over-expressing SOX2 alone is the most
effective condition for generating mature neurons. The results of neuronal differentiation indicate that
high induction of SOX2 may be vital for the neuronal differentiation of lentiviral-derived iNPs. While we
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did not examine this further in the current study, it has been demonstrated that the sustained
expression of SOX2 can also prevent neuronal differentiation (Klajn, Drakulic et al. 2014). Hence, it
will be interesting to further investigate the expression of SOX2 during the differentiation process, it is
postulated that the expression of SOX2 may be silenced or inhibited during the differentiation process
following the lentiviral reprogramming of iNPs.
Furthermore, the lack of neuronal differentiation ability of the NEGATIVE population is in agreement
with their gene expression profile in that none of the proneural and region-specific markers were
expressed. The results further confirm the hypothesis that the reprogramming media alone cannot
induce the generation of iNPs, at least not in the time frame of lentiviral reprogramming studied in this
chapter. Although the PAX6 only population exhibited the forebrain ventral and dorsal positioning
genes DLX2, ASCL1, NGN2, BRN2, and GSH2 upon reprogramming, the lack of neuronal
differentiation ability further confirms the importance of SOX2 for generating iNPs (Ring, Tong et al.
2012, Maucksch, Jones et al. 2013, Yu, Shin et al. 2015).
It has already been demonstrated that SOX2 interacts with proteins associated with chromatin
regulation and exerts the role of a master transcription factor in the specification of neural precursor
cell fate (Muzio, Di Benedetto et al. 2002, Manuel and Price 2005, Amador-Arjona, Cimadamore et al.
2015, Zhou, Yang et al. 2016). Consequently, it is possible that SOX2 sets a permissive epigenetic
state in the reprogramming iNPs, thus enabling proper activation of pro-neuronal genes for the
initiation of neuronal differentiation (Amador-Arjona, Cimadamore et al. 2015, Zhou, Yang et al. 2016).

Generation of Subtype-Specific Neurons
After the lentiviral-derived populations were differentiated in the mixed neuronal media, the majority of
NSE-positive neurons in both the SOX2/PAX6 and SOX2 only populations displayed a glutamatergic
neuronal phenotype. This indicates that both the SOX2/PAX6 and SOX2 only populations have the
ability to generate glutamatergic and GABAergic neurons, which is in agreement with their expression
of genes representative of telencephalic glutamatergic and GABAergic phenotypes following
reprogramming.
In the present study, both the SOX2/PAX6 and SOX2 only populations exhibited a high yield of
glutamatergic (70 – 80%) and GABAergic (80 – 90%) neurons upon mixed and striatal differentiations,
respectively. Few studies have demonstrated the generation of hiNPs that are capable of producing
multipotent neuronal phenotypes, including glutamatergic and/or GABAergic neurons (Lu, Liu et al.
2013, Wang, Wang et al. 2013, Zhu, Ambasudhan et al. 2014, Zou, Yan et al. 2014). SOX2, but not
PAX6, acts cooperatively with either pluripotent or neural factors in those studies. Approximately 38%
glutamatergic neurons and 15% GABAergic neurons yield from episomal-derived iNPs using OCT4
(POU5F1), SOX2, SV40LT, KLF4 and microRNA cluster MIR302–367 (Wang, Wang et al. 2013). In
addition, a majority of GABAergic neurons (75%) were made from SeV-derived iNPs using the OSKM
factors (Lu, Liu et al. 2013). Yet, for the generation of hiNPs using SOX2 alone or in the presence of
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HMGA-2, limited or no subtype-specific neurons were described in those studies (Ring, Tong et al.
2012, Winiecka-Klimek, Smolarz et al. 2015, Yu, Shin et al. 2015). Hence, our lentiviral
reprogramming strategy using SOX2/PAX6 or SOX2 enables the generation of renewable neural
precursors with enriched glutamatergic or GABAergic neurons. It provides a suitable approach for
studying the regulation of neurogenesis and neuronal differentiation, which is potentially useful for cell
replacement therapies.
Moreover, the SOX2/PAX6 population promoted a higher glutamatergic neuronal fate than the SOX2
only population; presumably the increased glutamatergic identity in the SOX2/PAX6 population
resulted from the higher PAX6 expression (Georgala, Carr et al. 2011, Manuel, Mi et al. 2015). It has
been demonstrated that the dosage of PAX6 influences cell fate determination. The high expression
of PAX6 governs the cortical development, whereas GSH2 and a lesser degree PAX6 regulate striatal
development by regulating genetically opposing programs that control the expression of each other
(Toresson, Potter et al. 2000, Sansom, Griffiths et al. 2009). Moreover, GSH2 and DLX2 have been
shown to be negatively regulated by PAX6 and promote GABAergic fate (Toresson, Potter et al. 2000,
Hébert and Fishell 2008, de Chevigny, Core et al. 2012). Hence, it is possible that high expression of
PAX6 promotes glutamatergic while it represses GABAergic neuronal fate during reprogramming.
The SOX2/PAX6 population exhibited little/no effect on suppressing the generation of GABAergic
neurons, which is in agreement with the previous finding that Pax6 is not required to suppress
GABAergic differentiation pathways in mice (Schuurmans, Armant et al. 2004). Although the FACSpurification approach gave rise to a pure group of cells with the same transgene combination, the
transgene expression levels for those populations still varied. Hence, it is possible that the
SOX2/PAX6 population was the effective condition for generating multipotent (glutamatergic and
GABAergic) neuronal subtypes due to their reprogramming factor stoichiometry.

5.4.4. Generation of Plasmid-Transfected Populations
The low efficiency and cytotoxicity by using both LTX and K2 made it impossible to generate sufficient
cells for further investigation of plasmid-derived populations using FACS. Therefore, unsorted
plasmid-derived populations were generated using either SOX2/PAX6, SOX2 alone, PAX6 alone or
none of those genes in order to compare their gene profile and their neuronal differentiation ability.
After evaluating their gene profile, the expression of proneural and region-specific markers in the
SOX2/PAX6 populations at day 45 post transfection were not correlated with the gene profile
demonstrated in the previous chapter (Chapter 3). The discrepancy could be due to that 1) the
transfection reprogramming in this study may display a slower reprogramming kinetic than the
temporal profile study (Chapter 3), as the transgene expression was higher in the SOX2/PAX6derived iNPs in this study; 2) the expression of proneural and region-specific markers is widely spread
across the 66 days of the plasmid-based reprogramming probably due to their slow kinetic of
reprogramming (Chapter 3), hence having one collection point could mean the optimal time of gene
expression for differentiation may have been missed. Therefore, in the future, this study could be
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further optimised by having multiple time points in order to identify the optimal gene expression for
neuronal differentiation.

Neuronal Differentiation of Plasmid-Transfected Populations
According to the temporal expression of proneural and region-specific genes in the plasmid
transfection reprogramming (Chapter 3), the plasmid-derived iNPs exhibited the expression of both
GSH2 and DLX2 representative of the ventral LGE progenitor phenotype at days 38 and 45 post
transfection. Hence, the striatal neuronal media was used for the plasmid-derived populations to
assess their neuronal differentiation ability.
Upon the neuronal differentiation, the plasmid-derived NEGATIVE population generated NSE-positive
neurons, which is in contrast to the lack of neuronal differentiation ability of the NEGATIVE group from
the lentiviral-derived populations. In addition to the multiple cell dissociation steps, the NEGATIVE
population from the plasmid-facilitated reprogramming was cultured longer in the reprogramming
media than the lentiviral-facilitated reprogramming, which probably explain this discrepancy (Kim, Efe
et al. 2011, Lu, Liu et al. 2013). It has been demonstrated that the chemical-induced hiNPs can be
generated using VPA, CHIR99021, and Repsox in a hypoxic condition (Cheng, Hu et al. 2014).
Repsox has been demonstrated that the small molecule RepSox can replace SOX2 in the
reprogramming of iPSCs (Ichida, Blanchard et al. 2009). Whereas, VPA enhances reprogramming
and enables the reprogramming of primary human fibroblasts with only two factors, Oct4 and Sox2,
without the need for the oncogenes c-Myc or Klf4 (Huangfu, Osafune et al. 2008, Feng, Ng et al.
2009). Hence, it is most likely that VPA could enhance the efficiency of reprogramming with SOX2,
and possibly PAX6, for the induction of iNPs upon longer media culturing of our plasmid-derived
reprogramming than the lentiviral-derived reprogramming.
Moreover, when comparing the efficiency of NSE-expressing neurons among the SOX2/PAX6, SOX2
only and PAX6 only populations, both the SOX2/PAX6 and PAX6 only populations were significantly
higher than the SOX2 only population, and there was no significant difference between the
SOX2/PAX6 and PAX6 only populations. The plasmid-derived PAX6 only population yield a higher
mature neurons than the SOX2 only population, which contradicts with the previous understanding
that SOX2 is vital for generating iNPs (Ring, Tong et al. 2012, Maucksch, Jones et al. 2013, Yu, Shin
et al. 2015). However, the efficiency of mature neurons differentiated from SOX2/PAX6 (7%) and
PAX6 only (7%) populations was lower than the efficiency of mature neurons (35 – 60%)
differentiated from previously published viral-reprogrammed hiNPs, when using SOX2 alone, OSKM,
or a combination of SOX2 and HMGA-2 (Corti, Nizzardo et al. 2012, Lu, Liu et al. 2013, Yu, Shin et al.
2015), which could be due to the low efficiency transgene delivery for the non-sorted plasmid-derived
populations.
It was then compared to the neuronal subtypes generated from plasmid-derived SOX2/PAX6, SOX2
only, and PAX6 only populations. For the generation of GABAergic neurons, none of the SOX2/PAX6,
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SOX2 only, and PAX6 only populations were significantly different compared to the NEGATIVE
population. However, both the SOX2/PAX6 and SOX2 only populations were significantly higher than
the PAX6 only population as for the ability to generate GABAergic neurons, which indicates that the
PAX6 population is the least effective condition for generating GABAergic neurons. This is in
agreement with the lack of pro-neural and region-specific markers in the plasmid-derived PAX6 only
population upon reprogramming at day 45 post transfection. Furthermore, the quantification of
glutamatergic neurons indicates that the SOX2/PAX6 population is significantly higher than all the
other populations. This was consistent with the previous assumption that SOX2 sets a permissive
epigenetic state in the reprogramming iNPs, thus enabling proper activation of pro-neuronal genes for
the initiation of neuronal differentiation (Amador-Arjona, Cimadamore et al. 2015, Zhou, Yang et al.
2016), while the high expression of PAX6 governs cortical development and increased glutamatergic
identity (Toresson, Potter et al. 2000, Sansom, Griffiths et al. 2009, Georgala, Carr et al. 2011,
Manuel, Mi et al. 2015). Hence, it is possible that the SOX2/PAX6 population was the effective
condition for generating multipotent (glutamatergic and GABAergic) neuronal subtypes. This was
further confirmed when the efficiencies of GAD65/67- and VGLUT1-expressing neurons were combined
for the plasmid-derived population, the SOX2/PAX6 population exhibited the highest efficiency among
them all.
In this study, 40% of the plasmid-derived SOX2/PAX6 population were GABAergic neurons upon
striatal differentiation, which is lower than the majority of GABAergic neurons (75%) that were made
from SeV-derived iNPs using the OSKM factors (Lu, Liu et al. 2013). However, our plasmid-based
reprogramming strategy using SOX2/PAX6 enabled the generation of neural precursors with enriched
glutamatergic (50%) and GABAergic (40%) neurons, which is higher than the glutamatergic (38%)
and GABAergic (15%) neurons yielded from episomal-derived iNPs using OCT4 (POU5F1), SOX2,
SV40LT, KLF4, and microRNA cluster MIR302–367 (Wang, Wang et al. 2013). Yet, for the generation
of hiNPs using SOX2 alone or in the presence of HMGA-2, limited to no subtype-specific neurons
were described in those studies (Ring, Tong et al. 2012, Winiecka-Klimek, Smolarz et al. 2015, Yu,
Shin et al. 2015). Hence, our plasmid reprogramming provides a suitable approach for studying the
regulation of neurogenesis and neuronal differentiation and enables a safe and clinically relevant
approach for cell replacement therapy.
Furthermore, the MSN marker DARPP32 and GABAergic interneuron markers CR and PV were
expressed in all of the plasmid-derived populations (Aubry, Bugi et al. 2008, Liu, Liu et al. 2013).
While it requires further immunocytochemistry assessment and quantification of subtype-specific
neurons, the result indicates that the GABAergic neurons derived from the plasmid-derived
populations may comprise both the striatal projection neurons and GABAergic interneurons. Moreover,
this is the first demonstration of striatal projection neurons and GABAergic interneurons generated
from hiNPs. Hence, apart from the high-yield generation of glutamatergic and GABAergic neurons,
the plasmid-facilitated reprogramming provides a suitable approach for generating a wide-range of
neuronal subtypes compared with the other published hiNPs.
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The unknown population of mature neurons generated from the plasmid-derived populations in this
chapter are yet to be determined. Nevertheless, in addition to the ChAT-expressing neurons that were
generated from the retroviral transduction of aHDFs and blood cells with a combination of SOX2 and
the lethal7 (let7) target gene HMGA2 (Yu, Shin et al. 2015), the presence of GABAergic interneurons
originating from MGE progenitors indicates that it is possible that cholinergic neurons may also be
generated from the populations in our plasmid reprogramming strategy (Nat and Dechant 2011,
Nicholas, Chen et al. 2013).

5.5. Conclusion
This chapter demonstrates that FACS is suitable for high throughput iNP generation using lentiviral
transduction but not for the use of plasmid transfection. After FACS purification, the lentiviral-derived
populations generated by over-expressing PAX6 or reprogramming media alone failed to generate
mature neurons in either mixed or striatal differentiation media. Although the expression of most of the
examined genes was not significantly different between populations, both the lentiviral-derived
SOX2/PAX6 and SOX2 only populations displayed the expression of genes representative of NSC,
neuroectoderm, and forebrain dorsal and ventral phenotypes and were able to efficiently differentiate
into NSE-positive mature neurons. The SOX2 only population was the most effective condition for
generating mature neurons. Moreover, both the SOX2/PAX6 and SOX2 only populations generated
glutamatergic or GABAergic identity effectively. Although the efficiency for generating GABAergic
neurons was comparable between these groups, over-expressing both SOX2 and PAX6 is the most
effective condition for generating glutamatergic neurons.
Due to variations in the transfection and reprogramming, the gene profile of the non-sorted plasmidderived SOX2/PAX6 population did not exhibit a predominant gene expression representative of a
forebrain dorsal and ventral phenotype as we observed in Chapter 3. However, the neuronal
differentiation results indicate that all the plasmid-derived populations were able to generate neuronal
subtypes comprising glutamatergic, striatal GABAergic, and probably GABAergic interneurons.
Moreover, SOX2/PAX6 was the most effective condition for the generation of GABAergic and
glutamatergic neurons.
Together, these findings suggest that SOX2/PAX6 is the most effective condition for generating iNPs,
which can generate glutamatergic and GABAergic neurons representative of the telencephalic region
of the developing human brain.
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Chapter 6. General Discussion
6.1. Introduction
We have previously shown that transient ectopic expression of the neural-promoting transcription
factors SOX2 and PAX6 (Maucksch, Firmin et al. 2012, Connor, Firmin et al. 2015) is sufficient to
reprogram aHDFs into neural stem/precursor cells, which can be further differentiated into regionspecific neuronal populations. Characterisation of the iNPs showed that they express a range of
neural positional markers: SOX1, SOX2, SIX3, PAX6, NGN2, IRX3, HOXB9, NKX6.1, and ASCL1 at
days 65, 75, and 85 post transfection (Maucksch, Firmin et al. 2012). The relative mRNA levels varied
depending on the time at which the iNPs were collected, indicating that a temporal change of
proneural and region-specific marker expression occurs during reprogramming of iNPs (Maucksch,
Firmin et al. 2012). Upon differentiation, the plasmid-derived iNPs gave rise to GFAP+ astrocytes and
functional mature neurons expressing TUJ1, MAP2, NSE, and the subtype-specific markers VGLUT1,
TH, Calbindin, DARPP32, and GAD65/67 (Maucksch, Firmin et al. 2012, Connor, Firmin et al. 2015).
Despite advances in the field of direct reprogramming for generation of hiNPs, the understanding and
exploration of the underlying mechanisms governing this process are still limited due to previous
studies focusing on the endpoint of reprogramming. As such, this project focused on understanding
the molecular profile and cellular events associated with direct reprogramming by characterising the
direct generation of iNPs from aHDFs by conducting a time course study.
This thesis firstly aimed to characterise the temporal profile of proneural and region-specific gene
expression during the generation of iNPs from aHDFs by over-expressing both SOX2 and PAX6 in
the reprogramming medium. The second aim was to investigate the requirement of SOX2 and/or
PAX6 for generating iNPs from aHDFs using non-viral and viral reprogramming protocols. The first
aim was achieved by comparing the transcription profile of iNPs from both the plasmid-based and LVbased reprogramming (Chapter 3 and 4). The second aim was achieved by characterising and
comparing the transcriptional profile of iNP cells from populations containing both SOX2 and PAX6
and either SOX2 or PAX6, to quantify and compare the neurons derived from each population
(Chapter 5).

