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Abstract
Background: Aromatic L-amino acid decarboxylase (AADC) deficiency is a severe
pharmacoresistant neurological disorder due to inherited autosomal recessive loss-offunction mutations in the DDC gene. The resultant impairment of AADC enzyme
activity severely impacts on monoamine synthesis, leading to reduced levels of
dopamine and serotonin. Affected patients present with marked neurodevelopmental
delay, hypotonia, oculogyric crises and autonomic dysfunction. Currently, there are
few truly disease-modifying therapies.
Aims: To generate AADC patient-derived induced pluripotent stem cells (iPSC) for
subsequent differentiation into midbrain dopaminergic (mDA) neurons, and to utilise
this model to better define disease mechanisms and test novel therapeutic strategies.
Methods: Patient and age-matched control fibroblasts were reprogrammed into iPSC
using Sendai Virus methods. A modified dual SMAD inhibition protocol was then
utilised for differentiation of all iPSC lines to day 65 of maturation. The generated
neuronal model was then analysed for mature mDA neuronal identity and AADC
disease-specific features.
Results: iPSC lines were generated from skin fibroblasts derived from two patients
with AADC deficiency. One patient harboured a homozygous missense mutation
(p.R347G) and the other was a compound heterozygote for a nonsense variant
(p.Arg7*) and missense mutation (p.C100S) in DDC. For the project two iPSC lines
from one age-matched control subject were used that were previously reprogrammed
in my host laboratory. Generated iPSC lines were confirmed as being truly pluripotent,
then successfully differentiated into midbrain dopaminergic neurons, with
characteristic neuronal morphology, expressing tyrosine hydroxylase (TH) and
microtubule-associated

protein

2

(MAP2).

There

was

no

evidence

of

neurodegeneration in the patient lines. A number of disease-specific features were
identified, including significantly marked reduction of AADC enzyme activity and
dysregulation of the dopaminergic system in patient mDA neurons when compared to
the age-matched control. Preliminary data also shows successful lentiviral rescue of
the patient-derived mDA cell model.
3

Conclusion: The iPSC-derived mDA neuronal model represents an ideal platform to
further elucidate disease mechanisms, as well as to screen novel pharmacological
agents for AADC deficiency.
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Impact Statement
The aim of this work is to generate a new in vitro disease model of aromatic L-amino
acid decarboxylase (AADC) deficiency. There is urgent clinical need for a humanised
disease model, to improve disease understanding and develop novel therapies for this
medically resistant, often life-limiting disorder. The model is of significant importance
as, to my knowledge, it is the first reported patient-derived in vitro disease model of
AADC deficiency. It is an excellent base to further elucidate disease mechanisms and
perform drug screening to find new effective treatments. Work in this field of
translational medicine has the potential to benefit patients in the longer term, by
improving their quality of life and long-term survival.

5

Acknowledgements
I would like to thank my primary supervisor Prof. Manju A. Kurian, as well as my
secondary supervisors Prof. Simon Heales and Dr. Serena Barral for their guidance
and support throughout my PhD.
Also, many thanks to the Kurian research group that contributed very much to my
professional and personal life.
Many thanks to family and friends who made my PhD time a lot more fun.
Many thanks to the two ICH offices 127 and 109 for cheerful moments and when there
was urgent need for coffee and cake.
I would also like to thank the AADC Research Trust for funding my PhD stipend and
the AADC conferences who inspired and amazed me every time.
Last but not least, I would like to thank the AADC patients and their families who
never give up and always make the best out of every day.

6

Table of Contents
Abstract

.................................................................................................................. 3

Impact Statement .......................................................................................................... 5
Acknowledgements ...................................................................................................... 6
Table of Contents ......................................................................................................... 7
Table of Tables ........................................................................................................... 20
Table of Figures ......................................................................................................... 23
List of Abbreviations.................................................................................................. 28
Chapter 1

Introduction ............................................................................................ 32

1.1

Introduction to AADC Deficiency ............................................................. 33

1.2

The Human Brain: Important Motor Networks and Neurotransmitter

Pathways ................................................................................................................ 33
1.2.1

Motor Control ........................................................................................ 33

1.2.1.1

The Role of the Direct and Indirect Pathway in Motor Control .... 35

1.2.2

Role of Monoamines in the Brain .......................................................... 38

1.2.3

Monoamine Synthesis and Degradation................................................. 39

1.2.4

Monoamine Neurotransmission ............................................................. 42

1.2.4.1

Uptake into Synaptic Vesicles ....................................................... 42
7

1.2.4.2

Monoamine Release ....................................................................... 42

1.2.4.3

Post-Synaptic Receptor Binding .................................................... 42

1.2.4.4

Monoamine Reuptake .................................................................... 43

1.3

The AADC Enzyme in Health and Disease ............................................... 44

1.3.1

Structure-Function Properties of AADC Enzyme ................................. 44

1.3.2

Mutations in the DDC Gene................................................................... 49

1.3.3

Effects of DDC Mutations in Patient lines on AADC Enzyme Structure-

Function Properties ............................................................................................ 51
1.3.4

Disease Features of AADC deficiency .................................................. 54

1.3.4.1

Symptoms ....................................................................................... 54

1.3.4.2

Diagnosis of AADC Deficiency..................................................... 55

1.3.4.3

Current Therapeutic Approaches ................................................... 59

1.3.5

A Gene Therapy Approach for AADC Deficiency ................................ 62

1.3.5.1

Proof-of-Concept Gene Therapy/ Gene Editing in the AADC Mouse

Model

........................................................................................................ 62

1.3.5.2

Gene Therapy Trials in AADC Patients......................................... 63

1.4

Induced Pluripotent Stem Cells .................................................................. 65

1.4.1

Reprogramming Strategies ..................................................................... 66

1.4.1.1

Non-integrating Vector Strategies.................................................. 66
8

1.4.1.2
1.5

Vector -free Strategies.................................................................... 67

Deriving neuronal Cell Types from iPSCs: established Protocols for

Differentiation ........................................................................................................ 69
1.6

Embryological Development of midbrain dopaminergic (mDA) Neurons:

The Basis of mDA Differentiation ......................................................................... 72
1.6.1

Patterning of the Neuronal Tube ............................................................ 72

1.6.2

Neurogenesis of mDA Neurons ............................................................. 75

1.7

Using iPSC-derived neuronal Systems to model Neurological Diseases .. 77

1.7.1

Modelling adult-onset Neurodegenerative Diseases .............................. 78

1.7.2

Modelling childhood Neurodevelopmental Disorders ........................... 79

1.7.3

iPSC Systems to evaluate novel Therapies ............................................ 82

1.7.3.1

Targeted Candidate Drug Approaches ........................................... 82

1.7.3.2

Library Drug Screening Approaches ............................................. 82

1.8

Hypothesis and Main Aims ........................................................................ 85

1.8.1

Background ............................................................................................ 85

1.8.2

Hypothesis .............................................................................................. 85

1.8.3

Aims ....................................................................................................... 86

Chapter 2

Material and Methods ............................................................................ 87

2.1

Material ...................................................................................................... 88
9

2.1.1

Technical Equipment and Buffers .......................................................... 88

2.1.1.1

0.1% Gelatin ................................................................................... 89

2.1.1.2

Blocking

Solution

and

Antibody

Dilution

Buffer

for

Immunocytochemistry.................................................................................... 89
2.1.1.3

Buffers for Immunoblotting ........................................................... 89

TBS-T (Tris Buffered Saline-Tween) Solution ......................................... 89
TGS 1x Running Buffer ............................................................................. 89
Blocking Solution ...................................................................................... 89
2.1.1.4

Buffers for AADC Enzyme Assay ................................................. 90

Homogenation Buffer................................................................................. 90
Sodium Phosphate Buffer .......................................................................... 90
Assay Buffer for L-dopa Decarboxylation ................................................. 90
2.1.1.5

Medium for iPSC Generation and Cultivation ............................... 91

MEF Medium ............................................................................................. 91
KOSR Complete Medium for iPSCs ......................................................... 91
mTeSR Complete Medium for iPSCs ........................................................ 91
Coating with Matrigel for iPSCs in Culture............................................... 91
2.1.1.6

Medium for spontaneous Differentiation in vitro .......................... 91

10

DMEM with 20% FBS ............................................................................... 91
KOSR Complete Medium .......................................................................... 91
2.1.1.7

Medium for Differentiation ............................................................ 92

EB medium (Embryoid Body Medium) ..................................................... 92
ND Medium (Neuronal Induction Medium) .............................................. 92
FD medium (Final Differentiation Medium) ............................................. 92
FDf medium ............................................................................................... 92
2.1.1.8

Medium for Plasmid Cultivation.................................................... 93

LB Medium ................................................................................................ 93
Agar Plate Preparation ............................................................................... 93
2.1.2

Antibodies .............................................................................................. 94

2.1.2.1

Cell Lines ....................................................................................... 97

2.1.3

Kits ......................................................................................................... 97

2.1.4

Plasmids and Viruses ............................................................................. 99

2.1.5

Primers ................................................................................................. 100

2.1.6

Computer Software .............................................................................. 103

2.2
2.2.1

Methods .................................................................................................... 104
Ascertainment of Patient and Control Fibroblasts ............................... 104
11

2.2.2

Isolation of Skin Fibroblasts ................................................................ 105

2.2.3

Reprogramming human dermal Fibroblasts using CytoTune™ .......... 105

2.2.4

Characterisation of AADC iPSCs Lines .............................................. 106

2.2.4.1

Genomic DNA Extraction ............................................................ 106

2.2.4.2

Direct Sanger Sequencing of DDC Mutation in patient derived iPSCs
...................................................................................................... 107

2.2.4.3

Karyotyping with Single-Nucleotide Polymorphism Array (SNP) ...
...................................................................................................... 109

2.2.4.4

Extraction of total RNA ............................................................... 109

2.2.4.5

RNA Purification ......................................................................... 109

2.2.4.6

Reverse Transcription .................................................................. 110

2.2.4.7

Sendai Virus Clearance ................................................................ 110

2.2.4.8

PCR Detection of expressed pluripotent-related Genes ............... 110

2.2.4.9

Agarose Gel Electrophoresis for PCR Products .......................... 111

2.2.4.10

General Immunocytochemistry ................................................ 111

2.2.4.11

Immunocytochemistry for Pluripotency Markers TRA-1-60,

TRA-1-81, NANOG and OCT4 ................................................................... 112
2.2.4.12

Spontaneous Differentiation in vitro ........................................ 112

2.2.4.13

Epi-Pluri-Score......................................................................... 113

12

2.2.5

Differentiation of AADC iPSCs into dopaminergic midbrain Neurons ....
.............................................................................................................. 114

2.2.5.1

Differentiation Protocol ............................................................... 114

2.2.5.2

Coating with Poly-L-ornithine and Fibronectin/ Laminin ........... 115

2.2.5.3

Drop Plating for final Differentiation .......................................... 115

2.2.6

Characterisation of dopaminergic Neurons .......................................... 116

2.2.6.1

Immunocytochemistry for the Expression of midbrain related

Markers in dopaminergic Progenitors .......................................................... 116
2.2.6.2

Expression of midbrain-related Genes in dopaminergic Progenitors

with Real-Time Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR) .................................................................................... 116
2.2.6.3

Immunocytochemistry for mature dopaminergic Neurons .......... 117

2.2.6.4

Immunoblotting ............................................................................ 117

Protein Lysation followed by Protein Determination with the Bicinchoninic
Acid (BCA) assay .................................................................................... 117
Western Blotting ...................................................................................... 118
2.2.7

Electrophysiology ................................................................................ 119

2.2.8

AADC Enzyme Activity Assay ........................................................... 120

2.2.9

HPLC Measurements for Dopamine and Metabolites ......................... 123

2.2.10

Gene Therapy Approach with the DDC Lentivirus ......................... 125

13

2.2.10.1

Generation of the DDC Expression Plasmid............................ 125

DAT Plasmid Verification ....................................................................... 125
Preparation of the DAT Plasmid for the DDC Gene Insertion ................ 127
Cloning of the DDC Gene and Transformation of the DDC Plasmid ..... 128
2.2.10.2

Plasmid Sequencing ................................................................. 129

2.2.10.3

Lentivirus Production ............................................................... 130

Lentiviral Vector Titration by qPCR........................................................ 130
Validation of Lentivirus Infection via Immunoblotting for AADC Protein
.................................................................................................................. 133
Lentivirus Infection of mDA Neurons to determine the right Multiplicity of
Infection (MOI) ........................................................................................ 133
Treatment of AADC mDA Neurons with Lentivirus ............................... 134
2.2.11
Chapter 3

Statistical Analysis ........................................................................... 135
Generation and Characterisation of AADC patient-derived Induced

Pluripotent Stem Cells ............................................................................................. 136
3.3

Introduction .............................................................................................. 137

3.4

Hypothesis ................................................................................................ 137

3.5

Aims ......................................................................................................... 137

3.6

Results ...................................................................................................... 137

14

3.6.1

Generation of iPSCs from Patient HDFs ............................................. 137

3.6.1.1

Sendai Virus Reprogramming of Patient HDFs into iPSCs ......... 137

3.6.1.2

iPSCs in Cell Culture: iPSCs on a Mouse Embryonic Fibroblast

(MEF) Feeder Layer ..................................................................................... 139
3.6.1.3
3.6.2

iPSCs in Cell Culture: iPSCs on a Matrigel feeder-free System . 140

Characterisation of the AADC iPSCs .................................................. 140

3.6.2.1

Sanger Sequencing for DDC Mutations....................................... 140

3.6.2.2

Analysis

for

Genomic

Integrity

using

Single-Nucleotide

Polymorphism (SNP) array .......................................................................... 144
3.6.2.3

Sendai Virus Clearance ................................................................ 146

3.6.2.4

Expression of pluripotency markers............................................. 148

3.6.2.5

Expression of pluripotency markers with immunocytochemistry 149

3.6.2.6

Spontaneous differentiation in vitro ............................................. 151

3.6.2.7

Epi-Pluri-Score Test ..................................................................... 153

3.7
Chapter 4

Summary .................................................................................................. 155
Differentiation and Characterisation of midbrain dopaminergic Neurons .
.............................................................................................................. 156

4.1

Introduction .............................................................................................. 157

4.2

Hypothesis ................................................................................................ 157

15

4.3

Aims ......................................................................................................... 157

4.4

Results ...................................................................................................... 158

4.4.1

Characterisation of neuronal Progenitors ............................................. 158

4.4.1.1

In vitro derived Control and Patient midbrain Progenitors show Up-

Regulation of midbrain-related Genes and Down-Regulation of pluripotency
related Genes ................................................................................................ 158
4.4.1.2

Both control and patient-derived mDA Progenitors show early

Midbrain Identity with co-localisation of FOXA2 and LMX1A ................. 160
4.4.2

Characterisation of mature derived mDA Neurons .............................. 163

4.4.2.1

Both Control and Patient Lines differentiate into derived mDA

Neurons ...................................................................................................... 163
4.4.2.2

Derived neuronal Cultures express Proteins characteristic of mature

Neurons and contain substantia nigra-like and ventral tegmental-like mDA
Neurons and serotonergic Neurons .............................................................. 168
Co-staining for NeuN and TH in Patient and Control mDA neuronal Lines
.................................................................................................................. 168
Co-staining for PanNaV and TH in Patient and Control mDA neuronal Lines
.................................................................................................................. 169
Co-staining for GIRK2 and TH for Patient and Control mDA neuronal Lines
.................................................................................................................. 171
Co-staining for MAP2 and TPH2 in Patient and Control mDA neuronal
Lines ......................................................................................................... 172
4.4.2.3

Electrophysiology ........................................................................ 174
16

Action Potential and Spiking Pattern ....................................................... 176
Voltage Ramp reveals significantly fewer Pacemaker Activity Events in
Patient 2-01 (but not Patient 1-04) lines when compared to Control-05
derived Neurons ....................................................................................... 182
Spontaneous Excitatory Post Synaptic Current (sEPSC) ......................... 183
4.4.2.4

Summary of mature mDA neuronal Characterisation.................. 184

Chapter 5

Investigation of Disease-Specific Features in the AADC Deficiency Cell

Model

.............................................................................................................. 185

5.1

Introduction .............................................................................................. 186

5.2

Hypothesis ................................................................................................ 186

5.3

Aims ......................................................................................................... 186

5.4

Results ...................................................................................................... 186

5.4.1

Identification of the phenotype of AADC deficient neurons ............... 186

5.4.1.1

Marked Reduction in AADC Enzyme Activity is evident in Patient

Lines when compared to Control Lines ....................................................... 186
5.4.1.2

Disease-specific Dysregulation of key Monoamine Precursors and

Metabolites is evident in patient-derived mDA Neurons ............................. 187
5.4.1.3

Disease-specific Dysregulation of DDC, TH, and MAOA Gene

Expression is evident in patient-derived mDA Neurons .............................. 190
5.4.1.4

Dysregulation of the Proteins AADC, TH, and MAOA is evident in

AADC deficient mDA Neurons ................................................................... 194

17

5.4.1.5
Chapter 6

Summary ...................................................................................... 197

Investigating Therapeutic Approaches for AADC Deficiency ............ 198

6.1

Introduction .............................................................................................. 199

6.2

Hypothesis ................................................................................................ 199

6.3

Aims ......................................................................................................... 199

6.4

Results ...................................................................................................... 200

6.4.1

Generation of Lentiviral Constructs for Gene Transfer Experiments .. 200

6.4.1.1

Cloning of DDC into the DAT Plasmid Backbone ...................... 200

6.4.1.2

Identification of Multiplicity of Infection for HEK-293T cells ... 202

6.4.1.3

Validation of Gene Transfer Efficacy through AADC Protein

Immunoblotting ............................................................................................ 203
6.4.1.4
6.4.2

Identification of MOI for Infection of mDA Neurons ................. 204

Immunofluorescence for AADC, MAP2, and GFP after AADC Lentivirus

Treatment ......................................................................................................... 205
6.4.3

Restoration of AADC Enzyme Activity in DDC Lentivirus treated patient

derived Neurons ............................................................................................... 206
6.4.4
6.5
Chapter 7

Restoration of 3-OMD is evident in DDC Lentivirus treated Lines .... 208
Summary of the Gene Therapy with DDC Lentivirus Delivery .............. 211
Discussion ............................................................................................ 212

18

References .............................................................................................................. 224

19

Table of Tables
Table 1-1: Neural cell types derived from human iPSCs........................................... 71
Table 1-2: Selected examples of iPSC-based modelling studies for childhood
neurological disorders. ....................................................................................... 80
Table 1-3: Selected examples of large screens using iPSC disease models [adapted
from (Little et al. 2019)]..................................................................................... 84
Table 2-1: High-Performance Liquid Chromatography (HPLC) instrumentation for the
AADC enzyme activity assay. ........................................................................... 88
Table 2-2: HPLC instrumentation for the detection of dopamine and metabolites. .. 88
Table 2-3: Primary antibodies for immunofluorescence. ........................................... 94
Table 2-4: Secondary antibodies for immunofluorescence. ....................................... 96
Table 2-5: Nuclei staining with DAPI. ...................................................................... 96
Table 2-6: Primary antibodies for immunoblotting. .................................................. 96
Table 2-7: Secondary antibodies for immunoblotting. .............................................. 97
Table 2-8: Cell lines used in the project. ................................................................... 97
Table 2-9: Kits used in this project. ........................................................................... 97
Table 2-10: Plasmids. ................................................................................................. 99
Table 2-11: Viruses. ................................................................................................... 99
Table 2-12: DDC primers for Sanger sequencing. ................................................... 100