6.2. Summary of Main Findings
6.2.1. Comparison of Reprogramming iNPs
The plasmid-derived iNPs (Chapter 3) exhibited dynamic changes in SOX2, PAX6, LHX2, FOXG1,
SIX3, NGN2, GSH2, and DLX2 expression during reprogramming. This demonstrated that plasmidderived iNPs initially exhibit a gene profile representative of the anterior neuroectoderm, and then
early telencephalic glutamatergic and GABAergic phenotypes. The expression of genes (SOX2 and
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PAX6) representative of the primitive neuroectoderm was consistent with all the other iNP studies,
regardless of their original cell types, gene delivery methods, and transgenes used (Corti, Nizzardo et
al. 2012, Kumar, Declercq et al. 2012, Ring, Tong et al. 2012, Lu, Liu et al. 2013, Wang, Wang et al.
2013, Cheng, Hu et al. 2014, Mitchell, Szabo et al. 2014, Zhu, Ambasudhan et al. 2014, Zou, Yan et
al. 2014, Winiecka-Klimek, Smolarz et al. 2015, Yu, Shin et al. 2015). This study (Chapter 3) showed
that the anterior positioning markers LHX2 and FOXG1 were induced in phase 2 of reprogramming,
with LHX2, FOXG1, and SIX3 detected in phase 3 of reprogramming. Particularly, SIX3 was
significantly upregulated for days 52 and 59 post transfection. Expression of LHX2 and SIX3 has not
been demonstrated in any previous reprogramming studies, except in our lab (Maucksch, Firmin et al.
2012), however, other anterior positioning genes FOXG1 and OTX2 have been detected in a few
iNPs studies. The human postnatal fibroblast-derived iNSCs using the OSKM factors expressed
FOXG1 and/or OTX2 at day 27 post transduction, and their expression disappeared afterward (Lu, Liu
et al. 2013). Similarly, expression of OTX2 was observed in human neonatal fibroblast-derived iNPs
at approximately days 28 – 35 post transduction (Zhu, Ambasudhan et al. 2014). Both studies
indicated that fibroblasts from adults may be more difficult to generate neural precursors with anterior
neuroectoderm than from neonatal or postnatal fibroblasts. Yet, in the presence of a feeder cell layer,
expression of FOXG1 was observed and increased in human embryonic and adult fibroblast-derived
iNPs when using retroviral transduction of OSKZ from day 9 – 15 post transduction (Kumar, Declercq
et al. 2012). Although OTX2 was not detected during our plasmid reprogramming, the predominant
expression of LHX2, FOXG1, and SIX3 has not been demonstrated in any previous studies. In other
studies (Lu, Liu et al. 2013, Mitchell, Szabo et al. 2014) which generate iNPs with the expression of
region-specific markers, late dorsal positioning genes were observed in the generation of iNPs by
over-expressing OCT4 via lentiviral transduction, with the expression of BRN2, MYT1L, and
NEUROD1 observed at day 14 post transduction (Mitchell, Szabo et al. 2014). In contrast, aHDF- and
postnatally-derived iNPs exhibited a dorsal hindbrain identity at passage 5 and passage 20 (Lu, Liu et
al. 2013). Lu et al (2013) is the only study to generate iNPs with region-specific markers using a nonintegration approach, which avoids the risk of insertional mutagenesis during reprogramming.
Moreover, Lu et al (2013) demonstrated the initial expression of anterior neuroectoderm markers and
then dorsal hindbrain markers due to the posterior/hindbrain patterning molecules in the
reprogramming media (Patani, Compston et al. 2009, Xi, Liu et al. 2012, Moya, Cutts et al. 2014). The
profile changes were similar to what was in this study, in that plasmid-derived iNPs initially exhibited a
gene profile representative of the anterior neuroectoderm and then of early telencephalic
glutamatergic and GABAergic phenotypes. Their neuronal differentiation ability was further confirmed
by differentiating plasmid-derived iNPs (Chapter 5) with additional small molecules, resulting in the
generation of glutamatergic, striatal GABAergic, and potentially GABAergic interneurons using both
SOX2 and PAX6.
The lentiviral-derived iNPs (Chapter 4) exhibited dynamic changes in SOX2, PAX6, OCT4, HES5,
LHX2, SIX3, NGN2, BRN2, GSH2, and DLX2 expression during reprogramming. The lentiviralderived iNPs appeared to bypass the anterior neuroectoderm fate and exhibited a gene profile
representative of a dorsal telencephalic progenitor phenotype or a potential ventral LGE progenitor
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fate. Their neuronal differentiation ability was further confirmed by differentiating lentiviral-derived
iNPs (Chapter 5) with additional small molecules, resulting in the generation of glutamatergic and
GABAergic neurons using both SOX2 and PAX6.
The profile of lentiviral-derived iNPs (Chapter 4) demonstrated that the genes expressed during the
lentiviral-based reprogramming do not resemble the sequential gene profile observed in the human
neural development nor in the plasmid-based reprogramming (Chapter 3). The differences is possibly
due to 1) the direct reprogramming of iNPs occurs in multiple steps: after the specification of a neural
precursor fate is achieved, the levels of certain reprogramming factors, the stoichiometry, and the
reprogramming conditions may redirect the reprogramming cells into different fates (Bel-Vialar,
Medevielle et al. 2007, Matsushima, Heavner et al. 2011, Nagamatsu, Saito et al. 2012, Han, Tapia et
al. 2013, Papp and Plath 2013); and/or 2) the direct reprogramming of iNPs is a stochastic process:
even though human fibroblasts go through the same defined sequence of events for each generation
of iNPs, the time latency for each event is varied (Hanna, Saha et al. 2009), leading to the generation
of iNPs at different stages of reprogramming. These two reasons can also explain why the expression
of proneural and region-specific genes representative of the neuroectoderm, dorsal, and ventral
progenitor phenotypes occurred at the same time during reprogramming.
This technology for iNP reprogramming (Chapter 3 and 4) provides a simpler and better approach
than other iNP studies for generating neural precursors representative of the telencephalic region of
developing human brain. The reprogramming of iNPs has great potential for understanding and
treating neurological diseases and neurodevelopmental disorders. In particular, the generation of
neural precursors with regional/positional fate restriction may, in some cases, allow for more efficient
production of desired neuronal cell types for neurodegenerative diseases (Shivraj Sohur, Emsley et al.
2006). The plasmid reprogramming strategy enables the successful conversion of aHDFs into a
heterogeneous population of neural precursor cells with anterior neuroectoderm, dorsal and ventral
telencephalic progenitor phenotypes without further patterning molecules, nor a feeder cell layer. The
use of non-viral plasmid transfection and of neural factors alone as reprogramming factors ensure that
the derived iNPs maintain their genomic integrity for safe application of the reprogramming technology
(Michor, Iwasa et al. 2005, Ricke, van Ree et al. 2008, Hamada, Malureanu et al. 2012). The lentiviral
reprogramming strategy enables the conversion of aHDFs into a heterogeneous population of neural
precursor cells with dorsal and ventral telencephalic progenitor phenotypes under the same condition.
The relative higher efficiency and kinetics of lentiviral reprogramming make it a better approach than
the plasmid reprogramming for understanding neurodevelopment disorders.
These studies (Chapter 3 and 4) provided insight into the molecular mechanisms of direct
reprogramming of iNPs from aHDFs by conducting a temporal profile study using qPCR analysis.
Although transcription data is useful for identifying potential candidates for iNP reprogramming, it is
also important to further evaluate the proteomic profile during direct reprogramming of iNPs. As that
the qPCR fold change may not correlate with immunocytochemistry staining, possibly due to posttranslational mRNA or protein degradation (Lecker, Goldberg et al. 2006, Janmaat, de Rooij et al.
2015). Our lab has already conducted a series of proteomic analyses during the direct reprogramming
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of iNPs, yet more detailed assessment of both proteomic and transcriptomic analyses over the
duration of reprogramming is needed.
Furthermore, the in-depth molecular profiling of fundamental biological processes can be achieved by
genome-wide expression analysis using next generation sequencing (RNA-Seq) (Wang, Gerstein et
al. 2009, Lin, Pedrosa et al. 2011, Flynn and Chang 2014). In particular, there is evidence that
reprogramming is occured at the single cell level (Buganim, Faddah et al. 2015, Kim, Marinov et al.
2015). Hence, the sensitivity and low background levels (Wang, Gerstein et al. 2009) give RNA-Seq
advantages for interpreting the functional elements of the genome during neural fate determination in
somatic reprogramming, as well as in screening for abnormalities in transcription factors, DNA
methylation, and chromatin modifiers within a single cell (Lin, Pedrosa et al. 2011). Beyond its use for
transcriptomic analysis, RNA-Seq could also become a medically useful and clinically applicable
technology for monitoring disease and diagnosis (Helzer, Barnes et al. 2009).

6.2.2. Requirement of SOX2 and/or PAX6 for iNP Reprogramming
The neuronal differentiation of lentiviral-derived populations (Chapter 5) demonstrated that the
efficiency of NSE-expressing mature neurons differentiated from either the SOX2/PAX6 (50 – 70%) or
SOX2 only (80 – 90%) populations was higher than the efficiency of mature neurons (35 – 60%)
differentiated from previously published viral-reprogrammed hiNPs, when using SOX2 alone, OSKM,
or a combination of SOX2 and HMGA-2 (Corti, Nizzardo et al. 2012, Lu, Liu et al. 2013, Yu, Shin et al.
2015). This indicates that our lentiviral reprogramming of iNPs using SOX2 with/without PAX6, is a
highly efficient method for the generation of large numbers of mature neurons. Moreover, the
lentiviral-derived SOX2 population displayed a significantly higher efficiency for the generation of
mature neurons than the SOX2/PAX6 population, which indicates that over-expressing SOX2 alone is
the most effective condition for generating mature neurons. It is possible that SOX2 sets a permissive
epigenetic state in the reprogramming of iNPs, thus enabling proper activation of pro-neuronal genes
for the initiation of neuronal differentiation (Amador-Arjona, Cimadamore et al. 2015, Zhou, Yang et al.
2016).
The efficiency for generating GABAergic neurons was comparable between SOX2/PAX6 and SOX2
only populations, whereas, over-expressing both SOX2 and PAX6 was the most effective condition for
generating glutamatergic neurons. This further supports that the dosage of PAX6 influences cell fate
determination. The high expression of PAX6 governs cortical development, whereas GSH2 and a
lesser degree PAX6 regulate striatal development by regulating genetically opposing programs that
control the expression of each other (Toresson, Potter et al. 2000, Sansom, Griffiths et al. 2009).
Both the SOX2/PAX6 and SOX2 only populations exhibited a high yield of glutamatergic (70 – 80%)
and GABAergic (80 – 90%) neurons upon mixed and striatal differentiations. Their efficiency was
higher than the multipotent hiNPs that generate glutamatergic and/or GABAergic neurons (Lu, Liu et
al. 2013, Wang, Wang et al. 2013, Zhu, Ambasudhan et al. 2014, Zou, Yan et al. 2014). It is important
to note that limited or no subtype-specific neurons were described in those studies when using SOX2
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alone or in the presence of HMGA-2 (Ring, Tong et al. 2012, Winiecka-Klimek, Smolarz et al. 2015,
Yu, Shin et al. 2015). Hence, our lentiviral reprogramming strategy using SOX2/PAX6 or SOX2
enables the generation of neural precursors with enriched glutamatergic or GABAergic neurons. It
provides a suitable approach for studying the regulation of neurogenesis and neuronal differentiation,
which is potentially useful for cell replacement therapies.
Similar to the lentiviral-based reprogramming, plasmid-based SOX2/PAX6 was the most effective
condition for generating glutamatergic and GABAergic neurons. It enabled the generation of neural
precursors with enriched glutamatergic (50%) and GABAergic (40%) neurons, it is higher than the
effciency of glutamatergic (38%) and GABAergic (15%) neurons yielded from episomal-derived iNPs
using OCT4 (POU5F1), SOX2, SV40LT, KLF4, and microRNA cluster MIR302–367 (Wang, Wang et
al. 2013). However, the efficiency for mature neurons differentiated from the plasmid-based
SOX2/PAX6 population (7%) was lower than the efficiency for NSE-expressing mature neurons
differentiated from SOX2/PAX6 (50 – 70%). These differences are most likely due to the low
efficiency of transgene delivery in the non-sorted plasmid-derived populations.

The generation of iNPs via plasmid- and lentiviral-based methods in vitro provides an opportunity to
develop simpler and safer reprogramming strategies. Although lentiviral-based gene therapies have
been considered for use in clinical trials (Isacson and Kordower 2008, Schambach and Baum 2008,
D'Costa, Mansfield et al. 2009), the safety concerns regarding insertional mutagenesis and
spontaneous reactivation of the viral transgenes remain (Okita, Ichisaka et al. 2007). There were
attempts to remove the risk of residual expression and reactivation of reprogramming factors (Okita,
Ichisaka et al. 2007) by constructing polycistronic LVs and inducible LVs incorporating Cre/LoxP step
(Soldner, Hockemeyer et al. 2009, Somers, Jean et al. 2010), yet, background integration by
recombination can still occur (Apolonia, Waddington et al. 2007, Escors and Breckpot 2010). Hence, it
is postulated that the other non-integrative gene delivery methods, i.e episomal, Sendai virus,
modified RNA etc, could also be used for generating region-specific iNPs from aHDFs following a
similar strategy. However, further characterisation of iNP reprogramming is still required.
Together, these findings suggest that SOX2/PAX6 was the most effective condition for generating
iNPs that can differentiate to glutamatergic and GABAergic neurons representative of the
telencephalic region of the developing human brain. Generation of iNPs via plasmid reprogramming
may be better suited for clinical application, whereas lentiviral-based reprogramming may be better
suited for research purposes. In the long-term, a safe gene delivery method for direct reprogramming
of neural lineage cells would be advantageous for cell transplantation for treating neurodegenerative
diseases.

6.3. Future Perspectives
Due to the invasive gene delivery system and the cell death associated with grafted cells during
preparation, reprogramming the resident cells in vivo may be a more desirable strategy for brain
repair. The application of in vivo conversion for brain repair requires the generation of specific
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regionalised neuronal cell types for specific disease (Chen, Wernig et al. 2015). This study has
demonstrated that the aHDF-derived iNPs are a heterogeneous population of neural precursor cells
which can generate glutamatergic and GABAergic neurons representative of the telencephalic region
of the developing human brain. It provides a starting point for generating iNPs representative of other
regionalised neural precursors. Ultimately, translation of this technology in vivo will significantly
contribute to novel cell therapy approaches for brain repair by in situ neural regeneration.
Recent discoveries show that ncRNAs, particularly miRNA and long ncRNAs (lncRNAs), are able to
remodel transcriptional circuits and reshape epigenetic landscapes (Li and Izpisua Belmonte 2015) in
cell fate determination, including maintaining the self-renewal of pluripotent stem cells and directing
neural cell lineage (Ng, Johnson et al. 2012, Guan, Zhang et al. 2013). MicroRNA has been widely
investigated and applied for redirecting cell fate specification towards a neural lineage (Ambasudhan,
Talantova et al. 2011, Yoo, Sun et al. 2011, Wang, Wang et al. 2013, Victor, Richner et al. 2014, Yu,
Shin et al. 2015). Currently, miRNAs have been identified that function either upstream or
downstream of transcription factors known for regulating neurogenesis (Bhinge, Poschmann et al.
2014, Needhamsen, White et al. 2014), suggesting that it is possible that miRNA and transcription
factors either function interchangeably or synergistically in promoting direct reprogramming towards a
neural lineage. LncRNA is another abundant ncRNA that is expressed in human NPCs and iPSCs
(Lin, Pedrosa et al. 2011, Hecht, Ballesteros-Yanez et al. 2015). Human lncRNAs serve as molecular
scaffolds in epigenetic and transcriptional regulation during neuronal development, e.g. splicing, posttranscriptional processing, chromatin modification, and gene transcription (Ng, Johnson et al. 2012,
Clark and Blackshaw 2014). However, the mechanism of lncRNA in human neural developmental
gene networks are still understudied (Ng, Johnson et al. 2012). Future efforts in high-throughput
transcriptomic analysis (RNA-Seq) will expand the current knowledge of the underlying mechanisms
of neural cell fate determination by ncRNA screening and how they interact with genetic and
epigenetic factors during neural reprogramming of iNPs. Hence, it is safe to predict that targeting
specific ncRNAs and/or transcription factors represents a promising alternative approach for
optimising cell-based disease modelling and regenerative therapies (Guan, Zhang et al. 2013).

6.4. Conclusion
Overall, this thesis identified that SOX2/PAX6 is the most effective condition for generating iNPs
which can be further differentiated into glutamatergic and GABAergic neurons. It is possible that
SOX2 sets a permissive epigenetic state in the reprogramming of iNPs, thus enabling the proper
activation of pro-neuronal genes and the initiation of neuronal differentiation (Amador-Arjona,
Cimadamore et al. 2015, Zhou, Yang et al. 2016), whereas the dosage of PAX6 influences cell fate
determination (Toresson, Potter et al. 2000, Sansom, Griffiths et al. 2009). Due to differences in the
gene delivery methods, the gene profiles of plasmid- and lentiviral-derived iNPs are different, and do
not resemble the sequential gene profile observed in human neural development. However, this
thesis has shown that plasmid- and lentiviral-derived iNPs are heterogeneous neural precursors that
can generate mature neurons representative of the telencephalic region of developing human brain. It

199

Chapter 6

suggests that our reprogramming strategies provide a desirable approach for the study and treatment
of neurological diseases and neurodevelopmental disorders. Further characterisation and optimisation
of this direct reprogramming technology are needed in order to transfer to bedside for treating the
neurodegenerative diseases, particularly in large animal models before translating for its clinical
application. With advances in cellular reprogramming, as well as ongoing developments in other
complementary technologies (Kanherkar, Bhatia-Dey et al. 2014) for medical application, it is possible
that in the future in vivo reprogramming therapy will be used for regenerating damaged neurons and
will become a routine treatment for neurological diseases.
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Chapter 7. Appendix
7.1. Plasmid Constructs

CMV Promotor

pCMV-huSox2
human Sox2 cDNA

Neo R / Kana R

SV40 polyA

CMV Promotor

Amp R

pCMV-huPax6
humanPax6 cDNA

SV40 polyA

Figure 7-1: Constructs of SOX2 and PAX6 expressing plasmids.
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7.2. Vector Constructs

Figure 7-2: Schematic of vector constructs.
Vector backbone of pLVX-IRES-zsGreen1 (A) and pLVX-IRES-tdTomato (B); Multiple cutting site (MCS)
sequences (C) for both vector backbone A and B; Cartoon of pLVX-SOX2-zsGreen and pLVX-PAX6tdTomato (D) after transgenes (SOX2 and PAX6) were inserted into vector backbone A and B respectively.

202

Appendix

7.3. Insert Sequences of PAX6

Homo sapiens paired box 6 (PAX6) sequence in pCMV-SPORT6-Pax6
Pax6 (1.6kb MGC)
GTTTTGCTGGAGGATGATGACAGAGGAATCTGAGAATTGCTCTCACACACCAACCCAGCAACATC
CGTGGAGAAAACTCTCACCAGCAACTCCTTTAAAACACCGTCATTTCAAACCATTGTGGTCTTCAA
GCAACAACAGCAGCACAAAAAACCCCAACCAAACAAAACTCTTGACAGAAGCTGTGACAACCAG
AAAGGATGCCTCATAAAGGGGGAAGACTTTAACTAGGGGCGCGCAGATGTGTGAGGCCTTTTAT
TGTGAGAGTGGACAGACATCCGAGATTTCAGAGCCCCATATTCGAGCCCCGTGGAATCCCGCGG
CCCCCAGCCAGAGCCAGCATGCAGAACAGTCACAGCGGAGTGAATCAGCTCGGTGGTGTCTTT
GTCAACGGGCGGCCACTGCCGGACTCCACCCGGCAGAAGATTGTAGAGCTAGCTCACAGCGGG
GCCCGGCCGTGCGACATTTCCCGAATTCTGCAGGTGTCCAACGGATGTGTGAGTAAAATTCTGG
GCAGGTATTACGAGACTGGCTCCATCAGACCCAGGGCAATCGGTGGTAGTAAACCGAGAGTAGC
GACTCCAGAAGTTGTAAGCAAAATAGCCCAGTATAAGCGGGAGTGCCCGTCCATCTTTGCTTGG
GAAATCCGAGACAGATTACTGTCCGAGGGGGTCTGTACCAACGATAACATACCAAGCGTGTCAT
CAATAAACAGAGTTCTTCGCAACCTGGCTAGCGAAAAGCAACAGATGGGCGCAGACGGCATGTA
TGATAAACTAAGGATGTTGAACGGGCAGACCGGAAGCTGGGGCACCCGCCCTGGTTGGTATCC
GGGGACTTCGGTGCCAGGGCAACCTACGCAAGATGGCTGCCAGCAACAGGAAGGAGGGGGAG
AGAATACCAACTCCATCAGTTCCAACGGAGAAGATTCAGATGAGGCTCAAATGCGACTTCAGCTG
AAGCGGAAGCTGCAAAGAAATAGAACATCCTTTACCCAAGAGCAAATTGAGGCCCTGGAGAAAG
AGTTTGAGAGAACCCATTATCCAGATGTGTTTGCCCGAGAAAGACTAGCAGCCAAAATAGATCTA
CCTGAAGCAAGAATACAGGTATGGTTTTCTAATCGAAGGGCCAAATGGAGAAGAGAAGAAAAACT
GAGGAATCAGAGAAGACAGGCCAGCAACACACCTAGTCATATTCCTATCAGCAGTAGTTTCAGCA
CCAGTGTCTACCAACCAATTCCACAACCCACCACACCGGTTTCCTCCTTCACATCTGGCTCCATG
TTGGGCCGAACAGACACAGCCCTCACAAACACCTACAGCGCTCTGCCGCCTATGCCCAGCTTCA
CCATGGCAAATAACCTGCCTATGCAACCCCCAGTCCCCAGCCAGACCTCCTCATACTCCTGCAT
GCTGCCCACCAGCCCTTCGGTGAATGGGCGGAGTTATGATACCTACACCCCCCCACATATGCAG
ACACACATGAACAGTCAGCCAATGGGCACCTCGGGCACCACTTCAACAGGACTCATTTCCCCTG
GTGTGTCAGTTCCAGTTCAAGTTCCCGGAAGTGAACCTGATATGTCTCAATACTGGCCAAGATTA
CAGTAAAAAAAAAAAAAAAAAAAAAAA
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Homo sapiens paired box 6 (PAX6) sequence in pLVX-Pax6-tdTomato
NCBI reference NM_000280.4 (transcript variant 1)
ATGCAGAACAGTCACAGCGGAGTGAATCAGCTCGGTGGTGTCTTTGTCAACGGGCGGC
CACTGCCGGACTCCACCCGGCAGAAGATTGTAGAGCTAGCTCACAGCGGGGCCCGGC
CGTGCGACATTTCCCGAATTCTGCAGGTGTCCAACGGATGTGTGAGTAAAATTCTGGG
CAGGTATTACGAGACTGGCTCCATCAGACCCAGGGCAATCGGTGGTAGTAAACCGAGA
GTAGCGACTCCAGAAGTTGTAAGCAAAATAGCCCAGTATAAGCGGGAGTGCCCGTCCA
TCTTTGCTTGGGAAATCCGAGACAGATTACTGTCCGAGGGGGTCTGTACCAACGATAAC
ATACCAAGCGTGTCATCAATAAACAGAGTTCTTCGCAACCTGGCTAGCGAAAAGCAACA
GATGGGCGCAGACGGCATGTATGATAAACTAAGGATGTTGAACGGGCAGACCGGAAG
CTGGGGCACCCGCCCTGGTTGGTATCCGGGGACTTCGGTGCCAGGGCAACCTACGCA
AGATGGCTGCCAGCAACAGGAAGGAGGGGGAGAGAATACCAACTCCATCAGTTCCAAC
GGAGAAGATTCAGATGAGGCTCAAATGCGACTTCAGCTGAAGCGGAAGCTGCAAAGAA
ATAGAACATCCTTTACCCAAGAGCAAATTGAGGCCCTGGAGAAAGAGTTTGAGAGAACC
CATTATCCAGATGTGTTTGCCCGAGAAAGACTAGCAGCCAAAATAGATCTACCTGAAGC
AAGAATACAGGTATGGTTTTCTAATCGAAGGGCCAAATGGAGAAGAGAAGAAAAACTGA
GGAATCAGAGAAGACAGGCCAGCAACACACCTAGTCATATTCCTATCAGCAGTAGTTTC
AGCACCAGTGTCTACCAACCAATTCCACAACCCACCACACCGGTTTCCTCCTTCACATC
TGGCTCCATGTTGGGCCGAACAGACACAGCCCTCACAAACACCTACAGCGCTCTGCCG
CCTATGCCCAGCTTCACCATGGCAAATAACCTGCCTATGCAACCCCCAGTCCCCAGCC
AGACCTCCTCATACTCCTGCATGCTGCCCACCAGCCCTTCGGTGAATGGGCGGAGTTA
TGATACCTACACCCCCCCACATATGCAGACACACATGAACAGTCAGCCAATGGGCACC
TCGGGCACCACTTCAACAGGACTCATTTCCCCTGGTGTGTCAGTTCCAGTTCAAGTTCC
CGGAAGTGAACCTGATATGTCTCAATACTGGCCAAGATTACAGTAA

204

References

References
Ahmed, S., H. Gan, C. S. Lam, A. Poonepalli, S. Ramasamy, Y. Tay, M. Tham and Y. H. Yu
(2009). "Transcription factors and neural stem cell self-renewal, growth and
differentiation." Cell Adhesion & Migration 3(4): 412-424.
Ahn, S. and A. L. Joyner (2004). "Dynamic changes in the response of cells to positive
hedgehog signaling during mouse limb patterning." Cell 118(4): 505-516.
Akerblom, M. and J. Jakobsson (2013). "MicroRNAs as neuronal fate determinants."
Neuroscientist 20(3): 235-242.
Amador-Arjona, A., F. Cimadamore, C.-T. Huang, R. Wright, S. Lewis, F. H. Gage and A. V.
Terskikh (2015). "SOX2 primes the epigenetic landscape in neural precursors enabling
proper gene activation during hippocampal neurogenesis." Proceedings of the National
Academy of Sciences of the United States of America 112(15): E1936-E1945.
Ambasudhan, R., M. Talantova, R. Coleman, X. Yuan, S. Zhu, S. A. Lipton and S. Ding (2011).
"Direct reprogramming of adult human fibroblasts to functional neurons under defined
conditions." Cell Stem Cell 9(2): 113-118.
Amendola, M., M. A. Venneri, A. Biffi, E. Vigna and L. Naldini (2005). "Coordinate dual-gene
transgenesis by lentiviral vectors carrying synthetic bidirectional promoters." Nature
Biotechology 23(1): 108-116.
An, M. C., N. Zhang, G. Scott, D. Montoro, T. Wittkop, S. Mooney, S. Melov and L. M.
Ellerby (2012). "Genetic correction of huntington's disease phenotypes in induced
pluripotent stem cells." Cell Stem Cell 11(2): 253-263.
Anokye-Danso, F., Chinmay M. Trivedi, D. Juhr, M. Gupta, Z. Cui, Y. Tian, Y. Zhang, W.
Yang, Peter J. Gruber, Jonathan A. Epstein and Edward E. Morrisey (2011). "Highly
efficient miRNA-mediated reprogramming of mouse and human somatic cells to
pluripotency." Cell Stem Cell 8(4): 376-388.
Anthony, T. E., C. Klein, G. Fishell and N. Heintz (2004). "Radial glia serve as neuronal
progenitors in all regions of the central nervous system." Neuron 41(6): 881-890.
Aota, S.-i., N. Nakajima, R. Sakamoto, S. Watanabe, N. Ibaraki and K. Okazaki (2003). "Pax6
autoregulation mediated by direct interaction of Pax6 protein with the head surface
ectoderm-specific enhancer of the mouse Pax6 gene." Developmental Biology 257(1):
1-13.
Apolonia, L., S. N. Waddington, C. Fernandes, N. J. Ward, G. Bouma, M. P. Blundell, A. J.
Thrasher, M. K. Collins and N. J. Philpott (2007). "Stable gene transfer to muscle using
non-integrating lentiviral vectors." Molecular Therapy 15(11): 1947-1954.
AppliedBiosystems (2004). "Amplification efficiency of TaqMan® gene expression assays."
Arber, C. E. and M. Li (2013). "Cortical interneurons from human pluripotent stem cells:
prospects for neurological and psychiatric disease." Frontiers in Cellular Neuroscience
7.

205

References

Ashery-Padan, R., T. Marquardt, X. Zhou and P. Gruss (2000). "Pax6 activity in the lens
primordium is required for lens formation and for correct placement of a single retina in
the eye." Genes Development 14(21): 2701-2711.
Asuelime, G. E. and Y. Shi (2012). "A case of cellular alchemy: lineage reprogramming and its
potential in regenerative medicine." Journal of Molecular Cell Biology.
Aubry, L., A. Bugi, N. Lefort, F. Rousseau, M. Peschanski and A. L. Perrier (2008). "Striatal
progenitors derived from human ES cells mature into DARPP32 neurons in vitro and in
quinolinic acid-lesioned rats." Proceedings of the National Academy of Sciences of the
United States of America 105(43): 16707-16712.
Avdonin, P. P., V. Markitantova Iu, R. D. Zinov'eva and V. I. Mitashov (2008). "Expression of
regulatory genes Pax6, Otx2, Six3, and FGF2 during newt retina regeneration." Izv
Akad Nauk Ser Biol(4): 414-421.
Bai, C. B., D. Stephen and A. L. Joyner (2004). "All mouse ventral spinal cord patterning by
hedgehog is Gli dependent and involves an activator function of Gli3." Developmental
Cell 6(1): 103-115.
Ban, H., N. Nishishita, N. Fusaki, T. Tabata, K. Saeki, M. Shikamura, N. Takada, M. Inoue, M.
Hasegawa, S. Kawamata and S.-I. Nishikawa (2011). "Efficient generation of
transgene-free human induced pluripotent stem cells (iPSCs) by temperature-sensitive
Sendai virus vectors." Proceedings of the National Academy of Sciences 108(34):
14234-14239.
Bani-Yaghoub, M., R. G. Tremblay, J. X. Lei, D. Zhang, B. Zurakowski, J. K. Sandhu, B.
Smith, M. Ribecco-Lutkiewicz, J. Kennedy, P. R. Walker and M. Sikorska (2006).
"Role of Sox2 in the development of the mouse neocortex." Developmental Biology
295(1): 52-66.
Barde, I., M. A. Zanta-Boussif, S. Paisant, M. Leboeuf, P. Rameau, C. Delenda and O. Danos
(2006). "Efficient control of gene expression in the hematopoietic system using a single
Tet-on inducible lentiviral vector." Molecular Therapy 13(2): 382-390.
Bartel, D. P. (2004). "MicroRNAs: genomics, biogenesis, mechanism, and function." Cell
116(2): 281-297.
Beccari, L., I. Conte, E. Cisneros and P. Bovolenta (2012). "Sox2-mediated differential
activation of Six3.2 contributes to forebrain patterning." Development 139(1): 151-164.
Bel-Vialar, S., F. Medevielle and F. Pituello (2007). "The on/off of Pax6 controls the tempo of
neuronal differentiation in the developing spinal cord." Developmental Biology 305(2):
659-673.
Ben-Hur, T., M. Idelson, H. Khaner, M. Pera, E. Reinhartz, A. Itzik and B. E. Reubinoff
(2004). "Transplantation of human embryonic stem cell–derived neural progenitors
improves behavioral deficit in parkinsonian rats." Stem Cells 22(7): 1246-1255.
Betancur, P., M. Bronner-Fraser and T. Sauka-Spengler (2010). "Assembling neural crest
regulatory circuits into a gene regulatory network." Annual Reviews Cell and
Developmental Biology 26: 581-603.
Bhinge, A., J. Poschmann, S. C. Namboori, X. Tian, S. Jia Hui Loh, A. Traczyk, S. Prabhakar
and L. W. Stanton (2014). "MiR-135b is a direct PAX6 target and specifies human
neuroectoderm by inhibiting TGF-beta/BMP signaling." EMBO Journal 33(11): 12711283.

206

References

Bhinge, A., J. Poschmann, S. C. Namboori, X. Tian, S. Jia Hui Loh, A. Traczyk, S. Prabhakar
and L. W. Stanton (2014). "MiR-135b is a direct PAX6 target and specifies human
neuroectoderm by inhibiting TGF-beta/BMP signaling." EMBO J 33(11): 1271-1283.
Bissonnette, C. J., L. Lyass, B. J. Bhattacharyya, A. Belmadani, R. J. Miller and J. A. Kessler
(2011). "The controlled generation of functional basal forebrain cholinergic neurons
from human embryonic stem cells." Stem Cells (Dayton, Ohio) 29(5): 802-811.
Bok, J., D. K. Dolson, P. Hill, U. Ruther, D. J. Epstein and D. K. Wu (2007). "Opposing
gradients of Gli repressor and activators mediate Shh signaling along the dorsoventral
axis of the inner ear." Development (Cambridge, England) 134(9): 1713-1722.
Braun, M. M., A. Etheridge, A. Bernard, C. P. Robertson and H. Roelink (2003). "Wnt
signaling is required at distinct stages of development for the induction of the posterior
forebrain." Development 130(23): 5579-5587.
Brennand, K. J., A. Simone, J. Jou, C. Gelboin-Burkhart, N. Tran, S. Sangar, Y. Li, Y. Mu, G.
Chen, D. Yu, S. McCarthy, J. Sebat and F. H. Gage (2011). "Modelling schizophrenia
using human induced pluripotent stem cells." Nature 473(7346): 221-225.
Brüstle, O., K. N. Jones, R. D. Learish, K. Karram, K. Choudhary, O. D. Wiestler, I. D. Duncan
and R. D. G. McKay (1999). "Embryonic stem cell-derived glial precursors: A source
of myelinating transplants." Science 285(5428): 754-756.
Buganim, Y., Dina A. Faddah, Albert W. Cheng, E. Itskovich, S. Markoulaki, K. Ganz,
Sandy L. Klemm, A. van Oudenaarden and R. Jaenisch (2015). "Single-Cell Expression
Analyses during Cellular Reprogramming Reveal an Early Stochastic and a Late
Hierarchic Phase." Cell 150(6): 1209-1222.
Buganim, Y., D. A. Faddah and R. Jaenisch (2013). "Mechanisms and models of somatic cell
reprogramming." Nature Reviews Genetics 14(6): 427-439.
Bystron, I., C. Blakemore and P. Rakic (2008). "Development of the human cerebral cortex:
Boulder committee revisited." Nature Reviews Neuroscience 9(2): 110-122.
Caiazzo, M., M. T. Dell'Anno, E. Dvoretskova, D. Lazarevic, S. Taverna, D. Leo, T. D.
Sotnikova, A. Menegon, P. Roncaglia, G. Colciago, G. Russo, P. Carninci, G. Pezzoli,
R. R. Gainetdinov, S. Gustincich, A. Dityatev and V. Broccoli (2011). "Direct
generation of functional dopaminergic neurons from mouse and human fibroblasts."
Nature 476(7359): 224-227.
Campbell, K. H., J. McWhir, W. A. Ritchie and I. Wilmut (1996). "Sheep cloned by nuclear
transfer from a cultured cell line." Nature 380(6569): 64-66.
Cao, F., X. Xie, T. Gollan, L. Zhao, K. Narsinh, R. J. Lee and J. C. Wu (2010). "Comparison of
gene-transfer efficiency in human embryonic stem cells." Molecular Imaging and
Biology 12(1): 15-24.
Caspi, O., I. Huber, I. Kehat, M. Habib, G. Arbel, A. Gepstein, L. Yankelson, D. Aronson, R.
Beyar and L. Gepstein (2007). "Transplantation of human embryonic stem cell-derived
cardiomyocytes improves myocardial performance in infarcted rat hearts." Journal of
the American College of Cardiology 50(19): 1884-1893.
Chambers, S. M., C. A. Fasano, E. P. Papapetrou, M. Tomishima, M. Sadelain and L. Studer
(2009). "Highly efficient neural conversion of human ES and iPS cells by dual
inhibition of SMAD signaling." Nature Biotechnology 27(3): 275-280.