20

Table 2-13: Sendai Virus clearance primers. ........................................................... 101
Table 2-14: Pluripotency primers............................................................................. 101
Table 2-15: qRT-PCR primers. ................................................................................ 102
Table 2-16: Primers for plasmid confirmation. ........................................................ 103
Table 2-17: Primers for the lentiviral vector titration by qRT-PCR. ....................... 103
Table 2-18: Computer software. .............................................................................. 103
Table 2-19: Clinical and genetic data of the two AADC patients............................ 104
Table 2-20: PCR constituents and their volumes. .................................................... 107
Table 2-21: Touchdown PCR thermal cycling program. ......................................... 108
Table 2-22: Composition of the mobile phase. ........................................................ 123
Table 2-23: Master mix for the digest of the DAT plasmid with the restriction enzyme
5 BamHI. .......................................................................................................... 126
Table 2-24: First digest master mix with the restriction enzyme SgrDI. ................. 127
Table 2-25: Second digest master mix with the restriction enzyme 6 Nhel............. 127
Table 2-26: Transduction volumes of the 1 x 105 HEK 293T cells per well with
lentivirus........................................................................................................... 130
Table 2-27: The reaction master mix for the genomic target (virus genome). ........ 131
Table 2-28: Transduction volumes of the 1 x 105 HEK 293T cells per well with
lentivirus........................................................................................................... 133

21

Table 2-29: Set up of a 12-well plate with both viruses and three different MOIs (10,
5, and 1). ........................................................................................................... 133
Table 4-1: One-way ANOVA Tukey's multiple comparisons test for FOXA2 and
LMX1A/FOXA2 positive cells. ....................................................................... 162
Table 4-2: One-way ANOVA Tukey's multiple comparisons test for MAP2 positive
cells. ................................................................................................................. 167
Table 6-1: Vector titres (µl) for MOI of 10, 5, and 1 in DDC and mock lentiviral
constructs. ........................................................................................................ 202
Table 7-1: Summary of gene and protein expression for dopaminergic proteins. ... 219

22

Table of Figures
Figure 1-1: Motor control in the human brain. .......................................................... 34
Figure 1-2: Anatomy of the basal ganglia with putamen, subthalamic nucleus,
hypothalamus, substantia nigra, globus pallidus, thalamus, and caudate nucleus.
............................................................................................................................ 35
Figure 1-3: Schematic representation of the direct and indirect pathway with the
cortico-basal ganglia-thalamo-cortical loop. ...................................................... 37
Figure 1-4: Serotonin and dopamine pathways in the brain. ..................................... 39
Figure 1-5: Synthesis and metabolism of serotonin and dopamine in neurons.......... 41
Figure 1-6: Representation of AADC enzyme in the holo-form................................ 45
Figure 1-7: Representation of AADC active site. ...................................................... 46
Figure 1-8: Representation of AADC in its apo-form. .............................................. 48
Figure 1-9: Distribution of AADC associated DDC (NM_00790.3) mutations relative
to the genomic organisation of the gene. ........................................................... 50
Figure 1-10: Localisation of Arg347 in the AADC protein structure. ....................... 52
Figure 1-11: Localisation of Arg7 and Cys100 in the AADC protein structure. ....... 53
Figure 1-12: Schematic representation of the symptoms of AADC deficiency. ........ 55
Figure 1-13: Dysregulation in serotonin and dopamine metabolism in AADC
deficiency. .......................................................................................................... 57
Figure 1-14: Potential treatment flow chart for a newly diagnosed patient with AADC
deficiency. .......................................................................................................... 60
23

Figure 1-15: Treatment scheme for additional symptoms. ........................................ 61
Figure 1-16: Induced pluripotent stem cell colonies on a MEF feeder layer. ............ 65
Figure 1-17: Sendai Virus reprogramming from AADC patient fibroblasts. ............ 68
Figure 1-18: Network of genes involved in the development of mDA neurons in the
mouse brain. ....................................................................................................... 73
Figure 1-19: Neurogenesis and migration of the mDA neurons. ............................... 75
Figure 1-20: Schematic representation of iPSC-based disease modelling for
neurological disorders. ....................................................................................... 78
Figure 1-21: Work plan for my PhD project. ............................................................. 85
Figure 2-1: Differentiation protocol for dopaminergic midbrain neurons. .............. 114
Figure 2-2: Work flow for the AADC enzyme activity assay incubation................ 121
Figure 2-3: Mock plasmid map (pCCL-hSYN-EGFPv2JN).................................... 129
Figure 2-4: DDC plasmid map (pCCL-hSYN-DDC-IRES-EGFP). ........................ 130
Figure 3-1: iPSC colonies at day 34 after infection with Sendai Virus. .................. 138
Figure 3-2: iPSC lines on MEF cells. ...................................................................... 139
Figure 3-3: Sequencing chromatogram for Patient 1 mutation c.1039C>G;
p.Arg347Gly in exon 11................................................................................... 141
Figure 3-4: The amino acid Cys100 in the AADC protein is highly conserved across
species (marked in the red box). ...................................................................... 142

24

Figure 3-5: Sequence chromatograms for Patient 2 mutations: point mutation c.19C>T,
p.Arg7* in exon 2 and missense mutation c.299G>C, p.Cys100Ser in exon 3.
.......................................................................................................................... 143
Figure 3-6: Results of SNP array analysis in iPSC lines. Karyograms from previously
characterised control lines and newly characterised AADC deficiency patient
lines. ................................................................................................................. 145
Figure 3-7: Silencing of transgenic Sendai Virus genes. ......................................... 146
Figure 3-8: RT-PCR for detection of 5 pluripotency markers and the housekeeping
gene GAPDH in HDF, H9 and the generated patient and control iPSCs......... 148
Figure 3-9: Immunofluorescence staining for pluripotency markers TRA1-81,
NANOG, TRA-1-60, and OCT4 in derived iPSC control lines (Control-03 and
Control-05), Patient 1 lines (Patient 1-04 and Patient 1-10) and Patient 2 lines
(Patient 2-01 and Patient 2-06). ....................................................................... 150
Figure 3-10: Immunofluorescence staining for SOX17 (endoderm, green), TUJ1
(ectoderm, green), and SMA (mesoderm, red) in derived iPSC control lines
(Control-03 and Control-05), Patient 1 lines (Patient 1-04 and Patient 1-10), and
Patient 2 derived lines (Patient 2-01 and Patient 2-06). ................................... 152
Figure 3-11: Epi-Pluri-Score analysis. ..................................................................... 153
Figure 4-1: Timeline for generation of mDA neurons. ............................................ 157
Figure 4-2: qRT-PCR analysis at day 11 of differentiation. .................................... 159
Figure 4-3: Immunofluorescence analysis of control and patient-derived mDA
progenitors at day 11 of differentiation. ........................................................... 161
Figure 4-4: FOXA2 and LMX1A immunofluorescence quantification at mDA
progenitor stage. ............................................................................................... 162
25

Figure 4-5: Control and patient derived mDA neurons at day 65 of differentiation.
.......................................................................................................................... 165
Figure 4-6: Quantification of mature derived dopaminergic neurons for control and
patient lines. ..................................................................................................... 166
Figure 4-7: Control and patient lines express NeuN co-localising with TH. ........... 169
Figure 4-8: Co-staining for PanNaV and TH in control and patient-derived mDA
cultures. ............................................................................................................ 170
Figure 4-9: Co-staining for TH and GIRK2 in control and patient-derived mDA
neurons. ............................................................................................................ 171
Figure 4-10: Co-staining for MAP2 and TPH2 in control and patient-derived mDA.
.......................................................................................................................... 173
Figure 4-11: Electrophysiology experiments for day 65 derived mDA neurons. .... 175
Figure 4-12: Excitability threshold for control and patient lines. ............................ 177
Figure 4-13: Percentage of spiking cells in control and patient mDA neurons. ...... 178
Figure 4-14: Number of spikes per stimulated neuron in patient and control neurons.
.......................................................................................................................... 179
Figure 4-15: Input resistance in control and patient lines. ....................................... 181
Figure 4-16: Percentage of cells with pacemaker activity in control and patient lines.
.......................................................................................................................... 182
Figure 4-17: Frequency of events of sEPSC in control and patient lines. ............... 183
Figure 5-1: AADC enzyme activity for control and patient lines. ........................... 187

26

Figure 5-2: HPLC detection of extracellular dopamine, DOPAC and 3-OMD in control
and patient lines................................................................................................ 189
Figure 5-3: DDC gene expression for control and patient lines. ............................. 191
Figure 5-4: TH gene expression in control and patient lines. .................................. 192
Figure 5-5: MAOA gene expression in control and patient lines. ............................ 193
Figure 5-6: Immunoblotting studies and quantification of AADC protein in control and
patient lines. ..................................................................................................... 194
Figure 5-7: Immunoblotting studies and quantification of TH protein in control and
patient lines. ..................................................................................................... 195
Figure 5-8: Immunoblotting studies and quantification of MAOA protein in control
and patient lines................................................................................................ 196
Figure 6-1: Confirmed mock plasmid (pCCL-hSYN-EGFPv2JN). ......................... 201
Figure 6-2: Confirmed DDC plasmid (pCCL-hSYN-DDC-IRES-EGFP). .............. 201
Figure 6-3: AADC protein immunoblotting studies in HEK-293 cells treated with
either DDC or mock lentivirus. ........................................................................ 203
Figure 6-4: Immunofluorescence analysis of GFP in control mDA neurons........... 204
Figure 6-5: Immunofluorescence analysis of patient lines treated with either mock or
DDC lentivirus. ................................................................................................ 205
Figure 6-6: AADC activity assay in control and patient lines treated with mock or DDC
lentivirus........................................................................................................... 207
Figure 6-7: HPLC detection of extracellular dopamine, DOPAC and 3-OMD in mock
and DDC lentivirus treated patient lines. ......................................................... 210
27

List of Abbreviations
3’LTR ΔU3
3D
3-OMD
5’LTR
5-HIAA
5-HTP
AADC
AAV-2
AAV9
AIMS
ALDH
ALS
ANKRD46
ATM
Bdnf and BDNF
BH4
BPAN
cAMP
cDNA
CMV
CNS
COMT
CpGs
cPPT
CSF
D
DA
DAPT
DAT
db-cAMP
DDC-GFP LV 1-04
DDC-GFP LV 2-01
DHPR
DHPR
DNAm
DOPAC
DSBs
DβH
EB medium
EDTA
EGFP
En1
En2
EtOH
FCS

self-inactivating 3’long terminal repeat
three-dimensional
3-orthomethyldopa
truncated 5’ long terminal repeat
5-hydroxyindoleacetic acid
5-hydroxytryptophan
aromatic L-amino acid decarboxylase
adeno-associated virus type 2
adeno-associated serotype 9
abnormal involuntary movement scale
aldehyde dehydrogenase
amyotrophic lateral sclerosis
ankyrin repeat domain 46
gene affected in Ataxia-telangiectasia
brain-derived neurotrophic factor
tetrahydrobiopterin
beta-propeller associated neurodegeneration
cyclic adenosine monophosphate
complementary DNA
human cytomegalovirus immediate early promoter
central nervous system
catechol-O-methyltransferase
CpG sites
central polypurine tract
cerebrospinal fluid
dopaminergic receptor
dopaminergic
(2S)-N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2phenyl]glycine 1,1-dimethylethyl ester
dopamine transporter
N6,2′-O-Dibutyryladenosine 3′,5′-cyclic
monophosphate sodium salt
DDC lentivirus treated Patient 1
DDC lentivirus treated Patient 2
dihydropteridine reductase
dihydropyridine receptor
DNA methylation
3,4-dihydroxyphenylacetic acid
DNA double-strand breaks
dopamine-β-hydroxylase
embryoid body medium
ethylenediaminetetraacetic acid
enhanced green fluorescent protein
homeobox genes engrailed 1
homeobox genes engrailed 2
ethanol
fetal calf serum
28

FD medium
FDOPA
Ferd3l
Fgf8
FMR1
FoxA2 and FOXA2
FP
GAPDH
Gbx2
gDNA
GDNF
GFP LV 1-04
GFP LV 2-01
GIRK2
GM2
GPCRs
GPe
GPi
GRID1
GTP
GTPCH
H9
HDAC
hDDC
Hes1
hESC
hMLO
HMT
HPLC
HRP
hSYN
hSYN
Human BDNF
Human FGF-2
HVA
IGF1
IKBKAP
iNs
iPSC
IRES
IsO
IVS-AAA
IZ
KCC2
KI
KMT2B
L-dopa
Lmx1a
Lmx1b

final differentiation medium
6-[18F] fluorodopa
Fer3-like
fibroblast growth factor 8
fragile X mental retardation 1
forkhead box protein a2
floor plate
glyceraldehyde-3-phosphate dehydrogenase
gastrulation brain homeobox 2
genomic DNA
glial cell-line derived neurotrophic factor
mock lentivirus treated Patient 1
mock lentivirus treated Patient 2
G-protein regulated inward-rectifier potassium 2
channel
glycospjingolipid
G protein-coupled receptors
globus pallidus pars externa
globus pallidus pars interna
Glutamate Receptor Ionotropic, Delta-1
guanosine triphosphate
GTP cyclohydrolase
human embryonic stem cell line
histone deacetylase
human DDC gene
hairy and enhancer of Split1
embryonic stem cells
human midbrain-like organoids
histone methyl transferase
high-performance liquid chromatography
horseradish peroxidase
human synapsin
human synapsin promoter
human brain-derived neurotrophic factor
human fibroblast growth factor
homovanillic acid
insulin-like growth factor
IkappaB kinase complex-associated protein gene
induced neuronal cells
induced pluripotent stem cell
internal ribosome entry site sequence
isthmic organiser
modified U1 snRNA
intermediate zone
K-Cl co-transporter
knock in
lysine methyltransferase 2B
L-3,4-dihydroxyphenylalanine
LIM homeobox transcription factor a
LIM homeobox transcription factor b
29

LRRK2
MAO
MAOA
MAOI
MAP2
MAP2
Mash1
MB-HB
mDA
MECP2
MEF
MO
MOI
MSNs
Msx1
MZ
NAC
NeoR/KanR
NeuN
Ngn2
Nkx2.2
Nkx6.1
NPC1
NSC
NSFs
Nurr1
Otx2
PanNav
PARK2
PDG
PDMS-2
PEI
PINK1
Pitx3
PLP
PLP
PNMT
POU5F1
PSC
PTPS
qRT-PCR
REST
RRE
RrF
RT
RT-PCR
SAM
SEM

leucine-rich repeat kinase 2
monoamine oxidase
monoamine oxidase A
monoamine oxidase inhibitors
microtubule-associated protein 2
microtubule-associated protein 2
mouse achaete-schute homolog 1
midbrain-hindbrain
midbrain dopaminergic
methyl-CpG-binding protein 2 gene
mouse embryonic fibroblasts
morpholino oligonucleotides
multiplicity of infection
medium spiny neurons
muscle segment homeobox homolog 1
mantle zone
N-acetylcysteine
neomycin and kanamycin antibiotic resistance
neuronal nuclei
neurogenin 2
NK homeobox protein 2.2
NK homeobox protein 6.1
niemann pick type C
neural stem cell
N-ethylmaleimide-sensitive fusion proteins
nuclear receptor related 1 protein
orthodenticle homolog 2
voltage-gated sodium channel Nav1.1
parkinson disease-2
pre-implantation genetic diagnosis
peabody developmental motor scales-2
polyethylenimine
PTEN induced kinase 1
pituitary homeobox 3
pyridoxal 5’-phosphate
pyridoxal 5’phosphate
phenylethanolamine N-methyltransferase
gene of the OCT4 transcription factor
pluripotent stem cells
6-pyruvoyltetrahydropterin synthase
real-time quantitative reverse transcription
polymerase chain reaction
RE-1 silencing transcription factor
Rev response element
retrorubral field
room temperature
reverse transcription polymerase chain reaction
S-adenosyl-methionine
standard error of mean
30

sEPSC
SERT
SeV
Shh
SHH (compound)
Slc18a2
Slc6a3
SMA
SNAPs
SNARE
SNP
SNpc
SNpr
SOX17
SR
STN
SV40pA
TAM
TBS-T
TGS
TH
Top1-ccs
TPH2
TUJ1
VCN
VLA
VLA
VM
VMAT2 and Vmat2
VTA
VZ
Wnt1
WPRE
ψ

spontaneous excitatory post synaptic current
serotonin transporter
sendai virus
sonic hedgehog
recombinant modified human Sonic hedgehog
C24II
solute carrier family-18 member-2
solute carrier family-6 member-3
alpha smooth muscle actin
soluble NSF attachment proteins
SNAP receptors
single-nucleotide polymorphism
substantia nigra pars compacta
substantia nigra pars reticulata
member of the SOX family of transcription factors
sepiapterin reductase
subthalamic nucleus
simian virus 40 polyadenylation signal
transaminase
tris buffered saline-tween
tris/glycine/SDS
tyrosine hydroxylase
topoisomerase 1-DNA covalent complexes
tryptophan hydroxylase 2
neuronal class III β-tubulin
vector copy number
vanillactic acid
vanillylactic
ventral midbrain
vesicular monoamine transporter 2
ventral tegmental area
ventricular zone
wingless-int1
woodchuck hepatitis virus posttranscriptional
regulatory element
packaging signal

31

Chapter 1

Introduction
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1.1

Introduction to AADC Deficiency

Aromatic L-amino acid decarboxylase (AADC) has a pivotal role in brain monoamine
synthesis, by converting L-3,4-dihydroxyphenylalanine (L-dopa) into dopamine and
5-hydroxytryptophan (5-HTP) into serotonin (Lovenberg, Weissbach, and Udenfriend
1962). Dopamine and serotonin are key brain neurotransmitters governing motor
control, reward, affect and emotion. Dopamine is also essential for the downstream
production of the catecholamines, norepinephrine and epinephrine. It is therefore not
surprising that patients with AADC deficiency present with a complex
neurodevelopmental syndrome characterised by abnormal motor and cognitive
development with associated autonomic features.
The first human patients with AADC deficiency were published in 1990 by Hyland
and Clayton. They reported monozygotic male twins presenting in infancy with
abnormal eye movements consistent with oculogyric crises, hypotonia and
developmental delay. Plasma AADC enzyme assay confirmed AADC deficiency in
both siblings. Treatment with a monoamine oxidase inhibitor (Tranylcypromine),
dopamine agonist (Bromocriptine) and the cofactor of AADC (Pyridoxine) led to
significant clinical improvement. Both patients showed amelioration of tone and
development of spontaneous voluntary movements. By the age of 17 months, both
children had resolution of their oculogyric crises, could feed themselves from a bottle
and showed better head control (Hyland et al. 1992; Hyland and Clayton 1990). Since
this original disease description, 123 patients with AADC have been reported, with a
wide phenotypic spectrum from virtually asymptomatic individuals to those with
severe disability and neurodevelopmental delay (Himmelreich et al. 2019; Wassenberg
et al. 2017).
1.2

1.2.1

The Human Brain: Important Motor Networks and Neurotransmitter
Pathways
Motor Control

Motor control in humans requires the systematic regulation of movement through
coordinated muscle contraction and relaxation. It is achieved through integrated
function of virtually all of the major divisions of the central nervous system: multiple
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cortical areas (including the primary motor area, supplementary motor area, and
premotor cortex) are involved in the preparation and execution of motor commands;
the cerebellum in learning and motor task coordination; the spine and brainstem in
processing of sensorimotor information, as well as complex circuitry involving
cortical/basal ganglia/thalamocortical and cerebellar/cortical/subcortical networks
(Figure 1-1 below). It is therefore not surprising that structural, metabolic or genetic
disruption of these finely tuned pathways can cause aberrant motor control leading to
reduced voluntary movement or excessive involuntary movement.

Figure 1-1: Motor control in the human brain.

The basal ganglia have a key role in movement and are involved in a number of
important motor networks that govern physiological motor control. They are
composed of the striatum, globus pallidus, substantia nigra and subthalamic nucleus
(Figure 1-2).
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Figure 1-2: Anatomy of the basal ganglia with putamen, subthalamic nucleus, hypothalamus,
substantia nigra, globus pallidus, thalamus, and caudate nucleus.