207

References

Chanda, S., C. E. Ang, J. Davila, C. Pak, M. Mall, Q. Y. Lee, H. Ahlenius, S. W. Jung, T. C.
Sudhof and M. Wernig (2014). "Generation of induced neuronal cells by the single
reprogramming factor ASCL1." Stem Cell Reports 3(2): 282-296.
Chanda, S., Cheen E. Ang, J. Davila, C. Pak, M. Mall, Qian Y. Lee, H. Ahlenius, Seung W.
Jung, Thomas C. Südhof and M. Wernig (2014). "Generation of Induced Neuronal Cells
by the Single Reprogramming Factor ASCL1." Stem Cell Reports 3(2): 282-296.
Chen, G., M. Wernig, B. Berninger, M. Nakafuku, M. Parmar and C.-L. Zhang (2015). "In
Vivo Reprogramming for Brain and Spinal Cord Repair." eneuro 2(5).
Cheng, L., W. Hu, B. Qiu, J. Zhao, Y. Yu, W. Guan, M. Wang, W. Yang and G. Pei (2014).
"Generation of neural progenitor cells by chemical cocktails and hypoxia." Cell
Research 24(6): 665-679.
Cho, H. H., F. Cargnin, Y. Kim, B. Lee, R. J. Kwon, H. Nam, R. Shen, A. P. Barnes, J. W. Lee,
S. Lee and S. K. Lee (2014). "Isl1 directly controls a cholinergic neuronal identity in
the developing forebrain and spinal cord by forming cell type-specific complexes."
PLoS Genetics 10(4): e1004280.
Chu, K., M. Kim, S.-H. Chae, S.-W. Jeong, K.-S. Kang, K.-H. Jung, J. Kim, Y.-J. Kim, L.
Kang, S. U. Kim and B.-W. Yoon (2004). "Distribution and in situ proliferation patterns
of intravenously injected immortalized human neural stem-like cells in rats with focal
cerebral ischemia." Neuroscience Research 50(4): 459-465.
Clark, B. S. and S. Blackshaw (2014). "Long non-coding RNA-dependent transcriptional
regulation in neuronal development and disease." Frontiers in Genetics 5: 164.
Cohen, M. A., P. Itsykson and B. E. Reubinoff (2010). "The role of FGF-signaling in early
neural specification of human embryonic stem cells." Developmental Biology 340(2):
450-458.
Colasante, G., G. Lignani, A. Rubio, L. Medrihan, L. Yekhlef, A. Sessa, L. Massimino, S. G.
Giannelli, S. Sacchetti, M. Caiazzo, D. Leo, D. Alexopoulou, M. T. Dell'Anno, E.
Ciabatti, M. Orlando, M. Studer, A. Dahl, R. R. Gainetdinov, S. Taverna, F. Benfenati
and V. Broccoli (2015). "Rapid conversion of fibroblasts into functional forebrain
GABAergic interneurons by direct genetic reprogramming." Cell Stem Cell.
Colleoni, S., C. Galli, S. G. Giannelli, M.-T. Armentero, F. Blandini, V. Broccoli and G.
Lazzari (2010). "Long-term culture and differentiation of CNS precursors derived from
anterior human neural rosettes following exposure to ventralizing factors."
Experimental Cell Research 316(7): 1148-1158.
Connor, B., E. Firmin, C. Maucksch, R. Liu, R. Playne, K. Jones and M. Dottori (2015).
"Direct conversion of adult human fibroblasts into induced neural precursor cells by
non-viral transfection." Protocol Exchange.
Connor, B., E. Firmin, C. Maucksch, R. Liu, R. Playne, K. Jones and M. Dottori (2015).
"Direct Conversion of Adult Human Fibroblasts into Induced Neural Precursor Cells by
Non-Viral Transfection."
Corti, S., M. Nizzardo, C. Simone, M. Falcone, C. Donadoni, S. Salani, F. Rizzo, M. Nardini,
G. Riboldi, F. Magri, C. Zanetta, I. Faravelli, N. Bresolin and G. P. Comi (2012).
"Direct reprogramming of human astrocytes into neural stem cells and neurons."
Experimental cell Research.

208

References

Corti, S., M. Nizzardo, C. Simone, M. Falcone, C. Donadoni, S. Salani, F. Rizzo, M. Nardini,
G. Riboldi, F. Magri, C. Zanetta, I. Faravelli, N. Bresolin and G. P. Comi (2012).
"Direct reprogramming of human astrocytes into neural stem cells and neurons."
Experimental Cell Research 318(13): 1528-1541.
Crane, J. F. and P. A. Trainor (2006). "Neural crest stem and progenitor cells." Annual Reviews
Cell Developmental Biology 22: 267-286.
D'Costa, J., S. G. Mansfield and L. M. Humeau (2009). "Lentiviral vectors in clinical trials:
Current status." Current Opinion in Molecular Therapeutics 11(5): 554-564.
Dalman, M. R., A. Deeter, G. Nimishakavi and Z.-H. Duan (2012). "Fold change and p-value
cutoffs significantly alter microarray interpretations." BMC Bioinformatics 13(Suppl
2): S11-S11.
David, L. and J. M. Polo (2014). "Phases of reprogramming." Stem Cell Research 12(3): 754761.
Davidson, K. C., P. Jamshidi, R. Daly, M. T. Hearn, M. F. Pera and M. Dottori (2007). "Wnt3a
regulates survival, expansion, and maintenance of neural progenitors derived from
human embryonic stem cells." Molecular and Cellular Neurosciences 36(3): 408-415.
de Chevigny, A., N. Core, P. Follert, S. Wild, A. Bosio, K. Yoshikawa, H. Cremer and C. Beclin
(2012). "Dynamic expression of the pro-dopaminergic transcription factors Pax6 and
Dlx2 during postnatal olfactory bulb neurogenesis." Frontiers in Cellular Neuroscience
6: 6.
Deacon, T. W., P. Pakzaban and O. Isacson (1994). "The lateral ganglionic eminence is the
origin of cells committed to striatal phenotypes: neural transplantation and
developmental evidence." Brain Research 668(1–2): 211-219.
DeRisi, J., L. Penland, P. O. Brown, M. L. Bittner, P. S. Meltzer, M. Ray, Y. Chen, Y. A. Su and
J. M. Trent (1996). "Use of a cDNA microarray to analyse gene expression patterns in
human cancer." Nature Genetics 14(4): 457-460.
Dickens, S., S. Van den Berge, B. Hendrickx, K. Verdonck, A. Luttun and J. J. Vranckx (2010).
"Nonviral transfection strategies for keratinocytes, fibroblasts, and endothelial
progenitor cells for ex vivo gene transfer to skin wounds." Tissue Engineering Part C
Methods 16(6): 1601-1608.
Dimos, J. T., K. T. Rodolfa, K. K. Niakan, L. M. Weisenthal, H. Mitsumoto, W. Chung, G. F.
Croft, G. Saphier, R. Leibel, R. Goland, H. Wichterle, C. E. Henderson and K. Eggan
(2008). "Induced Pluripotent Stem Cells Generated from Patients with ALS Can Be
Differentiated into Motor Neurons." Science 321(5893): 1218-1221.
Dobrossy, M., M. Busse, T. Piroth, A. Rosser, S. Dunnett and G. Nikkhah (2010).
"Neurorehabilitation with neural transplantation." Neurorehabilitation and Neural
Repair 24(8): 692-701.
Doetsch, F., L. Petreanu, I. Caille, J. M. Garcia-Verdugo and A. Alvarez-Buylla (2002). "EGF
converts transit-amplifying neurogenic precursors in the adult brain into multipotent
stem cells." Neuron 36(6): 1021-1034.
Donovan, P. J. and J. Gearhart (2001). "The end of the beginning for pluripotent stem cells."
Nature 414(6859): 92-97.

209

References

Ebert, A. D., J. Yu, F. F. J. Rose, V. B. Mattis, C. L. Lorson, J. A. Thomson and C. N. Svendsen
(2009). "Induced pluripotent stem cells from a spinal muscular atrophy patient." Nature
457: 277 - 280.
Edri, R., Y. Yaffe, M. J. Ziller, N. Mutukula, R. Volkman, E. David, J. Jacob-Hirsch, H.
Malcov, C. Levy, G. Rechavi, I. Gat-Viks, A. Meissner and Y. Elkabetz (2015).
"Analysing human neural stem cell ontogeny by consecutive isolation of Notch active
neural progenitors." Nature Communications 6.
Eiraku, M., K. Watanabe, M. Matsuo-Takasaki, M. Kawada, S. Yonemura, M. Matsumura, T.
Wataya, A. Nishiyama, K. Muguruma and Y. Sasai (2008). "Self-organized formation of
polarized cortical tissues from ESCs and its active manipulation by extrinsic signals."
Cell Stem Cell 3(5): 519-532.
Elkabetz, Y., G. Panagiotakos, G. Al Shamy, N. D. Socci, V. Tabar and L. Studer (2008).
"Human ES cell-derived neural rosettes reveal a functionally distinct early neural stem
cell stage." Genes and Development 22(2): 152-165.
Ellis, J. and M. Bhatia (2011). "iPSC technology: Platform for drug discovery." Clinical
Pharmacology and Therapeutics 89(5): 639-641.
Elshatory, Y. and L. Gan (2008). "The LIM-homeobox gene Islet-1 is required for the
development of restricted forebrain cholinergic neurons." The Journal of Neuroscience
28(13): 3291-3297.
Emsley, J. G., B. D. Mitchell, G. Kempermann and J. D. Macklis (2005). "Adult neurogenesis
and repair of the adult CNS with neural progenitors, precursors, and stem cells."
Progress in Neurobiology 75(5): 321-341.
Englund, C., A. Fink, C. Lau, D. Pham, R. A. M. Daza, A. Bulfone, T. Kowalczyk and R. F.
Hevner (2005). "Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia,
intermediate progenitor cells, and postmitotic neurons in developing neocortex." The
Journal of Neuroscience 25(1): 247-251.
Escors, D. and K. Breckpot (2010). "Lentiviral vectors in gene therapy: their current status and
future potential." Archivum immunologiae et therapiae experimentalis 58(2): 107-119.
Fassati, A. (2006). "HIV infection of non-dividing cells: a divisive problem." Retrovirology
3(1): 74.
Federation, A. J., J. E. Bradner and A. Meissner (2014). "The use of small molecules in
somatic-cell reprogramming." Trends in Cell Biology 24(3): 179-187.
Feng, B., J.-H. Ng, J.-C. D. Heng and H.-H. Ng (2009). "Molecules that promote or enhance
reprogramming of somatic cells to induced pluripotent stem cells." Cell Stem Cell 4(4):
301-312.
Flames, N., R. Pla, D. M. Gelman, J. L. Rubenstein, L. Puelles and O. Marin (2007).
"Delineation of multiple subpallial progenitor domains by the combinatorial expression
of transcriptional codes." Journal of Neuroscience 27(36): 9682-9695.
Fleige, S., V. Walf, S. Huch, C. Prgomet, J. Sehm and M. W. Pfaffl (2006). "Comparison of
relative mRNA quantification models and the impact of RNA integrity in quantitative
real-time RT-PCR." Biotechnology Letters 28(19): 1601-1613.
Flynn, R. A. and H. Y. Chang (2014). "Long noncoding RNAs in cell fate programming and
reprogramming." Cell stem cell 14(6): 752-761.

210

References

Fusaki, N., H. Ban, A. Nishiyama, K. Saeki and M. Hasegawa (2009). "Efficient induction of
transgene-free human pluripotent stem cells using a vector based on Sendai virus, an
RNA virus that does not integrate into the host genome." Proceedings of the Japan
Academy, Series B Physical and Biological Sciences 85: 348 - 362.
Galli, R., A. Gritti, L. Bonfanti and A. L. Vescovi (2003). "Neural Stem Cells." Circulation
Research 92(6): 598-608.
Georgala, P. A., C. B. Carr and D. J. Price (2011). "The role of Pax6 in forebrain development."
Developmental Neurobiology 71(8): 690-709.
Ghanem, N., M. Yu, L. Poitras, J. L. Rubenstein and M. Ekker (2008). "Characterization of a
distinct subpopulation of striatal projection neurons expressing the Dlx genes in the
basal ganglia through the activity of the I56ii enhancer." Dev Biol 322(2): 415-424.
Gonzalez, F., M. Barragan Monasterio, G. Tiscornia, N. Montserrat Pulido, R. Vassena, L.
Batlle Morera, I. Rodriguez Piza and J. C. Izpisua Belmonte (2009). "Generation of
mouse-induced pluripotent stem cells by transient expression of a single nonviral
polycistronic vector." Proceedings of the National Academy of Sciences of the United
States of America 106(22): 8918-8922.
Gotz, M. and Y. A. Barde (2005). "Radial glial cells defined and major intermediates between
embryonic stem cells and CNS neurons." Neuron 46(3): 369-372.
Gotz, M., A. Stoykova and P. Gruss (1998). "Pax6 controls radial glia differentiation in the
cerebral cortex." Neuron 21(5): 1031-1044.
Goudreau, G., P. Petrou, L. W. Reneker, J. Graw, J. Löster and P. Gruss (2002). "Mutually
regulated expression of Pax6 and Six3 and its implications for the Pax6
haploinsufficient lens phenotype." Proceedings of the National Academy of Sciences
99(13): 8719-8724.
Goverdhana, S., M. Puntel, W. Xiong, J. M. Zirger, C. Barcia, J. F. Curtin, E. B. Soffer, S.
Mondkar, G. D. King, J. Hu, S. A. Sciascia, M. Candolfi, D. S. Greengold, P. R.
Lowenstein and M. G. Castro (2005). "Regulatable gene expression systems for gene
therapy applications: progress and future challenges." Molecular Therapy 12(2): 189211.
Graham, V., J. Khudyakov, P. Ellis and L. Pevny (2003). "SOX2 Functions to Maintain Neural
Progenitor Identity." Neuron 39(5): 749-765.
Greber, B., P. Coulon, M. Zhang, S. Moritz, S. Frank, A. Müller Molina, M. Araúzo‐Bravo,
D. W. Han, Hans‐Christian Pape and H. R. Schöler (2011). "FGF signalling inhibits
neural induction in human embryonic stem cells." EMBO Journal 30(24): 4874-4884.
Greber, B., H. Lehrach and J. Adjaye (2008). "Control of early fate decisions in human ES
cells by distinct states of TGFbeta pathway activity." Stem Cells Development 17(6):
1065-1077.
Guan, D., W. Zhang, W. Zhang, G. H. Liu and J. C. I. Belmonte (2013). "Switching cell fate,
ncRNAs coming to play." Cell Death Dis 4: e464.
Guan, D., W. Zhang, W. Zhang, G. H. Liu and J. C. I. Belmonte (2013). "Switching cell fate,
ncRNAs coming to play." Cell Death and Disease 4: e464.
Gurdon, J. B. (1962). "Adult frogs derived from the nuclei of single somatic cells."
Developmental Biology 4(2): 256-273.

211

References

Gurdon, J. B., T. R. Elsdale and M. Fischberg (1958). "Sexually mature individuals of xenopus
laevis from the transplantation of single somatic nuclei." Nature 182(4627): 64-65.
Gurdon, J. B. and D. A. Melton (2008). "Nuclear reprogramming in cells." Science 322(5909):
1811-1815.
Hakelien, A.-M., H. B. Landsverk, J. M. Robl, B. S. Skalhegg and P. Collas (2002).
"Reprogramming fibroblasts to express T-cell functions using cell
extracts."
Nature Biotechnology 20(5): 460-466.
Hamada, M., L. A. Malureanu, T. Wijshake, W. Zhou and J. M. van Deursen (2012).
"Reprogramming to pluripotency can conceal somatic cell chromosomal instability."
PLoS Genetics 8(8): e1002913.
Hamburger, V. (1988). The heritage of experimental embryology: Hans spemann and the
organizer. Oxford, UK, Oxford University Press.
Han, D. W., N. Tapia, M. J. Araúzo-Bravo, K. T. Lim, K. P. Kim, K. Ko, H. T. Lee and H. R.
Schöler (2013). "Sox2 level is a determinant of cellular reprogramming potential."
PLoS ONE [Electronic Resource] 8(6): e67594.
Hanna, J., K. Saha, B. Pando, J. van Zon, C. J. Lengner, M. P. Creyghton, A. van Oudenaarden
and R. Jaenisch (2009). "Direct cell reprogramming is a stochastic process amenable to
acceleration." Nature 462(7273): 595-601.
Hanna, J. H., K. Saha and R. Jaenisch (2010). "Somatic cell reprogramming and transitions
between pluripotent states: facts, hypotheses, unresolved issues." Cell 143(4): 508-525.
Hansen, D. V., J. H. Lui, P. Flandin, K. Yoshikawa, J. L. Rubenstein, A. Alvarez-Buylla and A.
R. Kriegstein (2013). "Non-epithelial stem cells and cortical interneuron production in
the human ganglionic eminences." Nature Neuroscience 16(11): 1576-1587.
Hansen, D. V., J. H. Lui, P. R. L. Parker and A. R. Kriegstein (2010). "Neurogenic radial glia in
the outer subventricular zone of human neocortex." Nature 464(7288): 554-561.
Harui, A., S. Suzuki, S. Kochanek and K. Mitani (1999). "Frequency and stability of
chromosomal integration of adenovirus vectors." Journal of Virology 73(7): 6141-6146.
Hatakeyama, J., Y. Bessho, K. Katoh, S. Ookawara, M. Fujioka, F. Guillemot and R.
Kageyama (2004). "Hes genes regulate size, shape and histogenesis of the nervous
system by control of the timing of neural stem cell differentiation." Development
131(22): 5539-5550.
He, T.-C., S. Zhou, L. T. da Costa, J. Yu, K. W. Kinzler and B. Vogelstein (1998). "A simplified
system for generating recombinant adenoviruses." Proceedings of the National
Academy of Sciences 95(5): 2509-2514.
Hebert, J. M. and G. Fishell (2008). "The genetics of early telencephalon patterning: some
assembly required." Nature Reviews. Neuroscience 9(9): 678-685.
Hébert, J. M. and G. Fishell (2008). "The genetics of early telencephalon patterning: some
assembly required." Nature Reviews. Neuroscience 9(9): 678-685.
Hecht, P., I. Ballesteros-Yanez, N. Grepo, J. Knowles and D. Campbell (2015). "Noncoding
RNA in the Transcriptional Landscape of Human Neural Progenitor Cell
Differentiation." Frontiers in Neuroscience 9.

212

References

Helzer, K. T., H. E. Barnes, L. Day, J. Harvey, P. R. Billings and A. Forsyth (2009).
"Circulating tumor cells are transcriptionally similar to the primary tumor in a murine
prostate model." Cancer Res 69(19): 7860-7866.
Hevner, R. F., R. D. Hodge, R. A. Daza and C. Englund (2006). "Transcription factors in
glutamatergic neurogenesis: conserved programs in neocortex, cerebellum, and adult
hippocampus." Neuroscience Research 55(3): 223-233.
Hirabayashi, Y. and Y. Gotoh (2010). "Epigenetic control of neural precursor cell fate during
development." Nature Reviews. Neuroscience 11(6): 377-388.
Hou, P., Y. Li, X. Zhang, C. Liu, J. Guan, H. Li, T. Zhao, J. Ye, W. Yang, K. Liu, J. Ge, J. Xu,
Q. Zhang, Y. Zhao and H. Deng (2013). "Pluripotent stem cells induced from mouse
somatic cells by small-molecule compounds." Science 341(6146): 651-654.
Hou, P.-S., C.-Y. Chuang, C.-F. Kao, S.-J. Chou, L. Stone, H.-N. Ho, C.-L. Chien and H.-C.
Kuo (2013). "LHX2 regulates the neural differentiation of human embryonic stem cells
via transcriptional modulation of PAX6 and CER1." Nucleic Acids Research 41(16):
7753-7770.
Hu, B.-Y., J. P. Weick, J. Yu, L.-X. Ma, X.-Q. Zhang, J. A. Thomson and S.-C. Zhang (2010).
"Neural differentiation of human induced pluripotent stem cells follows developmental
principles but with variable potency." Proceedings of the National Academy of Sciences
107(9): 4335-4340.
Hu, B. Y., Z. W. Du, X. J. Li, M. Ayala and S. C. Zhang (2009). "Human oligodendrocytes
from embryonic stem cells: conserved SHH signaling networks and divergent FGF
effects." Development 136(9): 1443-1452.
Hu, K. (2014). "All roads lead to induced pluripotent stem cells: the technologies of iPSC
generation." Stem Cells Development 23(12): 1285-1300.
Hu, K. (2014). "Vectorology and factor delivery in induced pluripotent stem cell
reprogramming." Stem Cells Development 23(12): 1301-1315.
Hu, S., K. D. Wilson, Z. Ghosh, L. Han, Y. Wang, F. Lan, K. J. Ransohoff and J. C. Wu (2013).
"MicroRNA-302 increases reprogramming efficiency via repression of NR2F2." Stem
Cells (Dayton, Ohio) 31(2): 259-268.
Huang, M., M. L. Miller, L. K. McHenry, T. Zheng, Q. Zhen, S. Ilkhanizadeh, B. R. Conklin,
M. E. Bronner and W. A. Weiss (2016). "Generating trunk neural crest from human
pluripotent stem cells." Scientific Reports 6: 19727.
Huangfu, D., K. Osafune, R. Maehr, W. Guo, A. Eijkelenboom, S. Chen, W. Muhlestein and D.
A. Melton (2008). "Induction of pluripotent stem cells from primary human fibroblasts
with only Oct4 and Sox2." Nature Biotechnology 26(11): 1269-1275.
Hui, K. and Z.-P. Feng (2013). "Efficient experimental design and analysis of real-time PCR
assays." Channels 7(3): 160-170.
Hutton, S. R. and L. H. Pevny (2011). "SOX2 expression levels distinguish between neural
progenitor populations of the developing dorsal telencephalon." Developmental
Biology 352(1): 40-47.
Ichida, J. K., J. Blanchard, K. Lam, E. Y. Son, J. E. Chung, D. Egli, K. M. Loh, A. C. Carter, F.
P. Di Giorgio, K. Koszka, D. Huangfu, H. Akutsu, D. R. Liu, L. L. Rubin and K. Eggan
(2009). "A small molecule inhibitor of Tgf-β signaling replaces Sox2 in
reprogramming by inducing nanog." Cell Stem Cell 5(5): 491-503.
213

References

Imayoshi, I. and R. Kageyama (2014). "bHLH factors in self-renewal, multipotency, and fate
choice of neural progenitor cells." Neuron 82(1): 9-23.
Imayoshi, I., M. Sakamoto, M. Yamaguchi, K. Mori and R. Kageyama (2010). "Essential roles
of Notch signaling in maintenance of neural stem cells in developing and adult brains."
Journal of Neuroscience 30(9): 3489-3498.
Isacson, O. and J. H. Kordower (2008). "Future of cell and gene therapies for Parkinson's
disease." Annals of Neurology 64 Suppl 2: S122-138.
Israel, M. A., S. H. Yuan, C. Bardy, S. M. Reyna, Y. Mu, C. Herrera, M. P. Hefferan, S. Van
Gorp, K. L. Nazor, F. S. Boscolo, C. T. Carson, L. C. Laurent, M. Marsala, F. H. Gage,
A. M. Remes, E. H. Koo and L. S. Goldstein (2012). "Probing sporadic and familial
Alzheimer's disease using induced pluripotent stem cells." Nature 482(7384): 216-220.
Iwafuchi-Doi, M., K. Matsuda, K. Murakami, H. Niwa, P. J. Tesar, J. Aruga, I. Matsuo and H.
Kondoh (2012). "Transcriptional regulatory networks in epiblast cells and during
anterior neural plate development as modeled in epiblast stem cells." Development
139(21): 3926-3937.
Jaenisch, R. and R. Young (2008). "Stem cells, the molecular circuitry of pluripotency and
nuclear reprogramming." Cell 132(4): 567-582.
Janmaat, C. J., K. E. de Rooij, H. Locher, S. C. de Groot, J. C. M. J. de Groot, J. H. M. Frijns
and M. A. Huisman (2015). "Human dermal fibroblasts demonstrate positive
immunostaining for neuron- and glia- specific proteins." PLoS ONE 10(12): e0145235.
Joliot, A. and A. Prochiantz (2004). "Transduction peptides: from technology to physiology."
Nature Cell Biology 6(3): 189-196.
Kahler, D. J., F. S. Ahmad, A. Ritz, H. Hua, D. N. Moroziewicz, A. A. Sproul, C. R.
Dusenberry, L. Shang, D. Paull, M. Zimmer, K. A. Weiss, D. Egli and S. A. Noggle
(2013). "Improved methods for reprogramming human dermal fibroblasts using
fluorescence activated cell sorting." PLoS One 8(3): e59867.
Kaji, K., K. Norrby, A. Paca, M. Mileikovsky, P. Mohseni and K. Woltjen (2009). "Virus-free
induction of pluripotency and subsequent excision of reprogramming factors." Nature
458(7239): 771-775.
Kameda, T., K. Smuga-Otto and J. A. Thomson (2006). "A severe de novo methylation of
episomal vectors by human ES cells." Biochemical and Biophysical Research
Communications 349(4): 1269-1277.
Kanherkar, R. R., N. Bhatia-Dey, E. Makarev and A. B. Csoka (2014). "Cellular
reprogramming for understanding and treating human disease." Frontiers in Cell and
Developmental Biology 2: 67.
Keirstead, H. S., G. Nistor, G. Bernal, M. Totoiu, F. Cloutier, K. Sharp and O. Steward (2005).
"Human embryonic stem cell-derived oligodendrocyte progenitor cell transplants
remyelinate and restore locomotion after spinal cord injury." The Journal of
Neuroscience 25(19): 4694-4705.
Kelsh, R. N. (2006). "Sorting out Sox10 functions in neural crest development." Bioessays
28(8): 788-798.
Kim, D., C. H. Kim, J. I. Moon, Y. G. Chung, M. Y. Chang, B. S. Han, S. Ko, E. Yang, K. Y.
Cha, R. Lanza and K. S. Kim (2009). "Generation of human induced pluripotent stem
cells by direct delivery of reprogramming proteins." Cell Stem Cell 4: 472 - 476.

214

References

Kim, D. H., G. K. Marinov, S. Pepke, Z. S. Singer, P. He, B. Williams, G. P. Schroth, M. B.
Elowitz and B. J. Wold (2015). "Single-cell transcriptome analysis reveals dynamic
changes in lncRNA expression during reprogramming." Cell Stem Cell 16(1): 88-101.
Kim, J., R. Ambasudhan and S. Ding (2012). "Direct lineage reprogramming to neural cells."
Current Opinion in Neurobiology 22: 1-7.
Kim, J., J. A. Efe, S. Zhu, M. Talantova, X. Yuan, S. Wang, S. A. Lipton, K. Zhang and S. Ding
(2011). "Direct reprogramming of mouse fibroblasts to neural progenitors."
Proceedings of the National Academy of Sciences.
Kim, M., Y.-K. Park, T.-W. Kang, S.-H. Lee, Y.-H. Rhee, J.-L. Park, H.-J. Kim, D. Lee, D. Lee,
S.-Y. Kim and Y. S. Kim (2014). "Dynamic changes in DNA methylation and
hydroxymethylation when hES cells undergo differentiation toward a neuronal
lineage." Human Molecular Genetics 23(3): 657-667.
Kirkeby, A., S. Grealish, Daniel A. Wolf, J. Nelander, J. Wood, M. Lundblad, O. Lindvall and
M. Parmar (2012). "Generation of regionally specified neural progenitors and
functional neurons from human embryonic stem cells under defined conditions." Cell
Reports 1(6): 703-714.
Klajn, A., D. Drakulic, M. Tosic, Z. Pavkovic, M. Schwirtlich and M. Stevanovic (2014).
"SOX2 overexpression affects neural differentiation of human pluripotent NT2/D1
cells." Biochemistry (Moscow) 79(11): 1172-1182.
Klug, M. G., M. H. Soonpaa, G. Y. Koh and L. J. Field (1996). "Genetically selected
cardiomyocytes from differentiating embronic stem cells form stable intracardiac
grafts." The Journal of Clinical Investigation 98(1): 216-224.
Knoepfler, P. S. (2009). "Deconstructing stem cell tumorigenicity: a roadmap to safe
regenerative medicine." Stem Cells (Dayton, Ohio) 27(5): 1050-1056.
Kobayashi, D., M. Kobayashi, K. Matsumoto, T. Ogura, M. Nakafuku and K. Shimamura
(2002). "Early subdivisions in the neural plate define distinct competence for inductive
signals." Development 129(1): 83-93.
Kriegstein, A. and A. Alvarez-Buylla (2009). "The glial nature of embryonic and adult neural
stem cells." Annual Review of Neuroscience 32: 149-184.
Kudoh, T., M. L. Concha, C. Houart, I. B. Dawid and S. W. Wilson (2004). "Combinatorial Fgf
and Bmp signalling patterns the gastrula ectoderm into prospective neural and
epidermal domains." Development 131(15): 3581-3592.
Kumar, A., J. Declercq, K. Eggermont, X. Agirre, F. Prosper and C. M. Verfaillie (2012). "Zic3
induces conversion of human fibroblasts to stable neural progenitor-like cells." Journal
of molecular cell biology 4(4): 252-255.
Kumar, A., J. Declercq, K. Eggermont, X. Agirre, F. Prosper and C. M. Verfaillie (2012). "Zic3
induces conversion of human fibroblasts to stable neural progenitor-like cells." Journal
of Molecular Cell Biology 4(4): 252-255.
Kumar, M., B. Keller, N. Makalou and R. E. Sutton (2001). "Systematic determination of the
packaging limit of lentiviral vectors." Human Gene Therapy 12(15): 1893-1905.
Kunath, T., M. K. Saba-El-Leil, M. Almousailleakh, J. Wray, S. Meloche and A. Smith (2007).
"FGF stimulation of the Erk1/2 signalling cascade triggers transition of pluripotent
embryonic stem cells from self-renewal to lineage commitment." Development
134(16): 2895-2902.

215

References

Ladewig, J., J. Mertens, J. Kesavan, J. Doerr, D. Poppe, F. Glaue, S. Herms, P. Wernet, G.
Kogler, F. J. Muller, P. Koch and O. Brustle (2012). "Small molecules enable highly
efficient neuronal conversion of human fibroblasts." Nature Methods 9(6): 575-578.
Lamb, T. M. and R. M. Harland (1995). "Fibroblast growth factor is a direct neural inducer,
which combined with noggin generates anterior-posterior neural pattern." Development
121(11): 3627-3636.
LaMonica, B. E., J. H. Lui, X. Wang and A. R. Kriegstein (2012). "OSVZ progenitors in the
human cortex: an updated perspective on neurodevelopmental disease." Current
Opinion in Neurobiology 22(5): 747-753.
Landgraf, P., M. Rusu, R. Sheridan, A. Sewer, N. Iovino, A. Aravin, S. Pfeffer, A. Rice, A. O.
Kamphorst, M. Landthaler, C. Lin, N. D. Socci, L. Hermida, V. Fulci, S. Chiaretti, R.
Foa, J. Schliwka, U. Fuchs, A. Novosel, R. U. Muller, B. Schermer, U. Bissels, J.
Inman, Q. Phan, M. Chien, D. B. Weir, R. Choksi, G. De Vita, D. Frezzetti, H. I.
Trompeter, V. Hornung, G. Teng, G. Hartmann, M. Palkovits, R. Di Lauro, P. Wernet,
G. Macino, C. E. Rogler, J. W. Nagle, J. Ju, F. N. Papavasiliou, T. Benzing, P. Lichter,
W. Tam, M. J. Brownstein, A. Bosio, A. Borkhardt, J. J. Russo, C. Sander, M. Zavolan
and T. Tuschl (2007). "A mammalian microRNA expression atlas based on small RNA
library sequencing." Cell 129(7): 1401-1414.
Landsverk, H. B., A.-M. Hakelien, T. Kuntziger, J. M. Robl, B. S. Skalhegg and P. Collas
(2002). "Reprogrammed gene expression in a somatic cell-free extract." EMBO
Reports 3(4): 384-389.
Larsen, K. B., M. C. Lutterodt, K. Møllgård and M. Møller (2010). "Expression of the
homeobox genes OTX2 and OTX1 in the early developing human brain." Journal of
Histochemistry and Cytochemistry 58(7): 669-678.
LaVaute, T. M., Y. D. Yoo, M. T. Pankratz, J. P. Weick, J. R. Gerstner and S. C. Zhang (2009).
"Regulation of neural specification from human embryonic stem cells by BMP and
FGF." Stem Cells 27(8): 1741-1749.
Lecker, S. H., A. L. Goldberg and W. E. Mitch (2006). "Protein degradation by the ubiquitinproteasome pathway in normal and disease states." J Am Soc Nephrol 17(7): 18071819.
Lee, G., S. M. Chambers, M. J. Tomishima and L. Studer (2010). "Derivation of neural crest
cells from human pluripotent stem cells." Nature Protocols 5(4): 688-701.
Lee, S. H., J. N. Jeyapalan, V. Appleby, D. A. Mohamed Noor, V. Sottile and P. J. Scotting
(2010). "Dynamic methylation and expression of Oct4 in early neural stem cells."
Journal of Anatomy 217(3): 203-213.
Leight, E. R. and B. Sugden (2001). "Establishment of an oriP replicon is dependent upon an
infrequent, epigenetic event." Molecular and Cellular Biology 21(13): 4149-4161.
Levine, A. J. and A. H. Brivanlou (2007). "Proposal of a model of mammalian neural
induction." Developmental Biology 308(2): 247-256.
Li, M. and J. C. Izpisua Belmonte (2015). "Roles for noncoding RNAs in cell-fate
determination and regeneration." Nature Structural and Molecular Biology 22(1): 2-4.
Li, M. and J. C. Izpisua Belmonte (2015). "Roles for noncoding RNAs in cell-fate
determination and regeneration." Nat Struct Mol Biol 22(1): 2-4.