Cortical and thalamic structures project glutamatergic excitatory inputs to the striatal
complex. In the striatum, medium spiny neurons (MSNs), with GABAergic output
represent 95% of striatal neurons (Dubé, Smith, and Bolam 1988), but aspiny
GABAergic neurons and large cholinergic interneurons are also present (Lapper and
Bolam 1992). The striatum receives dopaminergic input from the substantia nigra pars
compacta (SNpc) (Pickel, Chan, and Sesack 1992). Projections that are glutamatergic
and dopaminergic merge onto dendritic spines from the same MSN (Bouyer et al.
1984). Striatal interneurons receive input from dopaminergic and glutaminergic
neurons, synapsing to MSNs (Kawaguchi et al. 1995).
1.2.1.1 The Role of the Direct and Indirect Pathway in Motor Control
The direct and indirect pathway have a key role in motor control (Albin, Young, and
Penney 1989; Calabresi et al. 2014; DeLong 1990).
In the direct pathway (Figure 1-3 A), cortical activation results in release of glutamate
which activates MSNs of the striatum. These MSNs project to the substantia nigra pars
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reticulata (SNpr), as well as the globus pallidus pars interna (GPi). As MSNs are
GABAergic cells, they inhibit neurons of the SNpr which are also GABAergic. The
inhibition of SNpr leads to a disinhibition of glutamatergic neurons of the thalamus.
The thalamus neurons project to the cortex. The direct pathway thus results in
activation of movement.
In the indirect pathway (Figure 1-3 B) cortical activation results in release of
glutamate which activates MSNs of the striatum. The striato-pallidal MSNs project to
the SNpr through the globus pallidus pars externa (GPe). The MSNs also project to the
subthalamic nucleus (STN). The GPe GABAergic neurons are inhibited, which leads
to disinhibition of the STN glutamatergic neurons. The activated STN neurons activate
the GABAergic neurons of the SNpr. These neurons project to the thalamus and inhibit
its activity, leading to a reduction of movement.
MSNs of the direct and indirect pathway express different dopaminergic receptors. D1
dopaminergic receptors are expressed by MSNs from the direct pathway. D 2
dopaminergic receptors are expressed by MSNs from the indirect pathway. D1 and D2
dopamine receptors are coupled to specific G proteins which are involved in different
intracellular signalling pathways. D1 and D2 receptor activation thus have different
downstream effects (Gerfen et al. 1994; Gerfen and Surmeier 2011).
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Figure 1-3: Schematic representation of the direct and indirect pathway with the cortico-basal
ganglia-thalamo-cortical loop.
A shows the direct pathway. B shows the indirect pathway. Glutamatergic input signals are excitatory
and GABAergic input signals are inhibitory. Dopamine is a modulator.
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1.2.2

Role of Monoamines in the Brain

The monoamines are an important group of neurotransmitters in the central nervous
system. They include the catecholamines dopamine, noradrenaline and adrenaline, as
well as serotonin) (Arenas, Denham, and Villaescusa 2015). Serotonin and dopamine
are produced through the monoamine synthesis pathway, and stored in serotonergic
and dopaminergic neurons respectively, in the presynaptic neuron (Dahlstroem and
Fuxe 1964). Both dopaminergic and serotonergic neurons project widely to other brain
regions (Figure 1-4). The dopaminergic neurons from the ventral midbrain (VM)
represent 75% of dopaminergic neurons in the adult CNS (Hegarty, Sullivan, and
O’Keeffe 2013). During embryonic development, dopaminergic (DA) neurons from
the ventral midbrain are produced in the floor plate area from the mesencephalon of
the neuronal tube (Ono et al. 2007). Dopaminergic midbrain neurons can be found in
three different cell groups: the SNpc, the ventral tegmental area (VTA), and the
retrorubral field (RrF) (Arenas et al. 2015). SNpc neurons project to the dorsal striatum
in the nigrostriatal pathway. SNpc neurons regulate voluntary movement (Lees, Hardy,
and Revesz 2009; Toulouse and Sullivan 2008). The VTA and the RrF project to the
ventral striatum and the prefrontal cortex in the mesocorticolimbic pathway. They are
involved in the control of emotion and reward (Tzschentke and Schmidt 2000).
Serotonin is located in 9 different types of cell bodies in the pons and midbrain,
particularly in the raphe nuclei of the midbrain (Dahlstroem and Fuxe 1964). Serotonin
is also thought to play a role in motor activity, and is also involved in sleep, affect,
emotion, and temperature regulation (Chojnacki et al. 2016; Denoyer et al. 1989;
Jacobs and Fornal 1997; Reid et al. 1968; Strasser, Gostner, and Fuchs 2016).
Further insight into the important role of these monoamines is derived from the clinical
features reported in patients with dopamine and serotonin deficiency. A number of
inherited primary monoamine neurotransmitter disorders are reported including (i)
enzyme

deficiencies

resulting

from

defective

synthesis

or

recycling

of

tetrahydriobiopterin (pterin defects) (ii) defects in monoamine synthesis (AADC and
tyrosine hydroxylase deficiency) (iii) defective membrane or vesicular transport of
serotonin and/or dopamine (dopamine transporter deficiency syndrome, brain
dopamine-serotonin deficiency) (Ng et al. 2015). Affected patients show a number of
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overlapping features, including delayed neurodevelopment, abnormal tone, movement
disorders, eye movement abnormalities, gastrointestinal dysmotility, sleep disturbance
and autonomic features.

Figure 1-4: Serotonin and dopamine pathways in the brain.
Dopaminergic neurons from the SNpc project to the dorsal striatum (marked in green). Dopaminergic
neurons from the VTA and the RrF project to the ventral striatum and the prefrontal cortex (marked in
purple). The serotonergic projections from the raphe nuclei include regions of the sensorimotor network
and default-mode network (marked in red).

1.2.3

Monoamine Synthesis and Degradation

The AADC enzyme has a key role in monoamine synthesis, converting 5hydroxytryptophan into serotonin, and L-dopa into dopamine (Figure 1-5). Serotonin
is synthesised in a two-step reaction. L-tryptophan is hydroxylated to L-5hydroxytryptophan by the enzyme tryptophan hydroxylase. Tryptophan hydroxylase
is dependent on the cofactor tetrahydrobiopterin (BH4), synthesised through the pterin
pathway (Figure 1-5) and O2. L-5-hydroxytryptophan is finally decarboxylated to
serotonin by AADC and its cofactor pyridoxal 5’-phosphate (PLP). Serotonin is
metabolised to 5-hydroxyindoleacetic acid (5-HIAA) by monoamine oxidase (MAO).
Serotonin is also metabolised into N-acetylserotonin and subsequently to melatonin
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(Kema, de Vries, and Muskiet 2000). Dopamine is similarly synthesised in a two-step
reaction from L-tyrosine. L-tyrosine, catalysed by tyrosine hydroxylase, is converted
to L-dopa. Tyrosine hydroxylase is dependent on BH4 (from the pterin pathway) and
O2. This reaction is the rate limiting step in dopamine synthesis. L-dopa then forms
dopamine through decarboxylation by AADC enzyme and its cofactor PLP. Dopamine
is converted in noradrenergic cells to noradrenaline by the dopamine-β-hydroxylase
(DβH), using ascorbate and O2. Noradrenaline is then methylated in adrenergic cells
to adrenaline by phenylethanolamine N-methyltransferase (PNMT), which is Sadenosyl-methionine (SAM) dependent (methyl donor). The degradation of dopamine
to 3,4-dihydroxyphenylacetic acid (DOPAC) is performed by MAO and aldehyde
dehydrogenase (ALDH). DOPAC is then metabolised to homovanillic acid (HVA) by
catechol-O-methyltransferase (COMT), which is dependent on SAM. Dopamine can
also be metabolised to 3-methoxytyramine by COMT, to then be degraded to HVA by
MAO and ALDH. The precursor of dopamine, L-dopa is methylated to 3orthomethyldopa (3-OMD) by COMT. 3-OMD is then converted to vanillactic acid
(VLA) by the transaminases (TAM), which depends on PLP [reviewed in
(Himmelreich et al. 2019)].
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Figure 1-5: Synthesis and metabolism of serotonin and dopamine in neurons.
Figure 1-5 shows the synthesis and metabolism of BH4 (green arrows), serotonin (red arrows) and dopamine (blue arrows) in neurons. BH4= tetrahydrobiopterin, GTP=
guanosine triphosphate, GTPCH= GTP cyclohydrolase, PTPS= 6-pyruvoyltetrahydropterin synthase, SR= sepiapterin reductase, PLP= pyridoxal 5’phosphate, AADC= aromatic
L-amino acid decarboxylase, ALDH= aldehyde dehydrogenase, MAO= monoamine oxidase, 5-HIAA= 5-hydroxyindoleacetic acid, L-dopa= L-3,4-dihydroxyphenylalanine, 3OMD= 3-orthomethyldopa, VLA= vanillylactic acid, DβH= dopamine β-hydroxylase, PNMT= phenolethanolamine N-methyltransferase, SAM= S-adenosylmethionine,
DOPAC= 3,4-dihydroxyphenylacetic acid, COMT= catechol-O-methyltransferase, HVA= homovanillic acid.

1.2.4

Monoamine Neurotransmission

1.2.4.1 Uptake into Synaptic Vesicles
After synthesis, dopamine and serotonin are transported from the cytoplasm by the
vesicular monoamine transporter 2 (VMAT2) for packaging into synaptic vesicles in
the presynaptic terminal. Monoamine uptake into the synaptic vesicles is governed by
a proton gradient (Daniels and Reinhard 1988; Darchen et al. 1988) which is regulated
by the vacuolar-type H+ ATPase proton pump (Cidons and Sihrao 1989; Moriyama
and Nelson 1987; Xie and Stone 1986).
1.2.4.2 Monoamine Release
Synaptic vesicles move to the active zone of the nerve terminal. The vesicles dock
onto the plasma membrane and are primed for monoamine release (Südhof 2004;
Wojcik and Brose 2007). The process of priming generates a protein complex to
facilitate monoamine release from the synapse. SNARE complexes consist of SNAPs
(soluble NSF attachment proteins), SNAREs (SNAP receptors) and NSFs (Nethylmaleimide-sensitive fusion proteins). The SNARE complexes ensure vesicle
targeting and membrane fusion (McMahon et al. 1995; Söllner et al. 1993). When an
action potential depolarises the cell membrane, voltage gated Ca2+ channels open and
generate a calcium influx into the cell. The influx induces vesicle exocytosis.
Synaptotagmin proteins act as Ca2+ sensors for neurotransmitter release at the synapse
and are also connected to the protein complex involved in membrane fusion (Geppert
et al. 1994; Reim et al. 2001). After monoamine release, vesicles are endocytosed,
either directly or through the endosomal pathway (Ceccarelli, Hurlbut, and Mauro
1973; Heuser and Reese 1973; Südhof 2004).
1.2.4.3 Post-Synaptic Receptor Binding
Dopaminergic neurotransmission: Released dopamine enters the synaptic cleft, and
subsequently binds to dopaminergic receptors that are located either at the membrane
of the post-synaptic neuron or to autoreceptors at the presynaptic membrane.
Dopaminergic receptors consist of two families, the D1-like receptor family (D1 and
D5), and the D2-like receptor family (D2, D3 and D4) (Missale et al. 1988). Dopamine
receptors are G protein-coupled receptors (GPCRs). Activation of GPCRs leads to
dissociation of the G-protein from the rest of the receptor. The G-protein can then
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activate intracellular effector proteins (Gilman 1987). Each GPCR is coupled to
different effector proteins, with specific intracellular consequences. For example, D1like receptors are involved in the production of cyclic adenosine monophosphate
(cAMP), whereas D2-like receptors are involved in the inhibition of cAMP production
(Kebabian and Caine 1979; Onali, Olianas, and Gessa 1984).
Serotonergic transmission: Released serotonin enters the synaptic cleft, and binds to
post-synaptic serotonergic receptors, which are either G-protein coupled receptors (5HT1,2,4-7) (Frazer A 1999) or ligand gated ion channels (5-HT3) (Derkach, Surprenant,
and North 1989) which, similar to dopamine, activate secondary intracellular cascades
leading to excitatory or inhibitory responses.
1.2.4.4 Monoamine Reuptake
Dopamine and serotonin are recycled back into the presynaptic neuron by monoaminespecific membrane transporters, namely the dopamine transporter (DAT) (Kilty,
Lorang, and Amara 1991; Shimada et al. 1991) and the serotonin transporter (SERT)
(Blakely et al. 1991; Hoffman, Mezey, and Brownstein 1991). As such, these
transporters play a major role in regulating the amplitude and duration of monoamine
signalling. Elucidation of the structure of the homologous bacterial transporter LeuT
has greatly facilitated our understanding of the substrate binding sites, and structurefunction properties of these SLC6 monoamine transporters (Yamashita et al. 2005).
Monoamine transport across the plasma membrane is controlled by the concentration
gradient of Na+ and Cl- (Gu, Wall, and Rudnick 1994), which is regulated by the
membrane Na+K+ ATPase pump (Dunham and Glynn 1961; Tissari et al. 1969).
Recycled monoamine in the presynaptic neuron is then re-packaged into the synaptic
vesicles for re-release.
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1.3
1.3.1

The AADC Enzyme in Health and Disease
Structure-Function Properties of AADC Enzyme

The AADC enzyme derives its name from its substrate specificity and ability to
decarboxylate specific amines. The enzyme’s main catalytic activity consists of the
conversion of L-dopa and 5-HTP to the monoamine neurotransmitters, dopamine and
serotonin respectively. These monoamines are also the precursors of adrenaline,
noradrenaline and melatonin. In addition, although much less efficiently, AADC is
able to convert other aromatic amino acids such as p-tyrosine, tryptophan and
phenylalanine to the corresponding amines (i.e. trace amines p-tyramine, tryptamine,
2-phenylethylamine), which are postulated to play a role in neuromodulation (Miller
2011). AADC enzyme is therefore not only widely expressed in mammalian neuronal
tissue including pre-synaptic dopaminergic and serotonergic neurons (where its
presence reflects its activity in neurotransmitter biosynthesis), but also in other tissues
of non-neuronal origin. Outside the central nervous system, dopamine and serotonin
have a number of non-neuronal roles, acting as exocrine or paracrine factors exerting
their function in a limited area within specialised tissues, including the kidney
(Hussain and Lokhandwala 2003), liver, gastrointestinal tract (Berger, Gray, and Roth
2009; Rubí and Maechler 2010) and immune cells (Buttarelli et al. 2011).
The native AADC enzyme is a tightly associated homo-dimeric protein, as shown in
Figure 1-6, which represents the postulated structure derived from sus scrofa , solved
in complex with PLP and substrate analog carbiDOPA (Burkhard et al. 2001).
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Figure 1-6: Representation of AADC enzyme in the holo-form.
The AADC enzyme structure corresponds to the sus scrofa holoenzyme (PDB code: 1JS3), solved in
complex with PLP and carbiDOPA, and rendered using PyMol™ software (1.7.4.5. Edu version).
AADC is shown with the two monomers composing the native rearrangement of the enzyme coloured
in red and blue. PLP and carbiDOPA are represented as sticks (and indicated by black arrows) and
coloured by element, based on green and magenta, respectively. Image courtesy of Giada Rossignoli
(University of Verona, Department of Neuroscience, Bio-medicine and Movement).

Each monomer of the homo-dimeric rearrangement consists of three distinct domains:
a N-terminal domain (residues 1-85), a Large Domain (residues 86-372), and a Cterminal or Small Domain (residues 373-486) (Giardina et al. 2011). The dimeric
structure is stabilised by the wide contact surface between the Large Domains of the
two monomers, and also by interactions between the two N-terminal domains.
The wide AADC dimeric interface hosts the two active sites, one for each monomer.
The active site of the enzyme stably binds PLP cofactor, the active form of vitamin
B6. It is covalently bound to the side-chain amino group of Lys303 in absence of
substrate, and its linkage is further stabilised through an extended bond network, as
visible in Figure 1-7, which represents the PLP-carbiDOPA complex in the available
structure (Burkhard et al. 2001).
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Figure 1-7: Representation of AADC active site.
The structure corresponds to sus scrofa holoenzyme (PDB code: 1JS3), solved in complex with PLP
and carbiDOPA, and rendered using PyMol™ software (1.7.4.5. Edu version). AADC is shown as
transparent cartoon, with the two monomers composing the native rearrangement of the enzyme
coloured in red and blue. Active sites residues important for the cofactor or substrate-analog binding
are represented as sticks, labelled and coloured by element, based on the corresponding subunit. PLP
and carbiDOPA are represented as sticks and coloured by element, based on green and magenta,
respectively. Dotted lines highlight the most important interactions between protein residues and PLP
or carbiDOPA, while solid lines highlight local protein features relevant to PLP or carbiDOPA binding
and positioning. Image courtesy of Giada Rossignoli (University of Verona, Department of
Neuroscience, Bio-medicine and Movement).
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The most important interactions that stabilise AADC-PLP contact mainly involve:


Asp271, which makes a salt bridge with PLP pyridine nitrogen



His192, which is the pyridine stacking residue positioning the PLP ring



A large number of residues (such as Ser147, Ser149, and Asn300) contributing
to stabilisation through hydrogen binding interaction with PLP phosphate
group

The solved structure in complex with AADC inhibitor carbiDOPA (Burkhard et al.
2001) allows the identification of important residues involved in substrate binding,
shown in Figure 1-7. The inhibitor covalently binds to PLP replacing Lys303, and it
is stabilised in the active site by other interactions, such as a hydrogen bond with Thr79
and hydrophobic interactions with Ile101* and Phe103* (* symbol indicates residues
belonging to the other monomer in relation to the main monomer composing the
considered active site).
Even if the active and stable form of AADC is in complex with PLP (holo-form, or
closed conformation), the enzyme can also present an open conformation known as
apo-form, that does not bind PLP in its active sites. The addition of cofactor drives the
conversion from apo to holo-form. AADC apo-form was solved from the human
enzyme (Giardina et al. 2011), and is represented in Figure 1-8.
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Figure 1-8: Representation of AADC in its apo-form.
The structure corresponds to human apoenzyme (PDB code: 3RBL), solved without PLP, and rendered
using PyMol™ software (1.7.4.5. Edu version). AADC is shown as cartoon, with the two monomers
composing the native rearrangement of the enzyme coloured in red and blue. Image courtesy of Giada
Rossignoli (University of Verona, Department of Neuroscience, Bio-medicine and Movement).

In contrast to AADC holo-form, the apo-form shows a decreased dimer interface that
just comprises the N-terminal domains of the two monomers, while the central part of
the protein is completely exposed to the solvent. Since the active sites do not bind the
cofactor, and they are not properly structured due to the lack of the monomer-monomer
interface, AADC apo-form does not present any enzymatic activity.
Interestingly, in both AADC forms, a stretch of amino acids (residues 326-346) is
invisible in solved structures, highlighting the presence of a mobile loop, also known
as the catalytic loop. This loop contains the important residue Tyr332, which was
shown to take part in the catalytic mechanism in enzyme catalysis (Bertoldi et al.
2002). Thus, it has been suggested that the catalytic loop together with neighbouring
residues, could cover and occlude the active site cleft after substrate binding.
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1.3.2

Mutations in the DDC Gene

To date, more than 76 different mutations in DDC have been reported in association
with AADC deficiency (Figure 1-9) (Arnoux et al. 2013; Atwal et al. 2015; Barth et
al. 2012; Brun et al. 2010; Dai, Ding, and Fang 2019; Gücüyener et al. 2014; Helman,
Pappa, and Pearl 2014; Lee et al. 2009; Leuzzi et al. 2015; Montioli et al. 2014; Pons
et al. 2004; Tay et al. 2007; Verbeek et al. 2007).
The DDC gene has 15 exons (GRCh37/hg19: NM_000790.3). There are no obvious
mutation hotspots and a wide variety of disease variants have been reported, including
missense, frameshift, nonsense and splice site variants (Figure 1-9). A recurrent
mutation (c.714+4A>T) is commonly reported in the Taiwanese population and likely
to represent a founder effect (Lee et al. 2009).
Interestingly, different types of mutations are predicted to have different effects on the
AADC enzyme, although all are postulated to impair AADC function. Nonsense and
frameshift mutations cause a premature stop codon, which are likely to lead to
nonsense-mediated decay. In contrast , most missense mutations are predicted to lead
to an altered (mutant) gene product (Montioli et al. 2013), which may show altered
affinity for the AADC cofactor and/or substrate when compared to wild-type enzyme
(Montioli et al. 2014). Sometimes, the genotype may have treatment implications for
patients. For mutations affecting the binding of L-dopa to AADC for example, it has
been shown that patients clinically respond to L-dopa medication as increasing
substrate availability is thought to promote substrate binding to AADC and
consequently dopamine production (Chang et al. 2004).
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Figure 1-9: Distribution of AADC associated DDC (NM_00790.3) mutations relative to the genomic organisation of the gene.
The DDC transcript is displayed as blocks and intronic regions as black dotted lines. The coding region (cDNA) is shaded in dark blue. Missense mutations are displayed above
the gene in blue, while nonsense and splice-site mutations are displayed below the gene in green and pick, respectively. The mutations investigated in this project are shown in
bold red boxes.