216

References

Li, P., X. Sun, Z. Ma, Y. Liu, Y. Jin, R. Ge, L. Hao, Y. Ma, S. Han, H. Sun, M. Zhang, R. Li, T.
Li and L. Shen (2016). "Transcriptional Reactivation of OTX2, RX1 and SIX3 during
Reprogramming Contributes to the Generation of RPE Cells from Human iPSCs."
International Journal of Biological Sciences 12(5): 505-517.
Li, W., W. Sun, Y. Zhang, W. Wei, R. Ambasudhan, P. Xia, M. Talantova, T. Lin, J. Kim, X.
Wang, W. R. Kim, S. A. Lipton, K. Zhang and S. Ding (2011). "Rapid induction and
long-term self-renewal of primitive neural precursors from human embryonic stem cells
by small molecule inhibitors." Proceedings of the National Academy of Sciences
108(20): 8299-8304.
Li, W., H. Zhou, R. Abujarour, S. Zhu, J. Young Joo, T. Lin, E. Hao, H. R. Scholer, A. Hayek
and S. Ding (2009). "Generation of human-induced pluripotent stem cells in the
absence of exogenous Sox2." Stem Cells (Dayton, Ohio) 27(12): 2992-3000.
Li, X., X. Zuo, J. Jing, Y. Ma, J. Wang, D. Liu, J. Zhu, X. Du, L. Xiong, Y. Du, J. Xu, X. Xiao,
J. Wang, Z. Chai, Y. Zhao and H. Deng (2015). "Small-Molecule-Driven Direct
Reprogramming of Mouse Fibroblasts into Functional Neurons." Cell Stem Cell 17(2):
195-203.
Li, X.-J., Z.-W. Du, E. D. Zarnowska, M. Pankratz, L. O. Hansen, R. A. Pearce and S.-C.
Zhang (2005). "Specification of motoneurons from human embryonic stem cells."
Nature Biotechnology 23(2): 215-221.
Li, X. J., B. Y. Hu, S. A. Jones, Y. S. Zhang, T. Lavaute, Z. W. Du and S. C. Zhang (2008).
"Directed differentiation of ventral spinal progenitors and motor neurons from human
embryonic stem cells by small molecules." Stem Cells 26(4): 886-893.
Li, X. J., X. Zhang, M. A. Johnson, Z. B. Wang, T. Lavaute and S. C. Zhang (2009).
"Coordination of sonic hedgehog and Wnt signaling determines ventral and dorsal
telencephalic neuron types from human embryonic stem cells." Development
(Cambridge, England) 136(23): 4055-4063.
Lian, Q., Y. Chow, M. A. Esteban, D. Pei and H. F. Tse (2010). "Future perspective of induced
pluripotent stem cells for diagnosis, drug screening and treatment of human diseases."
Thrombosis and Haemostasis 104(1): 39-44.
Liang, G., J. He and Y. Zhang (2012). "Kdm2b promotes induced pluripotent stem cell
generation by facilitating gene activation early in reprogramming." Nature Cell Biology
14(5): 457-466.
Lin, M., E. Pedrosa, A. Shah, A. Hrabovsky, S. Maqbool, D. Zheng and H. M. Lachman
(2011). "RNA-Seq of Human Neurons Derived from iPS Cells Reveals Candidate Long
Non-Coding RNAs Involved in Neurogenesis and Neuropsychiatric Disorders." PLoS
ONE 6(9): e23356.
Lin, Y. P., Y. Ouchi, S. Satoh and S. Watanabe (2009). "Sox2 plays a role in the induction of
amacrine and Muller glial cells in mouse retinal progenitor cells." Investigative
Ophthalmology and Visual Science 50(1): 68-74.
Lin, Y. P., Y. Ouchi, S. Satoh and S. Watanabe (2009). "Sox2 plays a role in the induction of
amacrine and Muller glial cells in mouse retinal progenitor cells." Investigative
Ophthalmology Visual Science 50(1): 68-74.
Linterman, K. S., D. N. Palmer, G. W. Kay, L. A. Barry, N. L. Mitchell, R. G. McFarlane, M.
A. Black, M. S. Sands and S. M. Hughes (2011). "Lentiviral-mediated gene transfer to

217

References

the sheep brain: implications for gene therapy in batten disease." Human Gene Therapy
22(8): 1011-1020.
Litingtung, Y., R. D. Dahn, Y. Li, J. F. Fallon and C. Chiang (2002). "Shh and Gli3 are
dispensable for limb skeleton formation but regulate digit number and identity." Nature
418(6901): 979-983.
Liu, H. and S. C. Zhang (2011). "Specification of neuronal and glial subtypes from human
pluripotent stem cells." Cellular and Molecular Life Sciences : CMLS 68(24): 39954008.
Liu, M.-L., T. Zang, Y. Zou, J. C. Chang, J. R. Gibson, K. M. Huber and C.-L. Zhang (2013).
"Small molecules enable neurogenin 2 to efficiently convert human fibroblasts into
cholinergic neurons." Nature Communications 4.
Liu, W., O. V. Lagutin, M. Mende, A. Streit and G. Oliver (2006). "Six3 activation of Pax6
expression is essential for mammalian lens induction and specification." EMBO Journal
25(22): 5383-5395.
Liu, Y., H. Liu, C. Sauvey, L. Yao, E. D. Zarnowska and S.-C. Zhang (2013). "Directed
differentiation of forebrain GABA interneurons from human pluripotent stem cells."
Nature Protocols 8(9): 1670-1679.
Livak, K. J. and T. D. Schmittgen (2001). "Analysis of relative gene expression data using realtime quantitative PCR and the 2−ΔΔCT method." Methods 25(4): 402-408.
Loh, Kyle M. and B. Lim (2011). "A precarious balance: Pluripotency factors as lineage
specifiers." Cell Stem Cell 8(4): 363-369.
López-Juárez, A., S. Remaud, Z. Hassani, P. Jolivet, J. Pierre Simons, T. Sontag, K. Yoshikawa,
J. Price, G. Morvan-Dubois and Barbara A. Demeneix (2012). "Thyroid hormone
signaling acts as a neurogenic switch by repressing Sox2 in the adult neural stem cell
niche." Cell Stem Cell 10(5): 531-543.
Lowry, W. E., L. Richter, R. Yachechko, A. D. Pyle, J. Tchieu, R. Sridharan, A. T. Clark and K.
Plath (2008). "Generation of human induced pluripotent stem cells from dermal
fibroblasts." Proceedings of the National Academy of Sciences 105(8): 2883-2888.
Lu, J., H. Liu, C. T. Huang, H. Chen, Z. Du, Y. Liu, M. A. Sherafat and S. C. Zhang (2013).
"Generation of integration-free and region-specific neural progenitors from primate
fibroblasts." Cell Reports 3(5): 1580-1591.
Lujan, E., S. Chanda, H. Ahlenius, T. C. Sudhof and M. Wernig (2012). "Direct conversion of
mouse fibroblasts to self-renewing, tripotent neural precursor cells." Proceedings of the
National Academy of Sciences of the United States of America 109(7): 2527-2532.
Lujan, E., S. Chanda, H. Ahlenius, T. C. Sudhof and M. Wernig (2012). "Direct conversion of
mouse fibroblasts to self-renewing, tripotent neural precursor cells." Proceedings of the
National Academy of Sciences of the United States of America.
Lunn, J. S., S. A. Sakowski, J. Hur and E. L. Feldman (2011). "Stem cell technology for
neurodegenerative diseases." Annals of Neurology 70(3): 353-361.
Lupo, G., M. Bertacchi, N. Carucci, G. Augusti-Tocco, S. Biagioni and F. Cremisi (2014).
"From pluripotency to forebrain patterning: an in vitro journey astride embryonic stem
cells." Cellular and Molecular Life Sciences 71(15): 2917-2930.

218

References

Lupo, G., C. Novorol, J. R. Smith, L. Vallier, E. Miranda, M. Alexander, S. Biagioni,
Pedersen and W. A. Harris (2013). "Multiple roles of Activin/Nodal,
morphogenetic protein, fibroblast growth factor and Wnt/beta-catenin signalling
anterior neural patterning of adherent human embryonic stem cell cultures."
Biology 3(4): 120167.

R. A.
bone
in the
Open

Ma, L., B. Hu, Y. Liu, Scott C. Vermilyea, H. Liu, L. Gao, Y. Sun, X. Zhang and S.-C. Zhang
(2012). "Human embryonic stem cell-derived GABA neurons correct locomotion
deficits in quinolinic acid-lesioned mice." Cell Stem Cell 10(4): 455-464.
Ma, T., M. Xie, T. Laurent and S. Ding (2013). "Progress in the reprogramming of somatic
cells." Circulation Research 112(3): 562-574.
Makeyev, E. V., J. Zhang, M. A. Carrasco and T. Maniatis (2007). "The MicroRNA miR-124
promotes neuronal differentiation by triggering brain-specific alternative pre-mRNA
splicing." Molecular Cell 27(3): 435-448.
Mansukhani, A., D. Ambrosetti, G. Holmes, L. Cornivelli and C. Basilico (2005). "Sox2
induction by FGF and FGFR2 activating mutations inhibits Wnt signaling and
osteoblast differentiation." Journal of Cell Biology 168(7): 1065-1076.
Manuel, M., B. Martynoga, T. Yu, J. D. West, J. O. Mason and D. J. Price (2010). "The
transcription factor Foxg1 regulates the competence of telencephalic cells to adopt
subpallial fates in mice." Development (Cambridge, England) 137(3): 487-497.
Manuel, M. and D. J. Price (2005). "Role of Pax6 in forebrain regionalization." Brain Research
Bulletin 66(4-6): 387-393.
Manuel, M. N., D. Mi, J. O. Mason and D. J. Price (2015). "Regulation of cerebral cortical
neurogenesis by the Pax6 transcription factor." Frontiers in Cellular Neuroscience 9:
70.
Mao, Y., R. Yan, A. Li, Y. Zhang, J. Li, H. Du, B. Chen, W. Wei, Y. Zhang, C. Sumners, H.
Zheng and H. Li (2015). "Lentiviral vectors mediate long-term and high efficiency
transgene expression in HEK 293T cells." International Journal of Medical Sciences
12(5): 407-415.
Mariani, J., M. V. Simonini, D. Palejev, L. Tomasini, G. Coppola, A. M. Szekely, T. L. Horvath
and F. M. Vaccarino (2012). "Modeling human cortical development in vitro using
induced pluripotent stem cells." Proceedings of the National Academy of Sciences of
the United States of America 109(31): 12770-12775.
Maroof, A. M., S. Keros, J. A. Tyson, S. W. Ying, Y. M. Ganat, F. T. Merkle, B. Liu, A.
Goulburn, E. G. Stanley, A. G. Elefanty, H. R. Widmer, K. Eggan, P. A. Goldstein, S. A.
Anderson and L. Studer (2013). "Directed differentiation and functional maturation of
cortical interneurons from human embryonic stem cells." Cell Stem Cell 12(5): 559572.
Marshall, G. P., 2nd, B. A. Reynolds and E. D. Laywell (2007). "Using the neurosphere assay
to quantify neural stem cells in vivo." Current Pharmaceutical Biotechnology 8(3): 141145.
Martynoga, B., D. Drechsel and F. Guillemot (2012). "Molecular control of neurogenesis: a
view from the mammalian cerebral cortex." Cold Spring Harb Perspect Biol 4(10).

219

References

Masuda, S., J. Wu, T. Hishida, G. N. Pandian, H. Sugiyama and J. C. Izpisua Belmonte (2013).
"Chemically induced pluripotent stem cells (CiPSCs): a transgene-free approach."
Journal of Molecular Cell Biology 5(5): 354-355.
Masui, S., Y. Nakatake, Y. Toyooka, D. Shimosato, R. Yagi, K. Takahashi, H. Okochi, A.
Okuda, R. Matoba, A. A. Sharov, M. S. Ko and H. Niwa (2007). "Pluripotency
governed by Sox2 via regulation of Oct3/4 expression in mouse embryonic stem cells."
Nature Cell Biology 9(6): 625-635.
Matrai, J., M. K. Chuah and T. VandenDriessche (2010). "Recent advances in lentiviral vector
development and applications." Molecular Therapy 18(3): 477-490.
Matsushima, D., W. Heavner and L. H. Pevny (2011). "Combinatorial regulation of optic cup
progenitor cell fate by SOX2 and PAX6." Development 138(3): 443-454.
Maucksch, C., E. Firmin, C. Butler-Munro and J. Montgomery… (2012). "Non-viral
generation of neural precursor-like cells from adult human fibroblasts." Journal of Stem
Cells & Regenerative Medicine 8: 162-170.
Maucksch, C., E. Firmin, C. Butler-Munro and J. Montgomery… (2012). "Non-Viral
Generation of Neural Precursor-like Cells from Adult Human Fibroblasts." Journal of
Stem Cells & Regenerative Medicine 8(3).
Maucksch, C., K. S. Jones and B. Connor (2013). "Concise review: the involvement of SOX2
in direct reprogramming of induced neural stem/precursor cells." Stem Cells
Translational Medicine 2(8): 579-583.
McBride, J. L., S. P. Behrstock, E. Y. Chen, R. J. Jakel, I. Siegel, C. N. Svendsen and J. H.
Kordower (2004). "Human neural stem cell transplants improve motor function in a rat
model of Huntington's disease." The Journal of Comparative Neurology 475(2): 211219.
McDonald, J. W., X.-Z. Liu, Y. Qu, S. Liu, S. K. Mickey, D. Turetsky, D. I. Gottlieb and D. W.
Choi (1999). "Transplanted embryonic stem cells survive, differentiate and promote
recovery in injured rat spinal cord." Nature Medicine 5(12): 1410-1412.
Michor, F., Y. Iwasa, B. Vogelstein, C. Lengauer and M. A. Nowak (2005). "Can chromosomal
instability initiate tumorigenesis?" Seminars in Cancer Biology 15(1): 43-49.
Milet, C. and A. H. Monsoro-Burq (2012). "Embryonic stem cell strategies to explore neural
crest development in human embryos." Developmental Biology 366(1): 96-99.
Miller, D. G., M. A. Adam and A. D. Miller (1990). "Gene transfer by retrovirus vectors occurs
only in cells that are actively replicating at the time of infection." Mol Cell Biol 10(8):
4239-4242.
Mitalipov, S. and D. Wolf (2009). "Totipotency, pluripotency and nuclear reprogramming."
Advances in Biochemical Engineering/Biotechnology 114: 185-199.
Mitchell, R. R., E. Szabo, Y. D. Benoit, D. T. Case, R. Mechael, J. Alamilla, J. H. Lee, A.
Fiebig-Comyn, D. C. Gillespie and M. Bhatia (2014). "Activation of neural cell fate
programs toward direct conversion of adult human fibroblasts into tri-potent neural
progenitors using OCT-4." Stem Cells Development 23(16): 1937-1946.
Mitta, B., M. Rimann, M. U. Ehrengruber, M. Ehrbar, V. Djonov, J. Kelm and M. Fussenegger
(2002). "Advanced modular self‐inactivating lentiviral expression vectors for
multigene interventions in mammalian cells and in vivo transduction." Nucleic Acids
Research 30(21): e113.
220

References

Miyoshi, N., H. Ishii, H. Nagano, N. Haraguchi, Dyah L. Dewi, Y. Kano, S. Nishikawa, M.
Tanemura, K. Mimori, F. Tanaka, T. Saito, J. Nishimura, I. Takemasa, T. Mizushima, M.
Ikeda, H. Yamamoto, M. Sekimoto, Y. Doki and M. Mori (2011). "Reprogramming of
mouse and human cells to pluripotency using mature microRNAs." Cell Stem Cell 8(6):
633-638.
Mizuguchi, H., Z. Xu, A. Ishii-Watabe, E. Uchida and T. Hayakawa (2000). "IRES-dependent
second gene expression is significantly lower than cap-dependent first gene expression
in a bicistronic vector." Molecular therapy : The Journal of the American Society of
Gene Therapy 1(4): 376-382.
Mizutani, K., K. Yoon, L. Dang, A. Tokunaga and N. Gaiano (2007). "Differential Notch
signalling distinguishes neural stem cells from intermediate progenitors." Nature
449(7160): 351-355.
Molyneaux, B. J., P. Arlotta, J. R. L. Menezes and J. D. Macklis (2007). "Neuronal subtype
specification in the cerebral cortex." Nature Reviews Neuroscience 8(6): 427-437.
Mori, H., K. Ninomiya, M. Kino-oka, T. Shofuda, M. O. Islam, M. Yamasaki, H. Okano, M.
Taya and Y. Kanemura (2006). "Effect of neurosphere size on the growth rate of human
neural stem/progenitor cells." Journal of Neuroscience Research 84(8): 1682-1691.
Moya, N., J. Cutts, T. Gaasterland, K. Willert and David A. Brafman (2014). "Endogenous
WNT signaling regulates hPSC-derived neural progenitor cell heterogeneity and
specifies their regional identity." Stem Cell Reports 3(6): 1015-1028.
Muzio, L., B. Di Benedetto, A. Stoykova, E. Boncinelli, P. Gruss and A. Mallamaci (2002).
"Emx2 and Pax6 control regionalization of the pre-neuronogenic cortical primordium."
Cereb Cortex 12(2): 129-139.
Nagamatsu, G., S. Saito, T. Kosaka, K. Takubo, T. Kinoshita, M. Oya, K. Horimoto and T.
Suda (2012). "Optimal Ratio of Transcription Factors for Somatic Cell
Reprogramming." Journal of Biological Chemistry 287(43): 36273-36282.
Nakagawa, M., M. Koyanagi, K. Tanabe, K. Takahashi, T. Ichisaka, T. Aoi, K. Okita, Y.
Mochiduki, N. Takizawa and S. Yamanaka (2008). "Generation of induced pluripotent
stem cells without Myc from mouse and human fibroblasts." Nature Biotechnology
26(1): 101-106.
Nakanishi, M. and M. Otsu (2012). "Development of Sendai virus vectors and their potential
applications in gene therapy and regenerative medicine." Current Gene Therapy 12(5):
410-416.
Nat, R., G. Apostolova and G. Dechant (2013). Telencephalic neurogenesis versus
telencephalic differentiation of pluripotent stem cells.
Nat, R. and G. Dechant (2011). "Milestones of directed differentiation of mouse and human
embryonic stem cells into telencephalic neurons based on neural development in vivo."
Stem Cells and Development 20(6): 947-958.
Nat, R., M. Nilbratt, S. Narkilahti, B. Winblad, O. Hovatta and A. Nordberg (2007).
"Neurogenic neuroepithelial and radial glial cells generated from six human embryonic
stem cell lines in serum-free suspension and adherent cultures." Glia 55(4): 385-399.
Nat, R., A. Salti, L. Suciu, S. Strom and G. Dechant (2012). "Pharmacological modulation of
the Hedgehog pathway differentially affects dorsal/ventral patterning in mouse and

221

References

human embryonic stem cell models of telencephalic development." Stem Cells and
Development 21(7): 1016-1046.
Needhamsen, M., R. B. White, K. M. Giles, S. A. Dunlop and M. G. Thomas (2014).
"Regulation of Human PAX6 Expression by miR-7." Evol Bioinform Online 10: 107113.
Needhamsen, M., R. B. White, K. M. Giles, S. A. Dunlop and M. G. Thomas (2014).
"Regulation of human PAX6 expression by miR-7." Evolutionary Bioinformatics
Online 10: 107-113.
Nelson, B. R., R. D. Hodge, F. Bedogni and R. F. Hevner (2013). "Dynamic Interactions
between Intermediate Neurogenic Progenitors and Radial Glia in Embryonic Mouse
Neocortex: Potential Role in Dll1-Notch Signaling." The Journal of Neuroscience
33(21): 9122-9139.
Ng, S. Y., R. Johnson and L. W. Stanton (2012). "Human long non‐coding RNAs promote
pluripotency and neuronal differentiation by association with chromatin modifiers and
transcription factors." The EMBO Journal 31(3): 522-533.
Nicholas, Cory R., J. Chen, Y. Tang, Derek G. Southwell, N. Chalmers, D. Vogt, Christine M.
Arnold, Y.-Jiun J. Chen, Edouard G. Stanley, Andrew G. Elefanty, Y. Sasai, A. AlvarezBuylla, John L. R. Rubenstein and Arnold R. Kriegstein (2013). "Functional maturation
of hPSC-derived forebrain interneurons requires an extended timeline and mimics
human neural development." Cell Stem Cell 12(5): 573-586.
Nicoleau, C., C. Varela, C. Bonnefond, Y. Maury, A. Bugi, L. Aubry, P. Viegas, F. BourgoisRocha, M. Peschanski and A. L. Perrier (2013). "Embryonic stem cells neural
differentiation qualifies the role of Wnt/β-Catenin signals in human telencephalic
specification and regionalization." Stem Cells 31(9): 1763-1774.
Nieuwkoop, P. D. and G. v. Nigtevecht (1954). "Neural activation and transformation in
explants of competent ectoderm under the influence of fragments of anterior notochord
in urodeles." Journal of Embryology and Experimental Morphology 2(3): 175-193.
Noguchi, H., M. Matsushita, N. Kobayashi, M. F. Levy and S. Matsumoto (2010). "Recent
advances in protein transduction technology." Cell Transplant 19(6): 649-654.
Ohata, S., R. Aoki, S. Kinoshita, M. Yamaguchi, S. Tsuruoka-Kinoshita, H. Tanaka, H. Wada,
S. Watabe, T. Tsuboi, I. Masai and H. Okamoto (2011). "Dual roles of Notch in
regulation of apically restricted mitosis and apicobasal polarity of neuroepithelial
cells." Neuron 69(2): 215-230.
Oishi, K., S. Kamakura, Y. Isazawa, T. Yoshimatsu, K. Kuida, M. Nakafuku, N. Masuyama and
Y. Gotoh (2004). "Notch promotes survival of neural precursor cells via mechanisms
distinct from those regulating neurogenesis." Developmental Biology 276(1): 172-184.
Okita, K., T. Ichisaka and S. Yamanaka (2007). "Generation of germline-competent induced
pluripotent stem cells." Nature 448(7151): 313-317.
Onder, T. T., N. Kara, A. Cherry, A. U. Sinha, N. Zhu, K. M. Bernt, P. Cahan, B. O. Marcarci,
J. Unternaehrer, P. B. Gupta, E. S. Lander, S. A. Armstrong and G. Q. Daley (2012).
"Chromatin-modifying enzymes as modulators of reprogramming." Nature 483(7391):
598-602.

222

References

Pang, Z. P., N. Yang, T. Vierbuchen, A. Ostermeier, D. R. Fuentes, T. Q. Yang, A. Citri, V.
Sebastiano, S. Marro, T. C. Sudhof and M. Wernig (2011). "Induction of human
neuronal cells by defined transcription factors." Nature advance online publication.
Pankratz, M. T., X. J. Li, T. M. Lavaute, E. A. Lyons, X. Chen and S. C. Zhang (2007).
"Directed neural differentiation of human embryonic stem cells via an obligated
primitive anterior stage." Stem Cells (Dayton, Ohio) 25(6): 1511-1520.
Papp, B. and K. Plath (2013). "Epigenetics of reprogramming to induced pluripotency." Cell
152(6): 1324-1343.
Park, I. H., N. Arora, H. Huo, N. Maherali, T. Ahfeldt, A. Shimamura, M. W. Lensch, C.
Cowan, K. Hochedlinger and G. Q. Daley (2008). "Disease-specific induced pluripotent
stem cells." Cell 134(5): 877-886.
Park, I. H., R. Zhao, J. A. West, A. Yabuuchi, H. Huo, T. A. Ince, P. H. Lerou, M. W. Lensch
and G. Q. Daley (2008). "Reprogramming of human somatic cells to pluripotency with
defined factors." Nature 451(7175): 141-146.
Parras, C. M., C. Schuurmans, R. Scardigli, J. Kim, D. J. Anderson and F. Guillemot (2002).
"Divergent functions of the proneural genes Mash1 and Ngn2 in the specification of
neuronal subtype identity." Genes & Development 16(3): 324-338.
Patani, R., A. Compston, C. A. Puddifoot, D. J. A. Wyllie, G. E. Hardingham, N. D. Allen and
S. Chandran (2009). "Activin/Nodal inhibition alone accelerates highly efficient neural
conversion from human embryonic stem cells and imposes a caudal positional identity."
PLoS ONE 4(10): e7327.
Patel, M. and S. Yang (2010). "Advances in reprogramming somatic cells to induced
pluripotent stem cells." Stem Cell Reviews 6(3): 367-380.
Pauly, M. C., T. Piroth, M. Dobrossy and G. Nikkhah (2012). "Restoration of the striatal
circuitry: from developmental aspects toward clinical applications." Frontiers in
Cellular Neuroscience 6: 16.
Pereira, M., U. Pfisterer, D. Rylander, O. Torper, S. Lau, M. Lundblad, S. Grealish and M.
Parmar (2014). "Highly efficient generation of induced neurons from human fibroblasts
that survive transplantation into the adult rat brain." Science Report 4.
Pfisterer, U., A. Kirkeby, O. Torper, J. Wood, J. Nelander, A. Dufour, A. Bjorklund, O.
Lindvall, J. Jakobsson and M. Parmar (2011). "Direct conversion of human fibroblasts
to dopaminergic neurons." Proceedings of the National Academy of Sciences 108(25):
10343-10348.
Pfisterer, U., A. Kirkeby, O. Torper, J. Wood, J. Nelander, A. Dufour, A. Björklund, O.
Lindvall, J. Jakobsson and M. Parmar (2011). "Direct conversion of human fibroblasts
to dopaminergic neurons." Proceedings of the National Academy of Sciences.
Pinson, J., T. I. Simpson, J. O. Mason and D. J. Price (2006). "Positive autoregulation of the
transcription factor Pax6 in response to increased levels of either of its major isoforms,
Pax6 or Pax6(5a), in cultured cells." BMC Developmental Biology 6(1): 1-9.
Plath, K. and W. E. Lowry (2011). "Progress in understanding reprogramming to the induced
pluripotent state." Nature Reviews Genetics 12(4): 253-265.
Plews, J. R., J. Li, M. Jones, H. D. Moore, C. Mason, P. W. Andrews and J. Na (2010).
"Activation of pluripotency genes in human fibroblast cells by a novel mRNA based
approach." PLoS ONE 5(12): e14397.

223

References

Prelle, K., N. Zink and E. Wolf (2002). "Pluripotent stem cells--model of embryonic
development, tool for gene targeting, and basis of cell therapy." Anatomia, Histologia,
Embryologia 31(3): 169-186.
Quinn, J. C., M. Molinek, B. S. Martynoga, P. A. Zaki, A. Faedo, A. Bulfone, R. F. Hevner, J.
D. West and D. J. Price (2007). "Pax6 controls cerebral cortical cell number by
regulating exit from the cell cycle and specifies cortical cell identity by a cell
autonomous mechanism." Developmental Biology 302(1): 50-65.
Rallu, M., R. Machold, N. Gaiano, J. G. Corbin, A. P. McMahon and G. Fishell (2002).
"Dorsoventral patterning is established in the telencephalon of mutants lacking both
Gli3 and Hedgehog signaling." Development 129(21): 4963-4974.
Ren, C., M. Zhao, X. Yang, D. Li, X. Jiang, L. Wang, W. Shan, H. Yang, L. Zhou, W. Zhou and
H. Zhang (2006). "Establishment and applications of epstein-barr virus-based episomal
vectors in human embryonic stem cells." Stem Cells 24(5): 1338-1347.
Reynolds, B. A. and S. Weiss (1992). "Generation of neurons and astrocytes from isolated cells
of the adult mammalian central nervous system." Science (New York, N.Y.) 255(5052):
1707-1710.
Reynolds, B. A. and S. Weiss (1996). "Clonal and population analyses demonstrate that an
EGF-responsive mammalian embryonic CNS precursor is a stem cell." Developmental
Biology 175(1): 1-13.
Ricke, R. M., J. H. van Ree and J. M. van Deursen (2008). "Whole chromosome instability and
cancer: a complex relationship." Trends in Genetics : TIG 24(9): 457-466.
Rietze, R. L. and B. A. Reynolds (2006). "Neural stem cell isolation and characterization."
Methods Enzymol 419: 3-23.
Ring, Karen L., Leslie M. Tong, Maureen E. Balestra, R. Javier, Y. Andrews-Zwilling, G. Li,
D. Walker, William R. Zhang, Anatol C. Kreitzer and Y. Huang (2012). "Direct
reprogramming of mouse and human fibroblasts into multipotent neural stem cells with
a single factor." Cell Stem Cell 11(1): 100-109.
Roe, T., T. C. Reynolds, G. Yu and P. O. Brown (1993). "Integration of murine leukemia virus
DNA depends on mitosis." EMBO Journal
12(5): 2099-2108.
Romano, G. (2005). "Current development of lentiviral-mediated gene transfer." Drug News
Perspect 18(2): 128-134.
Rosa, A. and A. H. Brivanlou (2011). "A regulatory circuitry comprised of miR-302 and the
transcription factors OCT4 and NR2F2 regulates human embryonic stem cell
differentiation." EMBO Journal 30(2): 237-248.
Ruiz, S., A. D. Panopoulos, A. Herrerias, K. D. Bissig, M. Lutz, W. T. Berggren, I. M. Verma
and J. C. Izpisua Belmonte (2011). "A high proliferation rate is required for cell
reprogramming and maintenance of human embryonic stem cell identity." Current
Biology 21(1): 45-52.
Saha, K. and R. Jaenisch (2009). "Technical challenges in using human induced pluripotent
stem cells to model disease." Cell Stem Cell 5(6): 584-595.
Sakai, Y., K. Kiyotani, M. Fukumura, M. Asakawa, A. Kato, T. Shioda, T. Yoshida, A. Tanaka,
M. Hasegawa and Y. Nagai (1999). "Accommodation of foreign genes into the Sendai

224

References

virus genome: sizes of inserted genes and viral replication." FEBS Letters 456(2): 221226.
Samavarchi-Tehrani, P., A. Golipour, L. David, H.-k. Sung, T. A. Beyer, A. Datti, K. Woltjen,
A. Nagy and J. L. Wrana (2010). "Functional genomics reveals a BMP-driven
mesenchymal-to-epithelial transition in the initiation of somatic cell reprogramming."
Cell Stem Cell 7(1): 64-77.
Sanchez, A., T. Schimmang and J. Garcia-Sancho (2012). "Cell and tissue therapy in
regenerative medicine." Advances in Experimental Medicine and Biology 741: 89-102.
Sansom, S. N., D. S. Griffiths, A. Faedo, D. J. Kleinjan, Y. Ruan, J. Smith, V. van Heyningen,
J. L. Rubenstein and F. J. Livesey (2009). "The level of the transcription factor Pax6 is
essential for controlling the balance between neural stem cell self-renewal and
neurogenesis." PLoS Genetics 5(6): e1000511.
Sansom, S. N. and F. J. Livesey (2009). "Gradients in the brain: the control of the development
of form and function in the cerebral cortex." Cold Spring Harbor Perspectives in
Biology 1(2): a002519.
Scardigli, R., N. Bäumer, P. Gruss, F. Guillemot and I. Le Roux (2003). "Direct and
concentration-dependent regulation of the proneural gene Neurogenin2 by Pax6."
Development 130(14): 3269-3281.
Schambach, A. and C. Baum (2008). "Clinical application of lentiviral vectors - concepts and
practice." Current Gene Therapy 8(6): 474-482.
Schena, M., D. Shalon, R. Heller, A. Chai, P. O. Brown and R. W. Davis (1996). "Parallel
human genome analysis: microarray-based expression monitoring of 1000 genes."
Proceedings of the National Academy of Sciences 93(20): 10614-10619.
Schuurmans, C., O. Armant, M. Nieto, J. M. Stenman, O. Britz, N. Klenin, C. Brown, L. M.
Langevin, J. Seibt, H. Tang, J. M. Cunningham, R. Dyck, C. Walsh, K. Campbell, F.
Polleux and F. Guillemot (2004). "Sequential phases of cortical specification involve
Neurogenin-dependent and -independent pathways." The EMBO Journal 23(14): 28922902.
Seki, T. and K. Fukuda (2015). "Methods of induced pluripotent stem cells for clinical
application." World Journal of Stem Cells 7(1): 116-125.
Selleck, M. A. and M. Bronner-Fraser (1996). "The genesis of avian neural crest cells: a classic
embryonic induction." Proceedings of the National Academy of Sciences 93(18): 93529357.
Shahbazi, E., S. Moradi, S. Nemati, L. Satarian, M. Basiri, H. Gourabi, N. Zare Mehrjardi, P.
Günther, A. Lampert, K. Händler, Firuze F. Hatay, D. Schmidt, M. Molcanyi, J.
Hescheler, Joachim L. Schultze, T. Saric and H. Baharvand (2016). "Conversion of
human fibroblasts to stably self-renewing neural stem cells with a single zinc-finger
transcription factor." Stem Cell Reports 6(4): 539-551.
Sheen, V. L., M. W. Arnold, Y. Wang and J. D. Macklis (1999). "Neural precursor
differentiation following transplantation into neocortex is dependent on intrinsic
developmental state and receptor competence." Experimental neurology 158(1): 47-62.
Shitamukai, A. and F. Matsuzaki (2012). "Control of asymmetric cell division of mammalian
neural progenitors." Development, Growth & Differentiation 54(3): 277-286.

225

References

Shivraj Sohur, U., J. G. Emsley, B. D. Mitchell and J. D. Macklis (2006). "Adult neurogenesis
and cellular brain repair with neural progenitors, precursors and stem cells."
Philosophical Transactions of the Royal Society B: Biological Sciences 361(1473):
1477-1497.
Si-Tayeb, K., F. K. Noto, A. Sepac, F. Sedlic, Z. J. Bosnjak, J. W. Lough and S. A. Duncan
(2010). "Generation of human induced pluripotent stem cells by simple transient
transfection of plasmid DNA encoding reprogramming factors." BMC Developmental
Biology 10: 81.
Sills, E. S., T. Takeuchi, N. Tanaka, Q. V. Neri and G. D. Palermo (2005). "Identification and
isolation of embryonic stem cells in reproductive endocrinology: theoretical protocols
for conservation of human embryos derived from in vitro fertilization." Theoretical
Biology & Medical Modelling 2: 25.
Smith, J. R., L. Vallier, G. Lupo, M. Alexander, W. A. Harris and R. A. Pedersen (2008).
"Inhibition of Activin/Nodal signaling promotes specification of human embryonic
stem cells into neuroectoderm." Developmental Biology 313(1): 107-117.
Smith, Z. D., C. Sindhu and A. Meissner (2016). "Molecular features of cellular
reprogramming and development." Nature Reviews Molecular Cell Biology 17(3): 139154.
Soldner, F., D. Hockemeyer, C. Beard, Q. Gao, G. W. Bell, E. G. Cook, G. Hargus, A. Blak, O.
Cooper, M. Mitalipova, O. Isacson and R. Jaenisch (2009). "Parkinson's disease patientderived induced pluripotent stem cells free of viral reprogramming factors." Cell
136(5): 964-977.
Somers, A., J. C. Jean, C. A. Sommer, A. Omari, C. C. Ford, J. A. Mills, L. Ying, A. G.
Sommer, J. M. Jean, B. W. Smith, R. Lafyatis, M. F. Demierre, D. J. Weiss, D. L.
French, P. Gadue, G. J. Murphy, G. Mostoslavsky and D. N. Kotton (2010).
"Generation of transgene-free lung disease-specific human induced pluripotent stem
cells using a single excisable lentiviral stem cell cassette." Stem Cells 28(10): 17281740.
Son, Esther Y., Justin K. Ichida, Brian J. Wainger, Jeremy S. Toma, Victor F. Rafuse, Clifford J.
Woolf and K. Eggan (2011). "Conversion of mouse and human fibroblasts into
functional spinal motor neurons." Cell Stem Cell 9(3): 205-218.
Soria, B., E. Roche, G. Berna, T. Leon-Quinto, J. A. Reig and F. Martin (2000). "Insulinsecreting cells derived from embryonic stem cells normalize glycemia in
streptozotocin-induced diabetic mice." Diabetes 49(2): 157-162.
Spemann, H. (1938). Embryonic development and induction, Yale University Press.
Stadtfeld, M., N. Maherali, D. T. Breault and K. Hochedlinger (2008). "Defining molecular
cornerstones during fibroblast to iPS cell reprogramming in mouse." Cell Stem Cell
2(3): 230-240.
Stadtfeld, M., M. Nagaya, J. Utikal, G. Weir and K. Hochedlinger (2008). "Induced pluripotent
stem cells generated without viral integration." Science 322(5903): 945-949.
Stappert, L., B. Roese-Koerner and O. Brustle (2015). "The role of microRNAs in human
neural stem cells, neuronal differentiation and subtype specification." Cell and Tissue
Research 359(1): 47-64.