1.3.3

Effects of DDC Mutations in Patient lines on AADC Enzyme StructureFunction Properties

In this thesis, I have specifically worked on patients with the following genotype:
Patient 1: p.Arg347Gly in exon 11.
Patient 2: p.Arg7*, and p.Cys100Ser in exon 2 and 3 respectively.

The predicted effect of these patient genotypes on protein structure-functions will now
be discussed.

Some missense mutations have been shown to specifically affect the catalytic activity
of the AADC enzyme, without consistent alteration of substrate or cofactor binding,
for example, the missense substitution of Arg347 (Montioli et al. 2016) (Figure 1-10),
which is homozygously mutated in Patient 1.
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Figure 1-10: Localisation of Arg347 in the AADC protein structure.
The structure corresponds to sus scrofa holoenzyme (PDB code: 1JS3), solved in complex with PLP
and carbiDOPA, and rendered using PyMol™ software (1.7.4.5. Edu version). AADC is shown as a
schematic, with the two monomers composing the native rearrangement of the enzyme coloured in red
and blue. Side chain of Arg347 is represented as stick, labelled and coloured by element, based on the
corresponding subunit. PLP and carbiDOPA are represented as sticks and coloured by element, based
on green and magenta, respectively. Image courtesy of Giada Rossignoli (University of Verona,
Department of Neuroscience, Bio-medicine and Movement).

Residue Arg347 is located downstream from the mobile loop fundamental for enzyme
catalysis after substrate binding. In particular, Arg347 was shown to participate in a
hydrogen bond network comprising also Leu333 and Asp345 that seems to be essential
for proper positioning of the mobile loop (Montioli et al. 2016). Thus, it was suggested
that the huge decrease in catalytic efficiency for R347G mutant could be directly
linked to an incorrect and or/incomplete conformation acquisition of the mobile loop,
and subsequent impossibility to participate in the decarboxylation reaction.
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In contrast, Patient 2 presents with a compound heterozygous genotype. The frameshift
variant occurs early in the gene sequence and leads to a premature stop codon at Arg7
in one allele. This is likely to result in nonsense mediated decay. The second variant
is a missense mutation, p.Cys100Ser. Both residues altered in Patient 2 genotype are
shown in Figure 1-11.

Figure 1-11: Localisation of Arg7 and Cys100 in the AADC protein structure.
The structure corresponds to sus scrofa holoenzyme (PDB code: 1JS3), solved in complex with PLP
and carbiDOPA, and rendered using PyMol™ software (1.7.4.5. Edu version). AADC is shown as a
schematic, with the two monomers composing the native rearrangement of the enzyme coloured in red
and blue. Side chains of Arg7 and Cys100 are represented as stick, labelled and coloured by element,
based on the corresponding subunit. PLP and carbiDOPA are represented as sticks and coloured by
element, based on green and magenta, respectively. Image courtesy of Giada Rossignoli (University of
Verona, Department of Neuroscience, Bio-medicine and Movement).

Cys100 is located in close proximity to some important active site residues involved
in substrate binding, in particular right upstream to the Isoleucine101-Threonine102Phenylalanine103 stretch (Figure 1-11). Since these amino acids are fundamental for
normal substrate binding and positioning (Burkhard et al. 2001; Daidone et al. 2012),
the mutation C100S could potentially alter the substrate-binding cleft conformation
and consequently decrease the affinity of AADC enzyme for its substrate.

53

1.3.4

Disease Features of AADC deficiency

1.3.4.1 Symptoms
Patients with AADC deficiency show many of the typical features seen in recessively
inherited, severe early-onset neurotransmitter disorders (Kurian et al. 2011; Ng et al.
2015). Common features at presentation include severe neurodevelopmental delay and
hypotonia (often misattributed to a neuromuscular cause) as well as oculogyric crises
(often misdiagnosed as seizures). Oculogyric crises are paroxysmal, characterised by
fixed (often upward) deviation of the eyes, often associated with dystonic posturing
and/or dyskinetic movements. Although often the cause for these paroxysmal episodes
is not clear, they may be triggered by sleep deprivation, illness, anxiety and emotion.
Many families report that inducing sleep, either naturally or with the aid of melatonin
or sedatives, can help abate the crises.
Over time, patients with AADC deficiency develop a multisystemic condition (Figure
1-12). The majority develop a complex, mixed movement disorder with early
generalised hypotonia, dystonia, dyskinesia, myoclonus, chorea and ballismus.
Infantile parkinsonism-dystonia is also reported. Most patients have generalised
neurodevelopmental delay with delay in achieving cognitive and motor milestones.
Autonomic symptoms are frequently reported, including ptosis, excessive sweating,
temperature dysregulation and nasal congestion. Additional neurological symptoms
include epileptic seizures (rarely reported), behavioural problems (irritability,
excessive crying, dysphoria, autistic features), and sleep disturbance (insomnia and
hypersomnia). The gastrointestinal issues reported in AADC deficiency are a major
source

of

morbidity

for

patients;

symptoms

of

diarrhoea,

constipation,

gastroesophageal reflux, and feeding difficulties can cause discomfort and pain.
Hypoglycaemia (particularly in infancy and during times of stress/illness) and
cardiovascular issues are also reported and clinicians will often screen for these with
24 hour continuous glucose monitoring and a routine echocardiogram respectively
(Wassenberg et al. 2017).
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Figure 1-12: Schematic representation of the symptoms of AADC deficiency.

1.3.4.2 Diagnosis of AADC Deficiency
To diagnose AADC deficiency, further laboratory tests need to be undertaken where
the diagnosis is clinically suspected. Key diagnostic tests include:


Cerebrospinal fluid (CSF) analysis of neurotransmitters: This is
undertaken in a specialist laboratory. Characteristically a typical CSF pattern
is evident in AADC deficiency, with evidence of normal pterins, reduced
HVA, MHPG, increased L-dopa, increased 3-OMD, elevated 5-HTP, and
reduced 5-HIAA (Figure 1-13). The finding of normal pterin levels (neopterin,
dihydrobiopterin and tetrahydrobiopterin) and raised 3-OMD levels is
important to help differentiate AADC deficiency from primary disorders of
tetrahydrobiopterin synthesis (Ng et al. 2015). Normal PLP levels help
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differentiate AADC deficiency from B6-related disease (Bräutigam et al. 2002;
Mills et al. 2005).
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Figure 1-13: Dysregulation in serotonin and dopamine metabolism in AADC deficiency.
BH4 (green arrows), serotonin (red arrows) and dopamine (blue arrows) in neurons. BH4= tetrahydrobiopterin, GTP= guanosine triphosphate, GTPCH= GTP cyclohydrolase,
PTPS= 6-pyruvoyltetrahydropterin synthase, SR= sepiapterin reductase, PLP= pyridoxal 5’phosphate, AADC= aromatic L-amino acid decarboxylase, ALDH= aldehyde
dehydrogenase, MAO= monoamine oxidase, 5-HIAA= 5-hydroxyindoleacetic acid, L-dopa= L-3,4-dihydroxyphenylalanine, 3-OMD= 3-orthomethyldopa, VLA= vanillylactic
acid, DβH= dopamine β-hydroxylase, PNMT= phenolethanolamine N-methyltransferase, SAM= S-adenosylmethionine, DOPAC= 3,4-dihydroxyphenylacetic acid, COMT=
Catechol O-methyltransferase, HVA= Homovanillic acid.



Measurement of AADC enzyme activity: AADC enzyme activity can be
measured in plasma. Both L-dopa and 5-HTP can be used as potential
substrates for this assay, although L-dopa is usually utilised in diagnostic
practice, as it provides a higher analytical yield of measurable neurotransmitter
levels. A significant decrease or absence of enzyme activity (usually <10% of
control AADC enzyme activity) is detected in AADC deficiency patients.
Interestingly, in heterozygous carriers the AADC activity is reported to be
moderately reduced (35-40% of normal activity) (Arnoux et al. 2013; Fiumara
et al. 2002; Tay et al. 2007; Verbeek et al. 2007) but not as low as that observed
in patients.



Genetic confirmation: The DDC gene is sequenced to identify bi-allelic
pathogenic mutations which occur in trans as either homozygous or compound
heterozygous variants. Familial studies are usually undertaken to confirm
appropriate disease segregation.

In clinical practice, for most patients AADC deficiency is suspected clinically (which
usually prompts CSF testing) and then confirmed genetically. Additional diagnostic
tests that may be undertaken include:


Blood prolactin levels: As for other dopamine biosynthesis disorders, the
prolactin levels in blood may be elevated although in many AADC deficiency
patients, it may be normal. Prolactin levels are neither 100% specific nor
sensitive for dopamine deficiency and should thus not be interpreted in
isolation.



Whole blood serotonin levels: may be decreased in patients.



Urine organic acids: Detection of increased urine vanillylactic acid (VLA)
levels may also be helpful towards making a diagnosis (Wassenberg et al.
2017).
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1.3.4.3 Current Therapeutic Approaches
The management of AADC deficiency is complex and requires specialist clinical
expertise and knowledge. Recently, a consensus guideline for the treatment of AADC
deficiency has been published to aid clinicians in disease management [(Wassenberg
et al. 2017), Figure 1-14]. Augmentation of PLP, the active form of pyridoxine
(cofactor of the AADC enzyme) is usually considered as a first line strategy. Either
PLP or pyridoxine can be given. Although pyridoxine is often preferred over PLP due
to tolerability. Subsequent to this, patients are usually started on dopaminergic therapy.
This may either be as a dopamine agonist that will directly activate the postsynaptic
dopamine receptors or monoamine oxidase (MAO) inhibitors which prevent the
breakdown of dopamine and serotonin. Both types of drugs are aimed at promoting
dopaminergic neurotransmission. Additional medications are often needed as adjunct
therapies (Figure 1-15) including anticholinergic drugs for the treatment of some
AADC-related movement disorders. The precise mechanisms of agents like
Trihexyphenidyl is unknown, though it is postulated that they influence the imbalance
of dopaminergic and cholinergic pathways. Melatonin supplementation is commonly
utilised for the treatment of sleep disturbance. Benzodiazepines are also sometimes
used for the treatment of dystonia and/or oculogyric crises. There is limited evidence
in the literature for the efficacy of both melatonin and benzodiazepines in AADC
deficiency. Alpha-adrenoreceptor nasal drops (such as Xylometazoline) are often used
to treat nasal congestion. Folinic acid may be given for potential cerebral folate
deficiency; the accumulation of L-dopa and subsequent methylation to 3-OMD
requires cleavage of a methyl group from 5-methyltetrahydrofolate which may
potentially lead to cerebral folate depletion (Wassenberg et al. 2017).
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Figure 1-14: Potential treatment flow chart for a newly diagnosed patient with AADC deficiency.
Step 1: after the diagnosis pyridoxine is usually given first. Step 2 (after around two weeks) either a
dopamine agonist or MAOI are added (in a dose-escalating manner). Step 3: after approximately two
months of treatment at the target dose, MAOI or dopamine agonist is added. After approximately one
year re-evaluation takes place. Where drugs have no clear effect, these are removed one after the other,
and reintroduced if necessary at a later stage. (Figure adapted from Wassenberg et al. 2017).
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Figure 1-15: Treatment scheme for additional symptoms.
(Figure adapted from Wassenberg et al. 2017).
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1.3.5

A Gene Therapy Approach for AADC Deficiency

Although many of the drugs discussed above can lead to improvement of symptoms
in AADC deficiency, there are currently no licensed therapies that either cure or
significantly modify the disease course of this primary neurotransmitter disorder. In
this era of precision medicine, personalised strategies are increasingly recognised as
the future of rare disease therapeutics. Indeed, a number of international research
groups and pharmaceutical companies have been recently evaluating the potential role
of gene therapy in reducing morbidity and mortality in AADC deficiency.
1.3.5.1 Proof-of-Concept Gene Therapy/ Gene Editing in the AADC Mouse
Model
In 2013, the AADC knock in (KI) mouse model was published, harbouring the
common (‘Taiwanese’) variant, c.714+4A>T. This is the first reported surviving
murine model, as previous attempts to develop a knock out model were not successful,
with fetal mice dying in utero (Lee et al. 2013).
The AADC KI mouse model recapitulates many of the key features observed in human
disease, including low AADC activity of >0.3% compared to wild-type, mice showed
severe dyskinesia, as well as hindlimb clasping. Later on, surviving mice were
presented with cardiovascular dysfunction and behavioural problems. Moreover, this
phenotype was fully rescued using an AAV9-CMV-hAADC vector [which had
previously been used in a Parkinson’s disease gene therapy trial (Christine et al. 2009)]
by intracerebroventicular injection (Hwu et al. 2013). In 2015, Lee and colleagues
subsequently rescued the AADC-deficient KI mice with a fAAV9/3-Syn-I-mAADC
vector via intraperitoneal injection. The mice showed even better neuronal
transduction, possibly related to the choice of neuronal-specific promoter (synapsin)
(Lee et al. 2015).
In 2016, the AADC KI mouse model was used to investigate splicing repair of the
AADC splice site variants. A modified U1 snRNA (IVS-AAA) in an adeno-associated
serotype 9 (AAV9) vector was used to correct the splicing error and the virus was
injected into the cerebral ventricles of the KI mice. A high dose of 2x1010 vector
genomes/µl of AAV9-IVS-AAA was used. The mice showed improved survival, with
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an increase in brain levels of dopamine and serotonin. The U1 snRNA-based gene
editing proved to be efficient and safe in the murine model, heralding a potentially
useful future tool for correcting splice variant mutations in genetic diseases (Lee et al.
2016).
1.3.5.2 Gene Therapy Trials in AADC Patients
The first AADC gene therapy trial was undertaken by Hwu and colleagues in a group
of Taiwanese AADC deficiency patients (Hwu et al. 2012). Researchers and clinicians
clearly recognised the urgent unmet clinical need for effective treatments for patients
with AADC deficiency – which was particularly severe, and associated with
significant mortality in the Taiwanese population (Christine et al., 2009; Muramatsu
et al., 2010). As an adeno-associated virus type 2 (AAV-2) delivery system with DDC
was already established for gene therapy in Parkinson’s disease, this readily available
vector was then trialled in patients with AADC deficiency.
In the first AADC gene therapy trial, 4 Taiwanese patients, aged between 4 and 6 years,
all with the common splice variant c.714+4A>T, were treated. Three patients were
homozygous for this mutation, and one was heterozygous, harbouring another DDC
variant (c.1297_1298insA). The AAV2-hAADC vector with CMV promoter was
infused bilaterally through a stereotactic approach into the putamen of these patients.
The dosage of the AAV2-hAADC viral vector was 1.8x1011 vector genomes. After
one month, dyskinesias were observed in all patients, which settled over time. Motor
improvements were observed as soon as the dyskinesia disappeared. Six months postgene therapy, putaminal AADC activity was evident on 6-[18F] fluorodopa (FDOPA)
imaging. Furthermore, patient CSF analysis showed increased levels of both dopamine
and serotonin metabolites, suggestive of increased endogenous monoamine
production. One year after treatment, the treated patients showed increased
bodyweight and motor developmental gains, as well as fewer oculogyric crises,
improvement of emotional stability and better sleep patterns. Gene therapy was
deemed to be safe and efficacious for patients with AADC deficiency (Hwu et al.
2012).
In 2017, an open-label phase 1/2 AADC gene therapy trial was performed in 10 further
Taiwanese patients (M=F, age range 1.7 to 8.4 years). The AAV2-hAADC vector was
63

bilateral injected intraputaminally, each patient received a dose of 1.81x 1011 vector
genomes in total. All patients tolerated the stereotactic neurosurgery. Clinical
assessments were undertaken just prior to surgery, and again at 3, 6, 9, 12, 18, and 24
months after treatment. Several patients showed an increase in CSF HVA levels.
However, there was no changes in 5-HIAA and 3-OMD levels. Evaluation with the
Peabody Developmental Motor Scales-2 (PDMS-2) revealed that all patients showed
clinical improvement 12 months after gene therapy. All patients also showed
improvements in the abnormal involuntary movement scale (AIMS), as well as further
cognitive and language development. Similar to the 2012 study, dyskinesias appeared
in all patients after gene therapy, but these settled over time. This study further
confirms that intraputaminal delivery of AAV2-hAADC appears to be safe, and well
tolerated, with some clinical efficacy for children with AADC deficiency (Chien et al.
2017).
Another open-label phase 1/2 AADC gene therapy trial was performed in AADC
deficiency patients with variable phenotypic severity. Six patients were treated,
including 4 boys (age 4, 10, 15 and 19 years old), one 12-year old girl with a severe
phenotype, and one 5-year old girl with a moderate phenotype. The AAV2-hAADC
vector was infused into the same target as previously, with bilateral intraputaminal
stereotactic injections. Two years after therapy, all patients were reported to show
improvements in motor function. The authors reported that three severely affected
patients were able to stand with support, one patient was able to walk with a walker,
and one patient with a moderate phenotype was able to run and ride a bicycle. In this
study, the authors suggest that although patients > 8 years showed improvement, it was
the younger patients who showed the greatest benefits from treatment (Kojima et al.
2019).
A trial is also underway in the USA, evaluating the safety and efficacy of AAV2hAADC delivered to the substantia nigra pars compacta and ventral tegmental area in
children with AADC deficiency (https://clinicaltrials.gov/ct2/show/NCT02852213).
In contrast to the previous studies, this trial aims to evaluate the potential benefit of
targeting the ventral midbrain, with anterograde axonal transport of vector.
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In summary, gene therapy is emerging as an important therapeutic option for patients
with AADC deficiency. As more patients are treated, the effect of patient genotype,
age at surgery, pre-treatment motor function and target delivery site on overall
therapeutic efficacy will become more apparent, allowing further refinement of this
new and exciting form of precision medicine.
1.4

Induced Pluripotent Stem Cells

Figure 1-16: Induced pluripotent stem cell colonies on a MEF feeder layer.