226

References

Stern, C. D. (2001). "Initial patterning of the central nervous system: How many organizers?"
Nature Reviews Neuroscience 2(2): 92-98.
Stern, C. D. (2005). "Neural induction: old problem, new findings, yet more questions."
Development (Cambridge, England) 132(9): 2007-2021.
Sunmonu, N. A., K. Li, Q. Guo and J. Y. Li (2011). "Gbx2 and Fgf8 are sequentially required
for formation of the midbrain-hindbrain compartment boundary." Development 138(4):
725-734.
Surmacz, B., H. Fox, A. Gutteridge, S. Lubitz and P. Whiting (2012). "Directing differentiation
of human embryonic stem cells toward anterior neural ectoderm using small
molecules." Stem Cells 30(9): 1875-1884.
Szabo, E., S. Rampalli, R. M. Risueno, A. Schnerch, R. Mitchell, A. Fiebig-Comyn, M.
Levadoux-Martin and M. Bhatia (2010). "Direct conversion of human fibroblasts to
multilineage blood progenitors." Nature 468(7323): 521-526.
Tada, M., Y. Takahama, K. Abe, N. Nakatsuji and T. Tada (2001). "Nuclear reprogramming of
somatic cells by in vitro hybridization with ES cells." Current Biology 11(19): 15531558.
Tailor, J., R. Kittappa, K. Leto, M. Gates, M. Borel, O. Paulsen, S. Spitzer, R. T. Karadottir, F.
Rossi, A. Falk and A. Smith (2013). "Stem cells expanded from the human embryonic
hindbrain stably retain regional specification and high neurogenic potency." The
Journal of Neuroscience 33(30): 12407-12422.
Takahashi, K. (2010). "Direct reprogramming 101." Development, Growth & Differentiation
52(3): 319-333.
Takahashi, K., K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda and S. Yamanaka
(2007). "Induction of pluripotent stem cells from adult human fibroblasts by defined
factors." Cell 131(5): 861-872.
Takahashi, K. and S. Yamanaka (2006). "Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors." Cell 126(4): 663-676.
Tan, Kenneth K., G. Salgado, John E. Connolly, Jerry K. Chan and E B. Lane (2014).
"Characterization of fetal keratinocytes, showing enhanced stem cell-like properties: A
potential source of cells for skin reconstruction." Stem Cell Reports 3(2): 324-338.
Tao, W. and E. Lai (1992). "Telencephalon-restricted expression of BF-1, a new member of the
HNF-3/fork head gene family, in the developing rat brain." Neuron 8(5): 957-966.
Theka, I., M. Caiazzo, E. Dvoretskova, D. Leo, F. Ungaro, S. Curreli, F. Manago, M. T.
Dell'Anno, G. Pezzoli, R. R. Gainetdinov, A. Dityatev and V. Broccoli (2013). "Rapid
generation of functional dopaminergic neurons from human induced pluripotent stem
cells through a single-step procedure using cell lineage transcription factors." Stem
Cells Translational Medicine 2(6): 473-479.
Thomson, J. A., J. Itskovitz-Eldor, S. S. Shapiro, M. A. Waknitz, J. J. Swiergiel, V. S. Marshall
and J. M. Jones (1998). "Embryonic stem cell lines derived from human blastocysts."
Science 282(5391): 1145-1147.
Thomson, J. A., J. Itskovitz-Eldor, S. S. Shapiro, M. A. Waknitz, J. J. Swiergiel, V. S. Marshall
and J. M. Jones (1998). "Embryonic stem cell lines derived from human blastocysts."
Science 282(5391): 1145-1147.

227

References

Tomioka, T., T. Shimazaki, T. Yamauchi, T. Oki, M. Ohgoh and H. Okano (2014). "LIM
homeobox 8 (Lhx8) is a key regulator of the cholinergic neuronal function via a
tropomyosin receptor kinase A (TrkA)-mediated positive feedback loop." The Journal
of Biological Chemistry 289(2): 1000-1010.
Toresson, H. and K. Campbell (2001). "A role for Gsh1 in the developing striatum and
olfactory bulb of Gsh2 mutant mice." Development 128(23): 4769-4780.
Toresson, H., S. S. Potter and K. Campbell (2000). "Genetic control of dorsal-ventral identity
in the telencephalon: opposing roles for Pax6 and Gsh2." Development (Cambridge,
England) 127(20): 4361-4371.
Torper, O., U. Pfisterer, D. A. Wolf, M. Pereira, S. Lau, J. Jakobsson, A. Bjorklund, S. Grealish
and M. Parmar (2013). "Generation of induced neurons via direct conversion in vivo."
Proceedings of the National Academy of Sciences of the United States of America
110(17): 7038-7043.
Tyurina, O. V., B. Guner, E. Popova, J. Feng, A. F. Schier, J. D. Kohtz and R. O. Karlstrom
(2005). "Zebrafish Gli3 functions as both an activator and a repressor in Hedgehog
signaling." Developmental Biology 277(2): 537-556.
Urbaniak Hunter, K., C. Yarbrough and J. Ciacci (2010). "Gene- and cell-based approaches for
neurodegenerative disease." Advances in Experimental Medicine and Biology 671:
117-130.
Vallier, L., T. Touboul, Z. Chng, M. Brimpari, N. Hannan, E. Millan, L. E. Smithers, M.
Trotter, P. Rugg-Gunn, A. Weber and R. A. Pedersen (2009). "Early cell fate decisions
of human embryonic stem cells and mouse epiblast stem cells are controlled by the
same signalling pathways." PLoS ONE 4(6): e6082.
Victor, M. B., M. Richner, T. O. Hermanstyne, J. L. Ransdell, C. Sobieski, P. Y. Deng, V. A.
Klyachko, J. M. Nerbonne and A. S. Yoo (2014). "Generation of human striatal neurons
by microRNA-dependent direct conversion of fibroblasts." Neuron 84(2): 311-323.
Volvert, M. L., P. P. Prevot, P. Close, S. Laguesse, S. Pirotte, J. Hemphill, F. Rogister, N.
Kruzy, R. Sacheli, G. Moonen, A. Deiters, M. Merkenschlager, A. Chariot, B.
Malgrange, J. D. Godin and L. Nguyen (2014). "MicroRNA targeting of CoREST
controls polarization of migrating cortical neurons." Cell Reports 7(4): 1168-1183.
Walker, W. E., D. J. Porteous and A. C. Boyd (2004). "The effects of plasmid copy number and
sequence context upon transfection efficiency." Journal of Controlled Release 94(1):
245-252.
Wang, B., J. F. Fallon and P. A. Beachy (2000). "Hedgehog-regulated processing of Gli3
produces an anterior/posterior repressor gradient in the developing vertebrate limb."
Cell 100(4): 423-434.
Wang, C., U. Ruther and B. Wang (2007). "The Shh-independent activator function of the fulllength Gli3 protein and its role in vertebrate limb digit patterning." Developmental
Biology 305(2): 460-469.
Wang, L., L. Wang, W. Huang, H. Su, Y. Xue, Z. Su, B. Liao, H. Wang, X. Bao, D. Qin, J. He,
W. Wu, K. F. So, G. Pan and D. Pei (2013). "Generation of integration-free neural
progenitor cells from cells in human urine." Nat Methods 10(1): 84-89.

228

References

Wang, L., L. Wang, W. Huang, H. Su, Y. Xue, Z. Su, B. Liao, H. Wang, X. Bao, D. Qin, J. He,
W. Wu, K. F. So, G. Pan and D. Pei (2013). "Generation of integration-free neural
progenitor cells from cells in human urine." Nature Methods 10(1): 84-89.
Wang, Z., M. Gerstein and M. Snyder (2009). "RNA-Seq: a revolutionary tool for
transcriptomics." Nature Reviews Genetics 10(1): 57-63.
Wapinski, O. L., T. Vierbuchen, K. Qu, Q. Y. Lee, S. Chanda, D. R. Fuentes, P. G. Giresi, Y. H.
Ng, S. Marro, N. F. Neff, D. Drechsel, B. Martynoga, D. S. Castro, A. E. Webb, T. C.
Sudhof, A. Brunet, F. Guillemot, H. Y. Chang and M. Wernig (2013). "Hierarchical
mechanisms for direct reprogramming of fibroblasts to neurons." Cell 155(3): 621-635.
Warren, L., P. D. Manos, T. Ahfeldt, Y. H. Loh, H. Li, F. Lau, W. Ebina, P. K. Mandal, Z. D.
Smith, A. Meissner, G. Q. Daley, A. S. Brack, J. J. Collins, C. Cowan, T. M. Schlaeger
and D. J. Rossi (2010). "Highly efficient reprogramming to pluripotency and directed
differentiation of human cells with synthetic modified mRNA." Cell Stem Cell 7(5):
618-630.
Warren, L., Y. Ni, J. Wang and X. Guo (2012). "Feeder-free derivation of human induced
pluripotent stem cells with messenger RNA." Science Report 2.
Weissbein, U., U. Ben-David and N. Benvenisty (2014). "Virtual karyotyping reveals greater
chromosomal stability in neural cells derived by transdifferentiation than those from
stem cells." Cell Stem Cell 15(6): 687-691.
Wen, J., Q. Hu, M. Li, S. Wang, L. Zhang, Y. Chen and L. Li (2008). "Pax6 directly modulate
Sox2 expression in the neural progenitor cells." NeuroReport 19(4): 413-417.
Wen, S., H. Li and J. Liu (2009). "Epigenetic background of neuronal fate determination."
Progress in Neurobiology 87(2): 98-117.
Wilson, S. W. and C. Houart (2004). "Early steps in the development of the forebrain."
Developmental Cell 6(2): 167-181.
Winiecka-Klimek, M., M. Smolarz, M. P. Walczak, J. Zieba, K. Hulas-Bigoszewska, B.
Kmieciak, S. Piaskowski, P. Rieske, D. P. Grzela and E. Stoczynska-Fidelus (2015).
"SOX2 and SOX2-MYC reprogramming process of fibroblasts to the neural stem cells
compromised by senescence." PLoS ONE 10(11): e0141688.
Woltjen, K., I. P. Michael, P. Mohseni, R. Desai, M. Mileikovsky, R. Hamalainen, R. Cowling,
W. Wang, P. Liu, M. Gertsenstein, K. Kaji, H.-K. Sung and A. Nagy (2009). "piggyBac
transposition reprograms fibroblasts to induced pluripotent stem cells." Nature
458(7239): 766-770.
Xi, J., Y. Liu, H. Liu, H. Chen, M. E. Emborg and S.-C. Zhang (2012). "Specification of
midbrain dopamine neurons from primate pluripotent stem cells." Stem Cells 30(8):
1655-1663.
Yakubov, E., G. Rechavi, S. Rozenblatt and D. Givol (2010). "Reprogramming of human
fibroblasts to pluripotent stem cells using mRNA of four transcription factors."
Biochemical and Biophysical Research Communications 394(1): 189-193.
Yang, N., Yi H. Ng, Zhiping P. Pang, Thomas C. Südhof and M. Wernig (2011). "Induced
neuronal cells: How to make and define a neuron." Cell Stem Cell 9(6): 517-525.
Yao, S., S. Chen, J. Clark, E. Hao, G. M. Beattie, A. Hayek and S. Ding (2006). "Long-term
self-renewal and directed differentiation of human embryonic stem cells in chemically

229

References

defined conditions." Proceedings of the National Academy of Sciences 103(18): 69076912.
Yoo, A. S., B. T. Staahl, L. Chen and G. R. Crabtree (2009). "MicroRNA-mediated switching
of chromatin-remodelling complexes in neural development." Nature 460(7255): 642646.
Yoo, A. S., A. X. Sun, L. Li, A. Shcheglovitov, T. Portmann, Y. Li, C. Lee-Messer, R. E.
Dolmetsch, R. W. Tsien and G. R. Crabtree (2011). "MicroRNA-mediated conversion
of human fibroblasts to neurons." Nature 476(7359): 228-231.
Yoshida, Y., K. Takahashi, K. Okita, T. Ichisaka and S. Yamanaka (2009). "Hypoxia enhances
the generation of induced pluripotent stem cells." Cell Stem Cell 5(3): 237-241.
Yu, J., K. Hu, K. Smuga-Otto, S. Tian, R. Stewart, Slukvin, II and J. A. Thomson (2009).
"Human induced pluripotent stem cells free of vector and transgene sequences."
Science 324(5928): 797-801.
Yu, J., M. A. Vodyanik, K. Smuga-Otto, J. Antosiewicz-Bourget, J. L. Frane, S. Tian, J. Nie, G.
A. Jonsdottir, V. Ruotti, R. Stewart, I. I. Slukvin and J. A. Thomson (2007). "Induced
pluripotent stem cell lines derived from human somatic cells." Science 318(5858):
1917-1920.
Yu, K. R., J. H. Shin, J. J. Kim, M. G. Koog, J. Y. Lee, S. W. Choi, H. S. Kim, Y. Seo, S. Lee,
T. H. Shin, M. K. Jee, D. W. Kim, S. J. Jung, S. Shin, D. W. Han and K. S. Kang
(2015). "Rapid and efficient direct conversion of human adult somatic cells into neural
stem cells by HMGA2/let-7b." Cell Reports.
Yun, K., S. Potter and J. L. Rubenstein (2001). "Gsh2 and Pax6 play complementary roles in
dorsoventral patterning of the mammalian telencephalon." Development 128(2): 193205.
Zecevic, N. (2004). "Specific characteristic of radial glia in the human fetal telencephalon."
Glia 48(1): 27-35.
Zhang, N., M. C. An, D. Montoro and L. M. Ellerby (2010). "Characterization of human
huntington's disease cell model from induced pluripotent stem cells." PLoS Currents 2:
RRN1193.
Zhang, N., M. C. An, D. Montoro and L. M. Ellerby (2010). "Characterization of Human
Huntington's Disease Cell Model from Induced Pluripotent Stem Cells." PLoS Curr 2:
RRN1193.
Zhang, S. and W. Cui (2014). "Sox2, a key factor in the regulation of pluripotency and neural
differentiation." World Journal of Stem Cells 6(3): 305-311.
Zhang, S.-C., M. Wernig, I. D. Duncan, O. Brustle and J. A. Thomson (2001). "In vitro
differentiation of transplantable neural precursors from human embryonic stem cells."
Nature Biotechnology 19(12): 1129-1133.
Zhang, X., C. T. Huang, J. Chen, M. T. Pankratz, J. Xi, J. Li, Y. Yang, T. M. LaVaute, X.-J. Li,
M. Ayala, G. I. Bondarenko, Z.-W. Du, Y. Jin, T. G. Golos and S.-C. Zhang (2010).
"Pax6 Is a human neuroectoderm cell fate determinant." Cell Stem Cell 7(1): 90-100.
Zhang, Y., W. Li, T. Laurent and S. Ding (2012). "Small molecules, big roles -- the chemical
manipulation of stem cell fate and somatic cell reprogramming." Journal of Cellular
Science 125(Pt 23): 5609-5620.

230

References

Zhang, Y., C. Pak, Y. Han, H. Ahlenius, Z. Zhang, S. Chanda, S. Marro, C. Patzke, C. Acuna, J.
Covy, W. Xu, N. Yang, T. Danko, L. Chen, M. Wernig and T. C. Südhof (2013). "Rapid
single-step induction of functional neurons from human pluripotent stem cells." Neuron
78(5): 785-798.
Zhao, T., Z.-N. Zhang, Z. Rong and Y. Xu (2011). "Immunogenicity of induced pluripotent
stem cells." Nature 474(7350): 212-215.
Zhao, Y., O. Marin, E. Hermesz, A. Powell, N. Flames, M. Palkovits, J. L. Rubenstein and H.
Westphal (2003). "The LIM-homeobox gene Lhx8 is required for the development of
many cholinergic neurons in the mouse forebrain." Proceedings of the National
Academy of Sciences of the United States of America 100(15): 9005-9010.
Zhou, C., X. Yang, Y. Sun, H. Yu, Y. Zhang and Y. Jin (2016). "Comprehensive profiling
reveals mechanisms of SOX2-mediated cell fate specification in human ESCs and
NPCs." Cell Research 26(2): 171-189.
Zhou, W. and C. R. Freed (2009). "Adenoviral gene delivery can reprogram human fibroblasts
to induced pluripotent stem cells." Stem Cells 27(11): 2667-2674.
Zhou, Z. D., U. Kumari, Z. C. Xiao and E. K. Tan (2010). "Notch as a molecular switch in
neural stem cells." IUBMB Life 62(8): 618-623.
Zhu, S., R. Ambasudhan, W. Sun, H. J. Kim, M. Talantova, X. Wang, M. Zhang, Y. Zhang, T.
Laurent, J. Parker, H.-S. Kim, J. D. Zaremba, S. Saleem, S. Sanz-Blasco, E. Masliah, S.
R. McKercher, Y. S. Cho, S. A. Lipton, J. Kim and S. Ding (2014). "Small molecules
enable OCT4-mediated direct reprogramming into expandable human neural stem
cells." Cell Research 24(1): 126-129.
Zou, Q., Q. Yan, J. Zhong, K. Wang, H. Sun, X. Yi and L. Lai (2014). "Direct conversion of
human fibroblasts into neuronal restricted progenitors." Journal of Biological
Chemistry.

231