In 1998, when the first human embryonic stem cells (hESC) were isolated (Thomson
et al. 1998) a new revolutionary tool to model human-related disorders became
available. Pre-implantation genetic diagnosis (PDG), used to screen transmission of
genetic mutations, allowed isolation of hESC harbouring specific mutations that could
be used to model diseases (Eiges et al. 2007; Niclis et al. 2013). Despite these
advances, the use of ESC lines has raised a number of ethical concerns, mainly because
their generation involves the destruction or manipulation of pre-implantation stage
embryos (Klimanskaya et al. 2006). The use of ESCs is therefore strictly governed by
law in many countries. It is with the discovery of cellular reprogramming that a
fundamental step forward in the in vitro modelling of human disease was achieved. In
2007, Yamanaka and his colleagues were able to elegantly reprogram adult human
dermal fibroblasts to a pluripotent state by ectopic expression of 4 factors: Oct4, Sox2,
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Klf4, and cMyc (Takahashi et al. 2007; Takahashi and Yamanaka 2016). The
generated induced pluripotent stem cells (iPSCs) shared most of the characteristics
seen in hESCs (including the ability to indefinitely proliferate and differentiate in cells
of all three germs layers), thereby providing a new source of patient-derived cells.
Yamanaka was awarded the Nobel Prize (Physiology) for his advances in the stem cell
field. Even though a decade has passed from generation of the first iPSC lines, the
mechanisms by which somatic cells are reprogrammed remain yet to be fully
elucidated (Takahashi and Yamanaka 2016). Several studies have provided some
mechanistic insight into the reprogramming process. Indeed, the mesoderm to
ectoderm transition that occurs in reprogrammed fibroblasts may be viewed as a
reversal of the physiological differentiation process that normally occurs in embryos
(Takahashi and Yamanaka 2016).
1.4.1

Reprogramming Strategies

Since the originally published methods, many new strategies have been developed to
effectively refine the reprogramming of somatic cells into pluripotency. The initial use
of integrating retrovirus or lentivirus delivery has been side-stepped by several other
technologies aimed at generating transgene-free iPSCs with improved reprogramming
efficiency.
1.4.1.1 Non-integrating Vector Strategies
In 2009, Zhou et al. generated human iPSCs from embryonic fibroblasts using
adenoviral vectors expressing c-Myc, Klf4, Oct4, and Sox2 cells. The adenovirus, in
contrast to other vectors like lentivirus and retroviruses, does not integrate into the
targeted host genome, therefore reducing the risk of insertional mutagenesis (Zhou and
Freed 2009). Another method for delivering reprogramming-transcription factors was
developed by Okita et al. in 2008. This reprogramming strategy was based on two
plasmid constructs: the first expressing c-Myc, and the second expressing the other
three factors (Okita et al. 2008). This DNA-based method for delivery of the
reprogramming transcription factors should ensure episomal existence, but there is still
a risk of integration into the host genome. In order to circumvent this, a Sendai Virusbased methodology has been developed. This single strand RNA virus, responsible for
respiratory tract infection in rodents, has been developed as delivery vector to
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efficiently reprogram human pluripotent cells in a transgene-free way (Fusaki et al.
2009). I have used Sendai Virus technology to reprogram AADC-patient derived
human dermal fibroblasts lines into iPSCs (Figure 1-17) (Section 2.2.3). The
commercially available kit (CytoTune™-iPS 2.0 Sendai Reprogramming Kit) is based
on a modified non-transmissible form of Sendai Virus used for the delivery of the
Yamanaka reprogramming transcription factors. Efficiency of reprograming is among
the highest reported, ranging from ~0.01% to 1% depending on the cell type used for
reprogramming.
1.4.1.2 Vector -free Strategies
In order to avoid use of any type of vector, genome integration, and to increase the
efficiency of the reprograming process, several new strategies involving the use of
small molecules or microRNA have emerged. Specific chemicals that can mimic the
transcriptional effect of the original Yamanaka transcription factors have been
developed, including cellular reprograming through the action of the histone
deacetylase (HDAC) inhibitor, valproic acid (Huangfu et al. 2008) and histone methyl
transferase (HMT) inhibitor, BIX-0129 (Shi et al. 2008). In 2013, Deng at al. derived
iPSCs from mouse somatic cells using a cocktail of 7 small molecules (Hou et al.
2013). The so-called CiPSCs were generated with an efficiency comparable to other
reprograming strategies and were proven to be fully pluripotent. Strategies for
reprogramming somatic cells into iPSCs have also been developed using ESC-specific
microRNAs, which enhance the efficiency of inducing pluripotency, by acting
upstream of Oct4, Sox2 and Klf4, but downstream of c-Myc (Bao et al. 2013; Judson
et al. 2009).
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Figure 1-17: Sendai Virus reprogramming from AADC patient fibroblasts.
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1.5

Deriving neuronal Cell Types from iPSCs: established Protocols for
Differentiation

One of the cell types that have been most successfully derived from iPSCs is the neural
stem cell (NSC). Patient-derived neural cells retain the genetic background of the
donor offering a unique in vitro model. In the literature, there are several available
protocols for differentiation of a broad variety of mature neurons as well as glial
cellular subtypes (Table 1-1).
Human iPSCs have been differentiated into mature cortical neurons, capable of
generating action potentials, synaptogenesis and complex neuronal circuits (Shi,
Kirwan, and Livesey 2012). GABAergic neurons can be generated from human iPSCs
to model disorders such as epilepsy, in which inhibitory synaptic transmission is
affected. Differentiation protocols are based on neurodevelopmental principles, with
initial specification of developing neural stem cells into medial ganglionic eminencelike progenitors, and further maturation into forebrain-type interneurons. Derived
interneuron progenitors develop into a subtype of GABAergic interneuron showing
mature physiological properties (Nicholas et al. 2013; Tu et al. 2018; Yang et al. 2017).
GABAergic medium-sized spiny neurons have been generated from iPSCs, a model
useful for studying Huntington’s disease. When generated striatal precursors are
grafted into a quinolinic acid-lesioned rat model, they showed survival, further
maturation and rescued motor deficits (Delli Carri et al. 2013). Moreover, protocols
for the derivation of ventral forebrain cholinergic neurons from hiPSCs have been
generated in order to study Alzheimer’s disease, Down’s syndrome and dementia (Hu
et al. 2016).
Several protocols have been published for the generation of midbrain dopaminergic
neurons from hESCs (Kirkeby, Grealish, et al. 2012; Kriks et al. 2011). Derived
midbrain dopaminergic neurons have been shown to integrate into Parkinson’s disease
animal models and restore motor function deficits (Kikuchi et al. 2017).
Chemical defined conditions have been utilised to differentiate iPSCs into a number
of cell types, including (1) motor neurons to model amyotrophic lateral sclerosis (ALS)
(Burkhardt et al. 2013), (2) serotonergic neurons to model neuropsychiatric disorders
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(Lu et al. 2016) and (3) cerebellar neurons to model ataxia-telangiectasia (Erceg et al.
2012; Nayler et al. 2017).
Several protocols are also now readily available for the differentiation of iPSCs into
glial cells. Astrocytes generated from iPSCs show functional glutamate uptake and
calcium activation, similar to that seen in primary human astrocytes (Santos et al.
2017). Moreover, oligodendrocytes have been generated from iPSCs to study myelinrelated disorders (Ehrlich et al. 2017).
More recently, differentiation protocols have capitalised on the ability of iPSCs to selforganise and differentiate in vitro into three-dimensional (3D) aggregates, leading to
the generation of regional-specific 3D brain cultures (Lancaster and Knoblich 2014).
Recently, a protocol for the derivation of human midbrain-like organoids (hMLO) has
been published (Jo et al. 2016). Generated hMLO present with mature midbrain
characteristics, including neuromelanin aggregation. Moreover, hMLO show clusters
of genes expressed in late gestational fetal human midbrain, indicating a cellular
complexity that is more similar to human brain tissue (Jo et al. 2016).
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Table 1-1: Neural cell types derived from human iPSCs.
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Differentiated cell type
Pyramidal neurons (forebrain)
Cerebral neurons
Motor neurons
Dopaminergic neurons
Dopaminergic progenitors
GABAergic neurons
Cortical interneurons (GABAergic neurons)
Forebrain interneurons (GABAergic neurons)
Medium-sized spiny neurons (grafted striatal precursors)
Basal forebrain cholinergic neurons
Serotonergic neurons
Caudal neurons
Caudal neural progenitor cells
Cerebellar neurons
Cerebellar neurons
Astrocytes
Oligodendrocytes

Type of PSCs
hiPSCs
hiPSCs
hiPSCs
hESCs
iPSCs
hiPSCs
hiPSCs
hiPSCs
hiPSCs
hiPSCs
hiPSCs
hESCs
hiPSCs
hiPSCs
hiPSCs
hiPSCs
hiPSCs

Disease/Potential Applications
Cognitive processes, epilepsy, pyramidal disorders
White matter disorders
ALS
Neurodevelopmental/neurodegenerative diseases
Primate Parkinson's disease model
Diseases that affect the inhibitory synaptic transmission
Neuropsychiatric diseases – autism, schizophrenia
Neurodevelopmental and degenerative disorders
Rat model of Huntington’s disease
Alzheimer’s disease, Down’s syndrome and dementia
Psychiatric disorders
Spinal disorders
Chronic cervical spinal cord injury
Cerebellar disorders
Ataxia-telangiectasia
Neurodegenerative disease affecting astrocytes
Myelin diseases

hiPSC: human induced pluripotent stem cells; hESC: human embryonic stem cells; PSC: pluripotent stem cells.

Reference
(Espuny-Camacho et al. 2013)
(Shi et al. 2012)
(Burkhardt et al. 2013)
(Kirkeby, Grealish, et al. 2012)
(Kikuchi et al. 2017)
(Yang et al. 2017)
(Tu et al. 2018)
(Nicholas et al. 2013)
(Delli Carri et al. 2013)
(Hu et al. 2016).
(Lu et al. 2016)
(Kirkeby, Grealish, et al. 2012)
(Nutt et al. 2013)
(Erceg et al. 2012)
(Nayler et al. 2017)
(Santos et al. 2017)
(Ehrlich et al. 2017)

1.6

Embryological Development of midbrain dopaminergic (mDA) Neurons: The
Basis of mDA Differentiation

Normal neurodevelopment is based upon spatio-temporal regulation and sequential progressive
restrictions of cellular fate. Derivation of neural cells from pluripotent stem cells is therefore
based on protocols that recapitulate the in vivo action of morphogens and signalling molecules
that are key contributors in the development of the nervous system. In particular, generation of
midbrain dopaminergic (mDA) neurons in vitro follows physical and chemical conditions that
recapitulate the development processes observed in the developing midbrain.
During the gastrulation process, three distinct germ layers form in the developing embryo: the
endoderm, from which the internal organs develop; the mesoderm, which gives rise to bone,
muscle, and vasculature; and the ectoderm, from which results skin and the nervous system
(Zirra, Wiethoff, and Patani 2016).
Neural development starts in the ectoderm as a consequence of an initial process in neural
induction, which forms the neural plate. Morphological changes in the cells forming the neural
plate trigger the development of the neural tube. During the early developmental phases of the
neural tube, two main signalling centres develop: the isthmic organiser (IsO), and the floor
plate (FP). The IsO is responsible for the midbrain-hindbrain boundary (MB-HB boundary)
(Joyner, Liu, and Millet 2000; Rhinn et al. 1998; Wassarman et al. 1997), while the FP defines
ventral identity of the forming brain [reviewed in (Placzek and Briscoe 2005)]. IsO and FP
release morphogens that drive specific gene expression profiles responsible for regional
identity of the neural tube, specification and proliferation of progenitors, neurogenesis,
differentiation and survival of all different neuronal types. In particular, the two signalling
centres IsO and the FP play important roles in the regional identity of the VM, as well as in the
development, maturation, and survival of mDA neurons.
1.6.1 Patterning of the Neuronal Tube
During the development of the neuronal tube, the signalling centre IsO is generated at the MBHB boundary. In mouse models, at embryonic age E7.5, the MB-HB boundary is defined by
the transcription factor orthodenticle homolog 2 (Otx2), expressed in the midbrain, and the
gastrulation brain homeobox 2 (Gbx2), expressed in the hindbrain (Broccoli, Boncinelli, and
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Wurst 1999; Millet et al. 1999; Wassarman et al. 1997) (Figure 1-18, green box, anteriorposterior patterning). The coordinated expression of Otx2 and Gbx2 has an inhibitory effect on
the expression of morphogen wingless-int1 (Wnt1) (Figure 1-18, red box, midbrain), and the
fibroblast growth factor 8 (Fgf8) (Figure 1-18, green box, anterior-posterior patterning)
(Joyner et al. 2000; Rhinn et al. 1998). Both Wnt1 and FgF8 play an essential role in the fate
specification of the neural stem cells in the midbrain area of the developing neural tube.

Figure 1-18: Network of genes involved in the development of mDA neurons in the mouse brain.
Image derived from Arenas et al. 2015.

Specification of the signalling centre in the FP is mediated by the transcription factor forkhead
box protein A2 (FoxA2). Initially, secretion of the morphogen sonic hedgehog (Shh) from the
notochord induces expression of FoxA2 in the ventral area of the neural tube mediating the
development of the FP. Subsequently, FoxA2 induces secretion of Shh from the FP itself,
which then becomes a secondary organiser, responsible for the ventral patterning (Ang et al.
1993; Sasaki et al. 1997). In mouse, at embryonic age E8.5, the gradient of Shh, expressed
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from the FP, controls the ventro-dorsal axis patterning. Shh concentrations are higher in the
area of ventral progenitors compared to dorsal cells. High concentrations of Shh in the midbrain
FP lead to FoxA2 expression (Sasaki et al. 1997), while lower concentrations in the roof plate
lead to expression of NK homeobox protein 6.1 and 2.2 (Nkx6.1 and Nkx2.2) (Figure 1-18,
orange box, lateral). Consequently different transcription factors are expressed leading to
specific and unique ventro-dorsal identities (Briscoe and Ericson 1999; Chiang et al. 1996;
Ericson et al. 1996; Marti et al. 1995; Roelink et al. 1995).
Information from both signalling centres, IsO and FP, are essential for the development of
mDA progenitors. In particular, FoxA2 and Otx2 regulate the expression of the two LIM
homeobox transcription factors Lmx1a and Lmx1b (Lin et al. 2009; Ono et al. 2007) (Figure
1-18, red box, midbrain). The combined transcriptional activity of Lmx1a and Lmx1b in the
FP, triggers the downstream pathways required for mDA progenitors fate specification and
mDA neuron maturation (Andersson, Tryggvason, et al. 2006; Deng et al. 2011; Smidt et al.
2000). Lmx1a activates muscle segment homeobox homolog 1 (Msx1) and inhibits the roof
plate fates (Andersson, Jensen, et al. 2006). Moreover, Lmx1a and Lmx1b regulate the
activation of Wnt/β-catenin signalling pathway, which triggers the expression of several
transcription factors, Wnt1, Msx1, Nurr1, and Pitx3. Nuclear receptor related 1 protein (Nurr1)
and pituitary homeobox 3 (Pitx3) are also involved in maturation and survival of mDA neurons.
(Figure 1-18, pink box, mDA identity) (Chung et al. 2009).
Therefore, the early signalling cascade activated by the combined and coordinated action of
the Shh-Foxa2 and Otx2-Wnt1-Lmx1a pathways is essential for the specification of the
midbrain progenitors in FP and concomitantly for the suppression of alternative neural fates.
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1.6.2 Neurogenesis of mDA Neurons

Figure 1-19: Neurogenesis and migration of the mDA neurons.
Image derived from Arenas et al. 2015.

The developmental processes described in the above section take place in the ventricular zone
(VZ) of the embryonic midbrain (Figure 1-19). In the VZ, neural stem cells from the FP give
rise to radial glial mDA progenitors expressing mouse achaete-schute homolog 1 (Mash1) and
neurogenin 2 (Ngn2), which then undergo asymmetric mitotic division, generating post-mitotic
neural precursors (neuroblasts) (Arenas et al. 2015). Neuroblasts migrate radial through the
intermediate zone (IZ) and differentiate in the mantle zone (MZ), where they acquire a
dopaminergic phenotype (Figure 1-19) (Hanaway, Mcconnell, and Netsky 1971; Kawano et
al. 1995). From the MZ, mDA neurons then migrate tangentially forming the substantia nigra
SNpc, VTA, and the RrF (Hanaway et al. 1971; Marchand and Poirier 1983).
Expression of Mash1 and Ngn2 is regulated by Shh-Foxa2 and Otx2-Wnt1-Lmx1a pathways.
In particular, Foxa2 induces mDA neurogenesis by directly regulating Lmx1a, which in turn
upregulates Msx1-mediated Ngn2 expression (Andersson, Jensen, et al. 2006; Kele et al. 2006)
(Figure 1-18, blue box, mDA neurogenesis). In contrast, FoxA2 is responsible for the
expression of Ferd3l (Fer3-like), which in turn represses Hes1 (hairy and enhancer of Split1),
a suppressor of pro-neural genes Mash1 and Ngn2 (Ono et al. 2010).
During the process of radial migration through the IZ, neuroblasts progressively acquire a
dopaminergic phenotype and express later transcription factors such as Nurr1 and Pitx3. Nurr1
and Pitx3 activation is regulated by several transcription factors responsible for dopaminergic
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neuronal differentiation. Indeed, the expression of Pitx3, is indirectly sustained by Wnt1/βcat
(Prakash et al. 2006), while Lmx1a/b directly regulates Nurr1 and Pitx3 (Chung et al. 2009).
During migration from IZ to MZ mDA, neuroblasts further mature and start to express
dopaminergic related proteins such as TH, an enzyme involved in dopamine synthesis. The
neuroblast maturation process is regulated by some early transcriptional factors such as Otx2,
Lmx1a/b, Foxa1/2, together with the homeobox genes engrailed 1/2 (En1/2), and late
transcription factors such as Nurr1 and Pitx3. Therefore, the two main signalling pathways of
the midbrain FP, Wnt1-Lmx1a and Shh-Foxa2, not only regulate the midbrain dopaminergic
fate, but are also essential for the differentiation and survival of mDA neurons. Foxa2 regulates
the expression of Nurr1, and En1 in mDA neuroblasts and neurons, as well as the expression
of TH in mDA mature neurons (Ferri et al. 2007; Stott et al. 2013). Nurr1 regulates the
expression of several genes expressed in mature mDA neurons and necessary for their
physiology, including TH, solute carrier family-18 member-2/vesicular monoamine
transporter-2 (Slc18a2/Vmat2), solute carrier family-6 member-3/dopamine transporter
(Slc6a3/DAT), and brain-derived neurotrophic factor (Bdnf) (Jankovic, Chen, and Le 2005;
Joseph et al. 2003; Volpicelli et al. 2007). Moreover, Pitx3 upregulates expression of TH, the
dopamine receptor 2 (D2), Vmat and DAT (Jacobs et al. 2011; Veenvliet et al. 2013). En1/2
promotes the survival of adult mDA neurons (Alvarez-Fischer et al. 2011), together with
neurotropic factors like BDNF (Hyman et al. 1991) and glial cell-line derived neurotrophic
factor (GDNF) (Åkerud et al. 2001; Arenas et al. 1995). Factors and genes which regulate mDA
neuronal development have been extensively studied in several animal models, but the exact
mechanisms underlying human midbrain development are still poorly elucidated. A few studies
report that key regulators of mDA neuronal development are present in the human ventral fetal
midbrain. Analysis of the human brain at several embryonic developmental stages, ranging
from 5 to 8 weeks post conception, showed that development of the ventral midbrain and mDA
neurons is characterised by expression of the same factors described in animal models. The
human ventral midbrain at early stages of development is similarly marked by the expression
of LMX1A and FOXA2 as well as NGN2 and MASH1. Midbrain neural stem cells and
neuroblasts follow spatial localisation in the midbrain neural wall as described in the previous
Sections 1.6.1 and 1.6.2. Progressive maturation of human mDA neurons occurs in the MZ
where TH expressing neurons accumulate around 8 weeks post conception. As described in the
animal model, human mDA neurons also express PITX3 and NURR1, which are necessary for
mDA neuronal maturation and survival (Nelander, Hebsgaard, and Parmar 2009). Single cell
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RNA sequencing studies attempting to compare the mouse and human ventral midbrain, have
highlighted the level of complexity in both animal and human developing midbrain. La Manno
et al. in 2016 identified 25 molecularly defined human cell types, with different radial glia cells
and progenitors. Interestingly, between mouse and human, cell types and gene expression were
conserved overall, but several differences were observed for cell proliferation rates,
developmental timeframe and mDA neuronal maturation. Moreover, in both the mouse and
human, three distinct subtypes of embryonic dopaminergic neurons were identified,
highlighting the complexity of the developing midbrain (La Manno et al. 2016).
1.7

Using iPSC-derived neuronal Systems to model Neurological Diseases

Historically, the modelling of neurological diseases has been complex and fraught with
difficulties for multiple reasons. The human brain is relatively inaccessible, when for example,
compared to skin, liver and muscle tissue. Isolating healthy neural cells from post-mortem
brains is challenging, given their susceptibility to oxygen deprivation and external stressors.
Furthermore, post-mitotic neurons and oligodendrocytes are difficult to expand in an in vitro
culture system. To complicate matters, there is a relative paucity of ‘perfect’ animal models
that both harbour disease-causing genetic mutations and fully recapitulate the human
neurological phenotype.
It is universally acknowledged that iPSC platforms have the potential to revolutionise how we
model disease, particularly for neurological disorders. As previously described, a wide range
of neural cells can now be differentiated using embryology-derived developmental principles.
Such iPSC-derived model systems are proving to be valuable tools to further understand
neurobiology, elucidate disease mechanisms and develop novel precision therapies (Figure
1-20). Indeed, such models have already been developed for a number of monogenic defects,
chromosomal disorders and complex polygenic diseases.
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Figure 1-20: Schematic representation of iPSC-based disease modelling for neurological disorders.

1.7.1 Modelling adult-onset Neurodegenerative Diseases
Many monogenic and complex neurodegenerative disorders have been modelled using iPSC
systems. For example, in vitro modelling of ALS has provided insight into underlying disease
mechanisms, with different research groups reporting diverse disease-specific phenotypes,
from neurite degeneration to mitochondrial dysfunction. iPSC models have also been utilised
to investigate both sporadic and early-onset familial (LRRK2, PARK2, PINK1) Parkinson’s
disease, revealing involvement of alpha-synuclein, dopamine dysregulation, autophagy,
mitochondrial dysfunction, abnormal neurite outgrowth/ arborisation, and aberrant network
activity as putative pathogenic disease mechanisms. One major challenge when modelling such
later-onset diseases is the relatively ‘fetal’ stage of iPSC neurons at derived maturation. This
may be overcome by age-inducing compounds, including progerin, MG132 and concanamycin
(Cooper et al. 2013; Miller et al. 2013; Nguyen et al. 2011), which may facilitate appropriate
ageing of cells, thereby benefitting iPSC disease modelling for these adult-onset diseases.
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1.7.2 Modelling childhood Neurodevelopmental Disorders
iPSC derived neuronal model systems are increasingly recognised as an ideal tool for
elucidating disease mechanisms in childhood neurological diseases. Many are fully penetrant,
single gene disorders, where disease manifestation usually occurs in infancy or early childhood.
Some diseases may even be of prenatal onset thereby rendering the ‘fetal’ stage of derived
neuronal maturation as highly relevant and clinically applicable when studying disease.
Many childhood-onset genetic disorders have now been studied, which has facilitated further
elucidation of the underlying disease pathophysiology for a wide variety of different diseases
(Table 1-2). Despite these advances, there is very little published data regarding disease
modelling in the primary neurotransmitter disorders - which is somewhat surprising, given the
high suitability of mDA model for studying such infantile-onset disorders. To date, JungKlawitter and colleagues (2016) reported successful generation of an iPSC line from a patient
with tyrosine hydroxylase deficiency. Further information on the neuronal phenotype is not
available (Jung-Klawitter et al. 2016). Patient iPSC-derived mDA lines have also been
generated for two pterin defects, namely dihydropteridine reductase (DHPR) deficiency and 6pyruvoyltetrahyropterin synthase (PTPS) deficiency. For both diseases, disease-specific
alterations in dopamine metabolites, pterin species and tyrosine hydroxylase levels were
reported (Table 1-2).
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Table 1-2: Selected examples of iPSC-based modelling studies for childhood neurological disorders.

Disease
Neurodevelopmental
disorders
Rett Syndrome

Key findings in iPSC derived cell model

MECP2

Disease-related genetic mutations can increase the frequency of
neuronal L1 transposition.
Disease-related defects in action potential firing and inward currents.
Disease-related alterations in dysbindin interactome.
Glial contribution to disease pathology.
Disease-related alterations in soma size, information encoding
properties and synaptic connectivity.
Disease-related altered regulation of GRID1.
Key role of KCC2 in disease.
Disease-specific neuronal migration and maturation (neurite outgrowth
and synapses).
FMR1 gene inactive. DNA methylation and histone modifications
were seen indicating inactive heterochromatin.
Aberrant differentiation into post-mitotic neurons and glia cells.
Epigenetic modifications of the FMR1 gene.
Generated forebrain neurons showed defective neurite initiation and
extension.
Aberrant upregulation of genes involved in axonal guidance and
neural differentiation. RE-1 silencing transcription factor (REST)
elevation.
Aberrant neurogenic phenotype affecting developmental signalling,
cell migration and neuronal maturation.
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Causative
gene

Fragile X Syndrome

Movement Disorders
DYT28 Dystonia

FMR1

KMT2B

Reference(s)

(Muotri et al. 2010)
(Farra et al. 2012)
(Larimore et al. 2013)
(Williams et al. 2014)
(Djuric et al. 2015)
(Livide et al. 2015)
(Tang et al. 2016)
(Zhang et al. 2016)
(Urbach et al. 2010)
(Sheridan et al. 2011)
(Doers et al. 2014)
(Halevy, Czech, and
Benvenisty 2015)
(Boland et al. 2017)

KMT2B is essential for epigenetic and transcriptomic resetting for (Barbagiovanni et al.
transdifferentiation of fibroblasts into induced neuronal cells (iNs) 2018)
(suppressing alternative fates and promotion of iNs).

Ataxia-telangiectasia

Neurometabolic
Disorders
Pterin defects
Niemann Pick Type C

ATM

Model showed defective radiation-induced signalling, radio sensitivity, (Nayler et al. 2012)
as well as cell cycle checkpoint defects.
Impairment of neuronal maturation, suppression of the response and (Carlessi et al. 2014)
repair of DNA double-strand breaks (DSBs), accumulation of
topoisomerase 1-DNA covalent complexes (Top1-ccs).
Disruption of gene networks connected with oxidative stress and (Nayler et al. 2017)
synaptic vesicle dynamics.

PTPS/DHPR

Using the BH4 precursor sepiapterin improved the PTPS deficient (Ishikawa et al. 2016)
phenotype.

NPC1
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Neurodegenerative
Diseases
Beta-propeller associated
neurodegeneration
(BPAN)

WDR45

Accumulation of cholesterol in hiPSCs, and neural progenitor cells of
NPC1 patients.
Protocol to differentiate neurons and glial cells. Immunocytochemistry,
patch clamp recordings as well as calcium imaging showed functional
maturation.
Cholesterol may influence GM2 degradation pathway which leads to
accumulation of GM2.

(Trilck et al. 2013)
(Trilck, Hübner, and
Frech 2016)
(Trilck et al. 2017)

Increased cellular iron levels and oxidative stress. Also, mitochondrial (Seibler et al. 2018)
abnormalities, autophagic defects, as well as diminished lysosomal
function.

1.7.3 iPSC Systems to evaluate novel Therapies
As well as providing insight into disease mechanisms, iPSC-derived neuronal models are
increasingly being utilised as platforms for therapeutic evaluation. Indeed, such models have
already been used to test approved compounds and novel molecules, as well as gene therapy
and other gene editing technologies.
1.7.3.1 Targeted Candidate Drug Approaches
A candidate drug approach is often adopted when a druggable target is identified. For example,
in spinal muscular atrophy, patient iPSCs-derived motor neurons manifest a disease-specific
mitochondriocytopathy. When treated with N-acetylcysteine (NAC), patient-derived lines
showed improved mitochondrial function, with subsequent rescue of motor neuron
degeneration in vitro. Rescue of the mouse model of Rett syndrome with insulin-like growth
factor (IGF1) prompted testing in the MECP2-deficient iPSC model. Disease-specific
phenotypes were ameliorated by IGF1, with an observed increase in glutaminergic synapse
number. Following on from these pre-clinical studies, a phase 2 trial with the compound
Trofinetide (a IGF1 analogue) has been recently undertaken in patients with Rett syndrome;
participants showed amelioration of a number of clinical outcome measures, which translated
into meaningful disease improvement. For Alzheimer’s disease, iPSC-based testing has
focused on agents with putative effects on β-amyloid secretion (Yagi et al. 2011). With the aim
of reducing β-amyloid secretion, a γ-secretase inhibitor and amyloid precursor protein cleavage
modulator were tested and found to suppress β-amyloid secretion in a dose-dependent manner.
Finally, the use of kinetin in a patient-derived neuronal model of familial dysautonomia showed
improvement of the splicing defect, with higher percentages of neurons during the
differentiation process. Kinetin has already been tested in patients and in a pilot clinical trial,
where it has been shown to increase wild-type IKBKAP mRNA production. A phase 2 trial of
kinetin is underway (ClinicalTrials.gov identifier: NCT02274051). The iPSC-derived neuronal
platform therefore appears to be a useful platform for targeted drug screening, which has the
potential to accelerate promising therapies to the clinic.
1.7.3.2 Library Drug Screening Approaches
iPSC-derived neuronal platforms can be utilised to screen small (<10,000 compounds) or
medium to large (>10,000 compounds) libraries. Such testing is particularly useful if clear
target pathways are not identified, allowing evaluation of an unbiased hypothesis, as well as
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the potential to identify new structural scaffolds and chemical functions. Library screening
usually requires either 96- or 384- well plates, with seeding of cells at one point of the neuronal
differentiation process. A number of different readouts can be used to assess drug effects,
including high content imaging with immunofluorescence, expression of reporter gene and cell
viability. High throughput screening has been applied to a number of different diseases and
will hopefully evolve in the future as a standard approach for new drug evaluation (Table 1-3).
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Table 1-3: Selected examples of large screens using iPSC disease models [adapted from (Little et al. 2019)].

Disease/Target
Spinal muscular
atrophy
Parkinson’s
Disease
ALS
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Alzheimer’s
Disease

Alzheimer’s
Disease

Alzheimer’s
Disease

Cell type for
screening
Motor neurons
derived from
hiPSCs
Motor neurons
derived from
hESCs
Motor neurons
derived from
hiPSCs
Commercially
available
neurons (iCell)
derived from
hiPSCs
Cortical
neurons with
trisomy of
chromosome 21
derived from
hiPSCs
Cortical
neurons derived
from hiPSCs

Compounds (number
and type)

Outcome (hits/potential drugs)

200,000

Not published

2000

6 hits, Isoxazole was tested further

References
Reviewed in (Grskovic et al.
2011)
(Ryan et al. 2013)

1757

38 hits reduced percentage of cells with
aggregates. Compounds were cyclin-dependent
kinase inhibitors, c-Jun N-terminal kinase
inhibitors, Tripotolide and cardiac glycosides

(Burkhardt et al. 2013)

(Xu et al. 2013)
Several hundred
compounds from the
compound library of GSK

19 hits, one was a Cdk2 inhibitor

(Brownjohn et al. 2017)
1,200 from the Prestwick
Chemical library

55 compounds were identified, validated hits
included ®-flurbiprofen and ivermectin

1258 pharmaceutical
compounds

27 hits after secondary testing; 6 lead
compounds were chosen: bromocriptine,
cilostazol, cromolyn, fluvastatin, probucol,
topiramate

(Kondo et al. 2017)

1.8
1.8.1

Hypothesis and Main Aims
Background

AADC deficiency is a severe, early onset neurological disorder, for which there are no
established disease-modifying or curative treatments. Although there are mouse and
zebrafish models of AADC deficiency (Caine et al. 2017; Hwu et al. 2013; Shih et al.
2013), neither fully recapitulate the human phenotype and disease mechanisms remain
yet to be fully elucidated. This, combined with the relative inaccessibility of the human
brain, necessitates a novel research approach.
1.8.2

Hypothesis

Development of a patient-derived, midbrain dopaminergic neuronal model will
provide a new research tool for both unravelling disease mechanisms and testing novel
therapies for AADC deficiency (Figure 1-21).

Figure 1-21: Work plan for my PhD project.

85

1.8.3

Aims

1. To reprogram fibroblasts from patients with AADC deficiency into induced
pluripotent stem cells (iPSC)
2. To generate a midbrain dopaminergic (mDA) cell model of AADC deficiency
from patient iPSCs
3. To determine whether patient-derived mDA neurons recapitulate key features
of AADC deficiency
4. To investigate the downstream effects of AADC deficiency on a mDA model
of disease
5. To evaluate the utility of this model as a therapeutic platform by investigating
the effect of lentiviral gene transfer on the cellular phenotype of AADC
deficiency
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Chapter 2
Material and Methods
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2.1
2.1.1

Material
Technical Equipment and Buffers

Table 2-1: High-Performance Liquid Chromatography (HPLC) instrumentation for the AADC
enzyme activity assay.

Equipment

Equipment name
PU-2080 Plus (JASCO)
AS-2057 (JASCO)
DP-Series (Degasys)
Plus Column Thermostat (Jetstream)
HiQSil C18 column (Kya technologies)
Dimensions - 4.6 mM pore size by
250 mm length
Coulochem III (ESA)
5010 (ESA)
Azur software package

Pump
Autosampler
Degasser
Column Heater
Column

Detector
Analytical cell
Data capture

Table 2-2: HPLC instrumentation for the detection of dopamine and metabolites.

Equipment

Equipment name
PU-1580 intelligent HPLC (JASCO)
AS-1555 intelligent cooled (JASCO)
DG-980-50 3-line (JASCO)
Co-1560 intelligent column thermostat
(JASCO)
C:18HS column 250 mm × 4.5 mm
(Kromatek)
Coulochem II electrochemical detector
(ESA)
5010A analytical cell (Thermo Fisher
Scientific)
Computer
with
EZChrom
Elite
chromatography system v 3.1.7 (JASCO)

Pump
Autosampler
Degasser
Column Heater
Column
Detector
Analytical cell
Data capture
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Buffers provided with specific kits were used as described by the manufacturer. All
other solutions were prepared as described in the following paragraphs.
2.1.1.1 0.1% Gelatin
0.5 g of gelatin (Sigma-Aldrich) were added to 500 ml 18.2 Ω HPLC grade water. The
solution was autoclaved in a glass bottle for further use.
2.1.1.2 Blocking

Solution

and

Antibody

Dilution

Buffer

for

Immunocytochemistry
Detection of surface-epitopes in iPSCs (TRA-1-60, TRA-1-81) was performed in 1x
PBS (Invitrogen) and 10% Fetal Calf Serum (FCS) (Sigma-Aldrich). Detection of
intracellular epitopes, in iPSCs, spontaneous in vitro differentiation of iPSCs, and day
11 mDA progenitors, was performed in 1x PBS, 10% FCS, and 0.1% Triton from
Triton x-100 (Sigma-Aldrich) for the antibodies OCT4, NANOG, SOX17, SMA,
TUJ1, LMX1A and FOXA2. Detection of intracellular epitopes in day 65 mDA
neurons was performed in 1x PBS, 10% FCS, and 0.3% Triton for the antibodies
MAP2, TH, AADC, TPH2, GIRK2, NeuN, and PanNav.
2.1.1.3 Buffers for Immunoblotting
TBS-T (Tris Buffered Saline-Tween) Solution
The solution was made of 500 ml 18.2 Ω HPLC grade water, one Tris Buffered Saline
tablet (Sigma-Aldrich), and 0.5 ml TWEEN® 20 (Sigma-Aldrich).
TGS 1x Running Buffer
The buffer consisted of 900 ml 18.2 Ω HPLC grade water and 100 ml TGS
(Tris/Glycine/SDS) Buffer 10x (Bio-Rad).
Blocking Solution
The solution was prepared by adding 5% or 1% Skim Milk Powder (Sigma-Aldrich)
to TBS-T buffer.
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2.1.1.4 Buffers for AADC Enzyme Assay
Homogenation Buffer
The buffer was prepared with 10 mM Tris base (pH 7.4) (Sigma-Aldrich), 1 mM
EDTA (Ethylenediaminetetraacetic acid dipotassium salt dihydrate) (Sigma-Aldrich),
320 mM sucrose (Sigma-Aldrich). Protease Inhibitor Cocktail (1:10; Roche) was
added before use.
Sodium Phosphate Buffer
The buffer was prepared with: A) 500 mM Disodium hydrogen phosphate (VWR
Chemicals), 0.167 mM EDTA (Sigma-Aldrich); B) 500 mM Sodium dihydrogen
orthophosphate (VWR Chemicals), 0.167 mM EDTA. For both solutions A and B, pH
was adjusted to the value 7.00.
Assay Buffer for L-dopa Decarboxylation
The buffer was prepared with 39 mM 1,4-Dithioerythritol (Sigma-Aldrich) dissolved
in 500 mM Sodium phosphate buffer.
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2.1.1.5 Medium for iPSC Generation and Cultivation
MEF Medium
The MEF (mouse embryonic fibroblasts) medium was made with 445 ml DMEM
(Gibco®), 50 ml FCS (10%), and 5 ml Penicillin-Streptomycin (1%; Invitrogen).
KOSR Complete Medium for iPSCs
Medium composition: 390 ml Knockout- DMEM (Invitrogen), 100 ml KnockoutSerum Replacement (20%; Invitrogen), 5 ml L-glutamine (2 mM; Invitrogen), 500 µl
2-Mercaptoethanol (50 mM; Invitrogen), and 5 ml Non-Essential Amino Acids 100x
(1%, Invitrogen). Human Fibroblast Growth Factor (Human FGF-2) was added fresh
on the day of use (10 ng/ml; Miltenyi Biotec).
mTeSR Complete Medium for iPSCs
mTeSR complete medium was prepared following manufacturer’s instructions:
5x mTeSR supplements were added to 450 ml of mTeSR medium (STEMCELL™
Technologies). Medium was supplemented with 1% Penicillin-Streptomycin.
Coating with Matrigel for iPSCs in Culture
In 25 ml KOSR medium 10 mg/ml of Matrigel (Corning) was resuspended. 1 ml was
plated in a 6-well plate and incubated for 1 h at 37°C.
2.1.1.6 Medium for spontaneous Differentiation in vitro
DMEM with 20% FBS
The medium was prepared with 395 ml of DMEM, with 20% FCS, and 1% PenicillinStreptomycin.
KOSR Complete Medium
See Section 2.1.1.5.
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2.1.1.7 Medium for Differentiation
EB medium (Embryoid Body Medium)
DMEM⁄F-12 (Invitrogen) and Neurobasal medium (Invitrogen) were used 1:1, with
the addition of the following components: N2 Supplement (1:100; Invitrogen), B-27®
Supplement 50x (1:50; Invitrogen), L-glutamine (2 mM), Penicillin-Streptomycin
(1:100), Thiazovivin (only first day) (0.5 µM; Cambridge Bioscience), SB431542
(10 µM; Cambridge Bioscience), LDN193189 (100 nM; Sigma-Aldrich), CHIR99021
(0.8 µM; Tocris Bioscience), Recombinant modified human Sonic Hedgehog C24II
(SHH) (200 ng/ml; R&D Systems), and Purmorphamine (from day 2) (0.5 µM;
Cambridge Bioscience).
ND Medium (Neuronal Induction Medium)
DMEM⁄F-12 and Neurobasal medium were used 1:1. With the addition of the
following components: N2 Supplement (1:200), B-27® Supplement 50X (1:100), Lglutamine (2 mM), Penicillin-Streptomycin (1:100), SB431542 (until day 6) (10 µM),
LDN193189 (until day 9) (100 nM), CHIR99021 (until day 9) (0.8 µM), SHH (until
day 9) (200 ng/ml), and Purmorphamine (until day 9) (0.5 µM).
FD medium (Final Differentiation Medium)
Neurobasal medium was used with the addition of the following components: B-27®
Supplement 50X (1:50), L-glutamine (2 mM), Penicillin-Streptomycin (1:100), LAscorbic acid (0.2 mM; Sigma-Aldrich), and Human BDNF (Brain-derived
neurotrophic factor) (20 ng/ml; Miltenyi Biotec).
FDf medium
Neurobasal medium was used with the addition of the following components: B-27®
Supplement 50X (1:50), L-glutamine (2 mM), Penicillin-Streptomycin (1:100), LAscorbic acid (0.2 mM), Human BDNF (20 ng/ml), Human GDNF (Glial cell linederived neurotrophic factor) (20 ng/ml; Miltenyi Biotec), db-cAMP (N6,2′-ODibutyryladenosine 3′,5′-cyclic monophosphate sodium salt) (0.5 mM; Sigma92

Aldrich), and DAPT ((2S)-N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine
1,1-dimethylethyl ester) (from day 30) (2.5 µM; Tocris Bioscience).
2.1.1.8 Medium for Plasmid Cultivation
LB Medium
12.5 g LB Broth Base powder (Thermo Fisher Scientific) was dissolved in 500 ml of
18.2 Ω HPLC grade water and autoclaved. Kanamycin (Gibco™) was then added to a
final concentration of 50 µg/ml.
Agar Plate Preparation
1 l of 18.2 Ω HPLC grade water and 35.6 g LB Broth with agar powder (SigmaAldrich) were autoclaved and 50 µg/ml Kanamycin was added. The liquid medium
was added to petri dishes (VWR). The plates were left to solidify and were stored in
the fridge for further use.
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2.1.2

Antibodies

Table 2-3: Primary antibodies for immunofluorescence.

Primary antibody

Company

TRA-1-60 (pluripotency)

Dilution

Santa Cruz

1:200

Millipore

1:200

Santa Cruz

1:50

Millipore

1:500

Aves

1:400

Mouse monoclonal antibody
TRA-1-81 (pluripotency)
Mouse monoclonal antibody
OCT4 (pluripotency)
Mouse monoclonal antibody
NANOG (pluripotency)
Mouse monoclonal antibody
Tyrosine Hydroxylase (TH)
Chicken polyclonal antibody
Microtubule-Associated Protein 2 (MAP2)

Sigma-Aldrich 1:400

Mouse monoclonal antibody
Homeobox Transcription Factor 1 Alpha (LMX1A)

Millipore

1:2000

Forkhead Box Protein A2 (FOXA2)

BD

1:500

Rabbit polyclonal antibody

Pharmigen™

Dopa Decarboxylase (DDC)

Millipore

1:500

Abcam

1:100

BioLegend

1:400

R&D Systems

1:20

Millipore

1:100

Novusbio

1:100

Mouse monoclonal antibody

Rabbit polyclonal antibody
Alpha Smooth Muscle Actin (SMA)
Rabbit monoclonal antibody
Neuronal Class III β-Tubulin (TUJ1)
Mouse monoclonal antibody
SOX17 (member of the SOX family of transcription
factors)
Goat polyclonal antibody
Neuronal Nuclei (NeuN)
Mouse monoclonal antibody
Tryptophan Hydroxylase 2 (TPH2)
Rabbit polyclonal antibody
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G-protein Regulated Inward-Rectifier Potassium 2

Alomone Labs 1:400

Channel (GIRK2) (Kir3.2)
Rabbit polyclonal antibody
Voltage-gated Sodium Channel Nav1.1 (PanNav)
Mouse monoclonal antibody
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Sigma-Aldrich 1:50

Table 2-4: Secondary antibodies for immunofluorescence.

Secondary antibody

Company

Dilution

Alexa Fluor® 594 Goat Anti-Mouse IgG (H L) Antibody

Invitrogen

1:400

Alexa Fluor® 488 Goat Anti-Mouse IgG (H L) Antibody

Invitrogen

1:400

Alexa Fluor® 488 Goat Anti-Rabbit IgG (H L) Antibody

Invitrogen

1:400

Alexa Fluor® 594 Goat Anti-Chicken IgG (H L)

Invitrogen

1:400

Invitrogen

1:400

Invitrogen

1:400

Company
Thermo
Fisher
Scientific

Dilution
1:1000

Antibody
Alexa Fluor® 488 Donkey Anti-Goat IgG (H L)
Antibody
Alexa Fluor® 647 Goat Anti-Mouse IgG (H L) Antibody

Table 2-5: Nuclei staining with DAPI.

Name
DAPI Solution (1 mg/ml) for nuclear counterstain

Table 2-6: Primary antibodies for immunoblotting.

Primary antibody

Company

Dilution

Cell Signaling

1:1000

TH Millipore

1:3000

Abcam

1:5000

Glyceraldehyde-3-phosphate dehydrogenase

Cell Signaling

1:1000

(GAPDH)

Technology

L-DOPA decarboxylase (DDC)
Rabbit monoclonal antibody
Tyrosine Hydroxylase (TH)
Rabbit polyclonal antibody
Monoamine Oxidase A (MAOA)
Rabbit monoclonal antibody

HRP conjugated
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Table 2-7: Secondary antibodies for immunoblotting.

Secondary antibody
Anti-rabbit HRP-linked

Company

Dilution

Cell Signaling Technology

1:3000

2.1.2.1 Cell Lines
Table 2-8: Cell lines used in the project.

Cell line

Source

Human dermal fibroblasts

Patients kindly provided skin fibroblasts

AADC Patient 1

for this study.

AADC Patient 2
Human iPSC lines

Aged-matched controls from a healthy

Control-03

donor. Fibroblasts from the ICH

Control-05

Dubowitz Biobank. Previously
reprogrammed into iPSCs in the Kurian
laboratory.

Mouse embryonic fibroblasts

CF-1 Mouse Embryonic Fibroblasts
(MEF) feeder cells, irradiated, Ultra Low
Density 0.5E6 (Life Technologies)

HEK 293T cells

Dr John Counsell (UCL GOS-ICH)

One Shot™ TOP10 Chemically Competent

Thermo Fisher Scientific

E. coli

2.1.3

Kits

Table 2-9: Kits used in this project.

Kit

Company

CytoTune®-iPS Sendai 2.0 Reprogramming Kit Invitrogen
MycoAlert mycoplasm detection Kit

Lonza

RNeasy Mini Kit

Qiagen

DNeasy Blood & Tissue Kit

Qiagen

SuperScript™ III Reverse Transcriptase Kit

Thermo Fisher Scientific

DNase I Kit

Invitrogen

Miniprep Kit (250)

Qiagen
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QIAquick Gel Extraction Kit

Qiagen

PureLink™ HiPure Plasmid Filter Maxiprep Kit Thermo Fisher Scientific
PureLink™ HiPure Precipitator Module

Thermo Fisher Scientific
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2.1.4

Plasmids and Viruses

Table 2-10: Plasmids.

Plasmid name

Source

Lentiviral packaging plasmid pCMVR8.74

Addgene

Envelope expressing plasmid pMD2.G

Addgene

DDC plasmid (pCCL-hSYN-DDC-IRES-

Generated by me

EGFP)
Mock plasmid (pCCL-hSYN-EGFPv2 JN

Kindly provided by Dr. Joanne Ng, UCL,

240517)

Institute of Women’s Health

DAT plasmid (pCCL-hSYN-DAT-IRES-

Kindly provided by the Prof. Kurian

EGFP)

research group, UCL GOS-ICH

Standard plasmid for LV titration (pMKRQ

Kindly gifted by Dr. Conrad Vink, UCL

BTW2R)

Table 2-11: Viruses.

Virus name

Source

CytoTune™-iPS 2.0 Sendai Virus

Invitrogen

DDC lentivirus

Generated by myself

Mock lentivirus

Generated by myself
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2.1.5

Primers

Table 2-12: DDC primers for Sanger sequencing.

Exon/primer
name
DDC_5'UTR_F
DDC_5'UTR_R
DDC_X1_F
DDC_X1_R
DDC_X2_F
DDC_X2_R
DDC_X3_F
DDC_X3_R
DDC_X4_F
DDC_X4_R
DDC_X5_F
DDC_X5_R
DDC_X6_F
DDC_X6_R
DDC_X7_F
DDC_X7_R
DDC_X8_F
DDC_X8_R
DDC_X9_F
DDC_X9_R
DDC_X10_F
DDC_X10_R
DDC_X11_F
DDC_X11_R
DDC_X12_F
DDC_X12_R
DDC_X13_F
DDC_X13_R
DDC_3’UTR_F
DDC_3’UTR_R

Sequence (5’-3’)

CAGAATGTGCTCTCAGGATTCC
CATGGCAAGTTGGTGGGAAA
TTACTTGGGATCCAAGTGGCC
TCAGTTGTAAAATAGAAATGAC
TGACATTTGGGGAACTGCAC
GGACACATCTGATAGGCTGGT
CCCTTCTGTGAGTGAACAAA
TGCCTGGAAAATGCTTAGG
CTGAAGTGGTGGTCTCAGGT
TCCAGTTCCCACCCAAGAAT
CAATGTTGGCTGCTCTCTG
ACCATGCCCGGCTAATTT
TCCATGGGCTTACGTTTCCA
TCTGAGTTTGTGGAGTTCAAGC
GCTTTAGACCCTTTGAATGAGG
GTCTGAAATAACACACCACAGT
CACTCCAGAAGACTCCCCTAC
GCCAGTATGTTGCAATGATATTCC
TCACTAGGAGATCTCAAGGGTTTT
TGGAAGGTGATGCAAAGCCT
TTTGTGTTTTGGGCATCCTGTT
CCCAGTTAGAAGGTGCCCAC
CCCAGTTAGAAGGTGCCCAC
ACCCAAACTACAGTCTGGTTCTC
ATGAGTTTCTTAGCCTGCCT
CTTTGCTCTGCCATCTCTG
GATGCATGCAGTCTTTTAGG
CAGGATGGTCTCAATCTCTT
AGATGGCAGCAGTACAGTCC
TTCCACAGAAGTTGAAGTCATCT
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PCR
product
size (bp)

Annealing
temperature
(ﹾC)

840

TD58

598

TD55

697

TD59

760

TD55

492

TD59

321

TD62

393

TD64

903

TD64

449

TD61

700

TD59

357

TD60

626

TD64

396

TD56

647

TD55

821

TD61

Table 2-13: Sendai Virus clearance primers.

Sequence (5’-3’)

Primer name
SeV F
SeV R
SeV SOX2 F
SeV SOX2 R
SeV KLF4 F
SeV KLF4 R
SeV c-MYC F
SeV c-MYC R
SeV OCT4 F
SeV OCT4 R
GAPDH F
GAPDH R

GGATCACTAGGTGATATCGAGC
ACCAGACAAGAGTTTAAGAGATATGTATC
ATGCACCGCTACGACGTGAGCGC
AATGTATCGAAGGTGCTCAA
TTCCTGCATGCCAGAGGAGCCC
AATGTATCGAAGGTGCTCAA
TAACTGACTAGCAGGCTTGTCG
TCCACATACAGTCCTGGATGATGATG
CCCGAAAGAGAAAGCGAACCAG
AATGTATCGAAGGTGCTCAA
ATCCCATCACCATCTTCCAG
CCATCACGCCACAGTTTCC

PCR product
size (bp)
181
451
410
532
483
382

Table 2-14: Pluripotency primers.

Primer name
OCT4 F
OCT4 R
SOX2 F
SOX2 R
NANOG F
NANOG R
c-MYC F
c-MYC R
ESG1 F
ESG1 R

Sequence (5’-3’)
CGAAACCCACACTGCAGCAG
CCTGGCACAAACTCCAGGTTT
GGGAAATGGGAGGGGTGCAAAAGAGG
TTGCGTGAGTGTGGATGGGATTGGTG
CAGCCCCGATTCTTCCAGTCCC
CGGAAGATTCCCAGTCGGGTTCACC
GCGTCCTGGGAAGGGAGATCCGGAGC
TTGAGGGGCATCGTCGCGGGAGGCTG
ATATCCCGCCGTGGGTGAAAGTTC
ACTCAGCCATGGACTGGAGCATCC
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PCR product
size (bp)
402
151
343
328
243

Table 2-15: qRT-PCR primers.

Primer name
GAPDH F
GAPDH R
FOXA2 F
FOXA2 R
EN1 F
EN1 R
EN2 F
EN2 R
LMX1A F
LMX1A R
LMX1B F
LMX1B R
OCT4 F
OCT4 R
NANOG F
NANOG R
TH F
TH R
AADC F
AADC R
MAOA F
MAOA R

Sequence (5’-3’)
TTGAGGTCAATGAAGGGGTC
GAAGGTGAAGGTCGGAGTCA
CCGTTCTCCATCAACAACCT
GGGGTAGTGCATCACCTGTT
CGTGGCTTACTCCCCATTTA
TCTCGCTGTCTCTCCCTCTC
CCTCCTGCTCCTCCTTTCTT
GACGCAGACGATGTATGCAC
CGCATCGTTTCTTCTCCTCT
CAGACAGACTTGGGGCTCAC
CTTAACCAGCCTCAGCGACT
TCAGGAGGCGAAGTAGGAAC
TCTCCAGGTTGCCTCTCACT
GTGGAGGAAGCTGACAACAA
TTGGGACTGGTGGAAGAATC
GATTTGTGGGCCTGAAGAAA
CGGGCTTCTCGGACCAGGTGTA
CTCCTCGGCGGTGTACTCCACA
TGCGAGCAGAGAGGGAGTAG
TGAGTTCCATGAAGGCAGGATC
CTGATCGACTTGCTAAGCTAC
ATGCACTGGATGTAAAGCTTC
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Table 2-16: Primers for plasmid confirmation.

Primer name
Plasmid_1F
Plasmid_1R
Plasmid_2F
Plasmid_2R
Plasmid_3F
Plasmid_3R
Plasmid_4F
Plasmid_4R
Plasmid_5F
Plasmid_5R
Plasmid_1F
Plasmid_1R
Plasmid_2F
Plasmid_2R

Sequence (5’-3’)
GGACGCGTCAATTGACTACAA
GCCACCAGCTTCTCCATGAT
ACTGTGATGATGGACTGGCT
CCACATGGCAGAACAGTCAA
ACCACAACATGCTGCTCCTT
GCCTTATTCCAAGCGGCTTC
TTCTCGCACGGTGGAATCTG
CTTGCTCACCATGGTTGTGG
CAGTGCCACGTTGTGAGTTG
CTTGTAGTTGCCGTCGTCCT
GGACGCGTCAATTGACTACAA
GCCACCAGCTTCTCCATGAT
ACTGTGATGATGGACTGGCT
CCACATGGCAGAACAGTCAA

Table 2-17: Primers for the lentiviral vector titration by qRT-PCR.

Primer name
Late-RT probe
Late-RT F
Late-RT R
Beta-actin probe
Beta-actin F
Beta-actin R

2.1.6

Sequence (5’-3’)
CAGTGGCGCCCGAACAGGGA
TGTGTGCCCGTCTGTTGTGT
GAGTCCTGCGTCGAGAGC
TAATGTCACGCACGATTT
GCCATCTCTTGCTCGAAGT
GACTGACTACCTCATGAAGATCC

Computer Software

Table 2-18: Computer software.

Software

Source

ImageJ

www.imagej.net

GraphPad Prism V. 6.01

www.graphpad.com

Image Lab™

Bio-Rad

Bluefuse Multi

Illumina
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2.2

Methods

2.2.1

Ascertainment of Patient and Control Fibroblasts

For this study I used two fibroblast lines collected from two patients harbouring
mutations in the DDC gene (Patient 1 and Patient 02). A clinical and genetic summary
is provided in Table 2-19. Written informed consent was obtained from all patients
(REC reference 13/LO/0171).
Table 2-19: Clinical and genetic data of the two AADC patients.

Patient
number

Patient
line

1

Patient 1

2

Patient 2

Clinical phenotype

Hypotonia
Neurodevelopmental
delay
Oculogyric crises
Complex movement
disorder with autonomic
features
Hypotonia
Neurodevelopmental
delay
Oculogyric crises
Complex movement
disorder with autonomic
features

Location
of
mutation

Type of mutation

Exon 11

Predicted
amino acid
change
p.R347G

Exon 2

Non-sense
mutation

Premature
stop codon
p.Arg7*

Exon 3

Missense
Mutation

p.C100S

(compound
heterozygous)

An age-matched control fibroblast sample from a healthy donor was collected from
ICH Dubowitz Biobank. Control lines are essential in order to identify any diseaserelative phenotype observed in patient-derived cells.
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2.2.2

Isolation of Skin Fibroblasts

Maintenance of skin biopsies, isolation of dermal fibroblasts and further cultivation
was performed by the Enzyme Unit, Chemical Pathology, Botnar’s Laboratories, Great
Ormond Street Hospital, London.
Isolation of fibroblasts from skin biopsy was performed as following: skin biopsies
were placed in a 5 cm petri dish, kept moist with a few drops of medium made of
Hams F10 with 12% FCS, and reduced to small fragments. Tissue fragments were then
transferred to a 25 cm2 culture flasks, with the use of a scalpel blade, and further
incubated in 5 ml of medium in 5% CO2 at 37°C for 7 days. Fibroblast arising from
skin fragments were normally collected after 3 to 5 weeks.
2.2.3

Reprogramming human dermal Fibroblasts using CytoTune™

The described protocol was adapted from the CytoTune™-iPS 2.0 Sendai
Reprogramming Kit (Invitrogen) with the reprogramming vectors hOCT4, hSOX2,
hKLF4, and hc-MYC. Human dermal fibroblasts (HDF) were collected from patients
and controls (as described above) and frozen at -80°C. After thawing out, HDF were
seeded in T25 flasks, and expanded for 5 days with every other day medium change.
HDF were then harvested and plated for further reprogramming as described below.
HDF cells were rinsed with 1x PBS and incubated for 5 min with 2 ml TrypLE™
(Invitrogen) at 37°C. TrypLE™ enzymatic reaction was stopped by adding 4 ml of
MEF medium. Cells were then counted and seeded out to a 12-well plate with densities
of 0.75 x 105, 1 x 105, 1.25 x 105, 1.5 x 105 and 2.0 x 105 cells per well. At the day of
infection, cells with 90% confluence were infected with the Sendai Virus containing
the 4 transcription factors (hOCT4, hSOX2, hKLF4, hc-MYC) from the CytoTune™iPS 2.0 Sendai Reprogramming Kit following the ration of 1.0 x 105 cells at MOI of
3. Cells were then incubated overnight, Sendai Virus was withdrawn after 24 hours,
and medium was changed every other day. After 6 days, infected HDF cells were
transferred to previously seeded MEF cells (5x 104/cm2) on 0,1% gelatin in MEF
medium: HDF cells were rinsed two times with 2 ml 1x PBS, incubated with
TrypLE™ for 5 min at 37°C counted and seeded out on the MEF cell plates in a density
of 8.000 cells/ml. Cells were distributed in order to have 2x 6well plates with 8.000
105

cells per well, and 1x 6well plate with 16.000 cells per well. After one day of
cultivation, reprogramming fibroblast were switched to a KOSR-MEF conditioning
media +10 ng/ml Human FGF-2, in order to support the emerging iPSCs. KOSR-MEF
conditioned medium was prepared as follow: MEF cells were thawed and plated in
three T75 flask with a density of 6.6 x 105 cells/flask in MEF medium; media was then
replaced by KOSR medium, 15 ml for each T75 flask, and daily collected. At day 7
media for the reprogramming cells was changed to KOSR with Human FGF-2
(10 ng/ml). From day 17, daily media change was performed.
After 30-40 days from the day of infection, 10 iPSC clones were picked for each
patient, and further maintained on MEF cells with daily media change (KOSR
complete medium). iPSCs passaging was performed when colonies where at
appropriated confluency with a non-enzymatic solution in order to select only
pluripotent colonies (ReLeSR™; Stem Cell Technologies). When clones were stable,
they were transferred into feeder free conditions using Matrigel and mTeSR™ 1
complete medium (Section 2.1.1.5) with daily media change. The best three lines were
expanded to 18 wells and frozen down at passage 25. Pellets were collected, and cells
were fixed with 4% paraformaldehyde (Alfa Aesar) for further analysis.
2.2.4

Characterisation of AADC iPSCs Lines

2.2.4.1 Genomic DNA Extraction
The genomic DNA (gDNA) was extracted using DNeasy Blood & Tissue Kit
(Qiagen), according to the manufacturer’s instructions. Briefly, cell pellet was resuspended in 200 μl 1x PBS supplemented with 1:10 proteinase K. 200 μl of buffer
AL for lysation was added to the cells in suspension and mixed thoroughly by
vortexing. The sample was then incubated at 56°C for 10 min. In order to perform
DNA precipitation, 200 μl of 100% ethanol was added to the sample and mixed
thoroughly by vortexing. The mix was then pipetted into the DNeasy Mini spin column
supplemented with collection tube and centrifuged at 8000 rpm for 1 min, the flow
through and collection tube were discarded. Column was first washed with 500 μl of
AW1 buffer (stringent washing buffer containing low concentrations of quinidine),
centrifuged for 1 min at 8000 rpm, and tube and flow through were discarded.
Sequently, the column was washed with 500 μl of AW2 buffer (tris-based ethanol
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solution to remove salts) and centrifuged for 3 min at 14000 rpm. Tube and flow
through were discarded. DNA elution was performed in 100 μl of buffer after 1 min
incubation at room temperature (RT) and centrifuged for 1 min at 8000 rpm.
The purity and concentration of the extracted DNA was measured with the UV-Vis
spectrophotometer NanoDrop™ 1000 from Thermo Fisher Scientific. The A260/A280
ratio of around 1.8 is defined as pure DNA.
2.2.4.2 Direct Sanger Sequencing of DDC Mutation in patient derived iPSCs
Sanger sequencing and primer design was kindly performed by Dr Katy Barwick
(Genetics Research Associate from Kurian group, UCL GOS-ICH).
Direct Sanger sequencing was performed to confirm patient mutation of DDC locus
for all iPSC lines. The gDNA sequences were obtained from the Alamut® Visual 2.11
software. Genome Reference Consortium Human Build 37 (GRCh37), chromosome
7: 50,458,436-50,565,457; NM_000790.3). The primers (Section 2.1.5) were designed
with Primer3Plus software (http://www.bioinformatics.nl/cgibin/primer3plus/primer3plus.cgi). For each set of primer pairs, reaction solution was

prepared as shown in Table 2-20.
Table 2-20: PCR constituents and their volumes.

Volume (μl)

Component
ddH2O

4

BioMix™ Red 2x reaction mix (Bioline)

10

Forward Primer (5 ρM/μl; Sigma-Aldrich)

2

Reverse Primer (5 ρM/μl; Sigma-Aldrich)

2

DNA

2

Total Volume

20
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The polymerase chain reaction (PCR) is used to exponentially amplify specific DNA
sequences of interest. With a PCR, DNA fragments can be amplified in vitro by up to
109 times.
A touch-down PCR protocol was used (Table 2-21) to improve the specificity of the
primer binding. Initially starting from a temperature that is 4°C greater than that of the
annealing temperature (Tm) The temperature was then lowered by 2°C every two
cycles until the desired Tm is reached. The elongation time was set according to the
PCR product size.
Table 2-21: Touchdown PCR thermal cycling program.

Number of cycles

Temperature (°C)

Time (s)

1

95 (denaturation)

240

2

95 (denaturation)

30

Tm + 4℃

30

72 (elongation)

30 (per Kb)

95 (denaturation)

30

Tm + 2℃

30

72 (elongation)

30 (per Kb)

95 (denaturation)

30

Tm

30

72 (elongation)

30 (per Kb)

72 (elongation)

300

2

35

1

Purity of the amplified PCR product was checked with a 1,5% agarose gel before
proceeding with the sequencing. Amplified DNA was then purified with
MicroCLEAN Kit (Clent Life Science) and further processed with the BigDye®
Terminator v1.1 Cycle Sequencing Kit (Thermo Fisher Scientific). Sequencing was
performed with the ABI PRISM 3730 DNA Analyzer (Applied Biosystems). The
results were then analysed using Sequencher (https://www.genecodes.com) and
Chromas software (http://technelysium.com.au/wp/chromas).
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2.2.4.3 Karyotyping with Single-Nucleotide Polymorphism Array (SNP)
gDNA from iPSC lines was prepared in a concentration of 75 ng/µl in a total volume
of 10 µl. The cytoSNP array was performed by UCL genomics and the raw IDAT files
were analysed with the software Bluefuse Multi from Illumina.
2.2.4.4 Extraction of total RNA
Total RNA was extracted using RNeasy Mini Kit (Qiagen) and according to the
manufacturer’s instructions. In brief, collected cells were lysed in RLT buffer
(containing guanidinium isothiocyanate to break the cell walls and denature RNases)
and 500 µM β-mercaptoethanol (which allows breaking down of disulfide bonds from
RNases and prevents degradation of the RNA). Samples were homogenated by
vortexing for 1 min. Addition of the equivalent volume of 70% ethanol precipitated
the RNA. After binding to a silica membrane through centrifugation (15 s, 8000 rpm),
the RNA was washed with 700 µl RW1 buffer containing guanidine salt and ethanol
which removes carbohydrates, proteins and fatty acids, and centrifuged for 15 s,
8000 rpm. Column was then washed with 500 µl of buffer RPE containing ethanol,
which removes traces of salt. The sample was then centrifuged for 15 s, 8000 rpm. A
second washing step with RPE was performed and column was centrifuged for 2 min,
8000 rpm. The RNA was then eluted with RNA free water with centrifugation for
1 min, 8000 rpm.
The purity and concentration of the extracted RNA was measured with the UVVis spectrophotometer NanoDrop™ 1000. The A260/A280 ratio of around 2.0 is defined
as pure RNA. The product was then stored at -80°C for further use.
2.2.4.5 RNA Purification
RNA was purified with DNase I Kit (Invitrogen). DNase I digests single- and doublestranded DNA to oligodeoxyribonuleotides. In brief 1 μg of RNA sample was mixed
with 1 μl 10x DNase I Reaction Buffer, 1 μl DNase I and Nuclease-Free Water
(Thermo Fisher Scientific) to 10 μl. The mix was incubated for 15 min at RT. To
inactivate the DNAse I 1 μl of EDTA solution was added and incubated for 10 min at
65°C.
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2.2.4.6 Reverse Transcription
cDNA was generated with Superscript III Reverse Transcriptase (Invitrogen). In brief,
10 μl of RNA sample were added with 1 μl of oligo (dT) primers (Thermo Fisher
Scientific), 1 μl of dNTP Mix (Thermo Fisher Scientific), 1 μl of Nuclease-Free Water.
The mix was loaded into a PCR plate and run for 5 min at 65°C in the PCR machine.
The plate was then incubated on ice for 1 min. Samples were then added with: 4 μl 5x
first-strand buffer, 1 μl 0.1 M (DTT), 1 μl Nuclease-Free Water, and 1 μl
SuperScript™ III RT. Samples were processed for 60 min at 50°C and 15 min at 70°C.
Generated cDNA was then diluted 1:25 with Nuclease-Free Water. The product was
then stored at -20°C for further use.
2.2.4.7 Sendai Virus Clearance
In order to confirm the generation of viral free iPSCs, SeV clearance analysis was
performed, following instructions provided by the CytoTune™-iPS 2.0 Sendai
Reprogramming Kit. The SeV genome and pluripotent genes were detected in
reprogrammed iPSCs using a specific set of primers (Section 2.1.5).
Total RNA was extracted from 1 x 10^6 iPSCs with the RNeasy Mini Kit, and purified
with the DNase I Kit (Sections 2.2.4.4 and 2.2.4.5). For the generation of cDNA 1 µg
of total RNA was used and the reverse transcription was performed with the
Superscript III Reverse Transcriptase Kit (Section 2.2.4.6).
The PCR mix consisted of 10 µl cDNA and 10 µl AccuPrime™ SuperMix I (Thermo
Fisher Scientific). PCR protocol: denaturation 95°C for 5 min; 35x (cycles
denaturation 95°C for 30 s, annealing 55°C for 30 s, elongation 72°C for 30 s); 72°C
for 5 min. Products were separated in 2% agarose gel (Section 2.2.4.9). As a positive
control SeV genome was used, while the samples H9 embryonic stem cell and the
human fibroblast line were used as negative controls.
2.2.4.8 PCR Detection of expressed pluripotent-related Genes
The PCR was performed with the following buffer: deoxynucleotides (dNTPs: dGTP,
dCTP, dATP, dTTP), magnesium chloride (MgCl2), and Taq DNA polymerase
BioMix™ Red (Bioline). 2 µl of cDNA from each samples and primers specific to
each gene of interest (Section 2.1.5) were added.
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The master mix consisted of: 0.4 µl F primer (1:10 diluted in water), 0.4 µl R primer
(1:10 diluted in water), 7.2 µl water, 10 µl BioMix™ Red, and 2 µl cDNA. BioMix™
Red contains a stable Taq DNA polymerase and a red dye. Each set of oligonucleotides
required a specific PCR protocol. In particular, for GAPDH, SOX2, cMYC, NANOG,
ESG the PCR conditions were: 1x 95°C for 5 min, 35x (denaturation 95°C for 30 s,
annealing 60°C for 45 s, elongation: 72°C for 1 min) and 1x 72°C for 5 min. For OCT4
PCR conditions were: 1x 95°C for 5 min, 35x (denaturation 95°C for 30 s, annealing
58°C for 45 s, elongation: 72°C for 1 min) 1x 72°C for 5 min. Amplified cDNA was
separated with a 1.5% agarose gel (Section 2.2.4.9) in 1xTBE buffer (Merck) at 120 V
for 50 min. PCR products were loaded alongside the GeneRuler 100 bp DNA Ladder
(Thermo Fisher Scientific). Detection was performed with the Bio-RAD® Gel Doc
Imager and the Image Lab™ software (Bio-Rad) (Section 2.2.4.9).
2.2.4.9 Agarose Gel Electrophoresis for PCR Products
Agarose gel electrophoresis is used to separate charged molecules (such as DNA) due
to their size through a porous gel under an electric current. Separation trough
electrophoresis was applied on PCR products to confirm the correct size.
Instructions on how to prepare an agarose gel is provided as follows with the example
of a 1.5% agarose gel: 1.5 g of agarose powder (Bioline) was dissolved in 100 ml
1xTBE and the solution was heated in a microwave for about 3 min until clearance of
the solution. 5 µl of SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific) was
added and swirled until evenly distributed. SYBR™ Safe intercalates into the DNA
and is fluorescent under ultraviolet (UV) light. The mix was casted into a gel mould
that already had the 25-toothed combs inserted. The gel was left to solidify for 30 min.
2.2.4.10 General Immunocytochemistry
Immunocytochemistry was performed as described in the following paragraphs. The
cells were washed three times with 1x PBS, incubated for 10 min with
4% paraformaldehyde and washed again in 1x PBS. Fixed cells were blocked for
30 min in blocking buffer (Section 2.1.1.2) and incubated with primary antibody
overnight at 4°C (Section 2.1.2). Cells were then rinsed three times with 1x PBS and
incubated with secondary antibody (Section 2.1.2) for 45 min at RT in the dark. After
secondary antibody binding, samples were washed two times with 1x PBS and
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incubated in the dark with DAPI (1 µg/ml) for 5 min. After washing with 1x PBS,
samples were stored at 4°C until further analysis. For the day 65 mDA neurons that
where seeded on LabTeck slides the LabTek case was removed after immunostaining
and the coverslip was mounted with ProLong Gold Antifade Mountant (Invitrogen).
Images were acquired with the Olympus IX71 inverted TC scope for the cell samples
of iPSCs, spontaneous in vitro differentiation of iPSCs, and day 11 mDA progenitors.
Images for the day 65 mDA neurons were taken with the multiphoton confocal
microscope (Zeiss LSM880). The quantification for the day 11 mDA progenitors and
the day 65 mDA neurons was performed for three independent experiments. For each
experiment three random fields were imaged and 1200 (progenitors) or 1800 (neurons)
randomly selected nuclei were counted.
2.2.4.11 Immunocytochemistry for Pluripotency Markers TRA-1-60, TRA-1-81,
NANOG and OCT4
Staining was performed for TRA-1-60, TRA-1-81, NANOG, and OCT4 as described
in Section 2.2.4.10.
2.2.4.12 Spontaneous Differentiation in vitro
iPSCs were harvested with TrypLE™, centrifuged for 5 min at 300 rpm and
resuspended in KOSR full medium (Section 2.1.1.5) without bFGF-2. Thiazovivin
(0.5 µM) was added. To form embryoid bodies (EBs), 2 x 106 cells were plated on a
2 cm no-adherent bacterial dish. Medium was changed on day two. On day 4 the EBs
were seeded into a 24-well plate for further differentiation. For mesodermal
differentiation, EBs were seeded onto 0.1% gelatin coated plates (Section 2.1.1.1), in
DMEM with 20% FBS (Section 2.1.1.6). Neuroectoderm and endoderm were derived
after plating EBs on Matrigel coated plates (Section 2.1.1.5) with KOSR full medium
(Section 2.1.1.5) without bFGF-2. Medium change was undertaken every second day.
On day 16 cells were fixed and stained for further analysis (Section 2.2.4.10). Samples
were stained for the detection of the endoderm related protein SOX17, the mesoderm
smooth muscle protein SMA, and the neuronal microtubule protein TUJ1.
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2.2.4.13 Epi-Pluri-Score
The Epi-Pluri-Score analysis was provided by the company Cygenia. gDNA was
extracted (Section 2.2.4.1). The Epi-Pluri-Score compares pluripotent with nonpluripotent cells and is based on the combination of DNA methylation levels at the
two CpG sites of ANKRD46 and C14orf115. 5 µl of gDNA with the concentration of
200 ng/µl were sent to the company Cygenia (Lenz et al. 2015).
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2.2.5

Differentiation of AADC iPSCs into dopaminergic midbrain Neurons

2.2.5.1 Differentiation Protocol
iPSCs were differentiated into midbrain dopaminergic neurons following a modified
version of a previously published protocol (Kirkeby, Nelander, and Parmar 2012)
(Figure 2-1).

Figure 2-1: Differentiation protocol for dopaminergic midbrain neurons.

On day 0 of differentiation, iPSCs were harvested with TrypLE™ as previously
described (Section 2.2.4.12), and resuspended onto non-adherent bacterial dishes, with
a concentration of 5 x105/cm2 in EB medium (Section 2.1.1.7). At day 2, the EB
medium was changed: EBs were collected and spun down for 1 min at 300 rpm, the
supernatant was aspirated, EBs resuspended in freshly prepared medium and re-seeded
on the same non-adherent bacterial dish. On day 4, EBs were spun down for 1 min at
300 rpm, resuspended in freshly prepared Neural Induction (ND) medium (Section
2.1.1.7) and plated on a Poly-L-ornithine, Fn/Lam coated plate (three wells of a 12well plate for a 6 cm dish and 6 wells of a 12-well plate for a 10 cm dish) (Section
2.2.5.2). Media was changed every other day. At day 6 SB431542 was withdrawn from
the ND medium. On day 9 cells were switched to the ND medium without
LDN193189, CHIR99021, SHH and Purmorphamine. On day 11 dopaminergic
progenitors were harvested and re-plated via drop plating (Section 2.2.5.3) for final
differentiation in FD medium (Section 2.1.1.7). At day 14 the medium was switched
to the Final Differentiation medium f (FDf) (Section 2.1.1.7). Cells were then re-plated
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after 30 days of differentiation onto dishes or Lab-Tek™ slides so the cells then further
matured into dopaminergic neurons.
2.2.5.2 Coating with Poly-L-ornithine and Fibronectin/ Laminin
Coating was performed as followed. Poly-L-ornithine (PO) (Sigma-Aldrich) was
diluted in 1x PBS to yield a final concentration of 15 µg/ml. The solution was then
added to wells and incubated at 37oC for 48-72 hours (i.e. 0.2 ml/cm2= 350 µl in a 24well plate and 700µl in a 12-well plate). After 48-72 hours, PO solution was aspirated,
and wells were washed three times in 1x PBS. Fibronectin/ Laminin (FN/Lam)
solution was prepared by diluting Fibronectin (Invitrogen) and Laminin (SigmaAldrich) in 1x PBS to a final concentration of 5 µg/ml. FN/Lam solution was added to
coated PO wells and incubate at 37oC for 48-72 hours.
2.2.5.3 Drop Plating for final Differentiation
FN/Lam coating was aspirated, and the plate left to dry open in a cell culture safety
cabinet. Cells were washed once with 1x PBS and incubated with 500 µl of Accumax
(Sigma-Aldrich) for 20 min at 37°C. The enzymatic reaction was stopped with KOSR
complete medium (Section 2.1.1.5) and cells were spun down at 300 rpm for 5 min.
The dopaminergic progenitors were plated with Final Differentiation medium (FD)
(Section 2.1.1.7) via drop plating (5-10 µl of cell suspension) of 15.000 cells per µl.
The cell drops were incubated for 1 h at 37°C and 1 ml of medium was added when
the cells attached to the plate. (Plated were 25 µl/well for a Lab-Tek™ slide and
100 µl/well for a 12-well plate).
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2.2.6

Characterisation of dopaminergic Neurons

2.2.6.1 Immunocytochemistry for the Expression of midbrain related Markers
in dopaminergic Progenitors
Immunocytochemistry for midbrain progenitor specific transcription factors Forkhead
Box Protein A2 (FOXA2) and Homeobox Transcription Factor 1 Alpha (LMX1A) was
performed as described in Section 2.2.4.10.
2.2.6.2 Expression of midbrain-related Genes in dopaminergic Progenitors with
Real-Time Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)
RNA was extracted (Section 2.2.4.4) and purified (Section 2.2.4.5), and cDNA was
generated (Section 2.2.4.6). The qRT-PCR primers for detection of midbrain-related
genes (FOXA2, EN1, EN2, LMX1A, and LMX1B) and pluripotency-related genes
(NANOG and OCT4) are listed in Section 2.1.5. cDNA was diluted 1:1 with NucleaseFree Water. Master mix was prepared with 10 µl of MESA BLUE qPCR 2X
MasterMix Plus for SYBR® Assay (Eurogentec) and 1 µl of primer mix (forward and
reverse). 9 µl of diluted cDNA and 11 µl of master mix were added to each well and
plates were centrifuged at 2000 rpm for 2 min. Targets were plotted in triplicates for
each sample. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
housekeeping gene in order to normalise cDNA sample levels. qRT-PCR was
performed with the StepOnePlus™ Real-Time PCR System (Applied Biosystems)
with the following protocol: denaturation at 95°C for 5 min, 40 x (denaturation at 95°C
for 15 s and annealing/extension at 60°C for 1 min). Gene expression was analysed
using the ΔΔCT method:
Δ𝐶𝑇 = 𝑀𝑇 target − 𝑀𝑇 GADPH
ΔΔ𝐶𝑇 = Δ𝐶𝑇 sample − Δ𝐶𝑇 control
Fold change (FC) = 2^ − (ΔΔ𝐶𝑇 )
The control for normalisation was either an iPSC line or an age-matched control mDA
neuronal line depending on the experiment.
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2.2.6.3 Immunocytochemistry for mature dopaminergic Neurons
Day 65 mDA neurons were stained for the neuronal marker microtubule-associated
protein 2 (MAP2), the dopaminergic marker tyrosine hydroxylase (TH), the
dopaminergic marker and affected protein in AADC deficiency Aromatic Amino Acid
Decarboxylase (AADC), the serotonergic marker Tryptophan Hydroxylase 2 (TPH2),
the G Protein-Activated Inward Rectifier Potassium Channel 2 (GIRK2), the neuronal
nuclei marker (NeuN) for mature neuronal cells, and the voltage-gated sodium channel
Nav1.1 (PanNav) for electrochemical properties (Section 2.2.4.10).
2.2.6.4 Immunoblotting
Protein Lysation followed by Protein Determination with the Bicinchoninic Acid
(BCA) assay
Cells were lysed and the total protein amount was measured of every sample. For the
protein extraction, 200 µl RIPA buffer (Sigma-Aldrich) containing Protease Inhibitor
Cocktail (1:10) was added. The pellet was resuspended, vortexed for 1 min, incubated
on ice for 30 min and centrifuged at 13.000 rpm for 15 min. The supernatant was
collected and used for the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).
In a 96-well plate 10 µl of sample and 7 separated prediluted protein standards and the
blank (H2O) were incubated for 30 min at 37°C with 200 µl of reagent mix A + B (B
is 1:50). The samples were measured with a multiplate reader at 555 nm.
Data analysis to determine the protein concentration x was undertaken with the linear
equation:
𝑦 =𝑚∗𝑥+𝑡

𝑥=

𝑦−𝑡
𝑚
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Western Blotting
10 µg of protein was loaded per well of a 4-20% Mini-PROTEAN® TGX™ Stain free
Protein Gel (Bio-Rad) together with 2.5 µl Laemmli Sample Buffer (Bio-Rad) and 2 µl
of 0.1 M Dithiothreitol (DTT) (Sigma-Aldrich).
Each sample mix consisted of 10 µg of protein together with 2.5 µl Laemmli Sample
Buffer (Bio-Rad) and 2 µl of 0.1 M Dithiothreitol (DTT) (Sigma-Aldrich). Samples
were vortexed, spun down and incubated for 5 min at 100°C. The protein mix was
loaded on a 4-20% Mini-PROTEAN® TGX™ Stain free Protein Gel (Bio-Rad).
Protein separation was obtained at 300 V and 400 mA for 15 min with the TGS1x
Running buffer (Section 2.1.1.3). The proteins from the gel were then blotted to the
Trans-Blot® Turbo™ Mini PVDF Transfer membrane with the Trans-Blot® Turbo™
Transfer System (Bio-Rad) at 25 V, 2.5 A for 3 min. The membrane was blocked in
5% milk (Section 2.1.1.3) for 1 h. Primary antibody (2.1.2) was incubated in 1% milk
(Section 2.1.1.3) overnight. The membrane was then washed 3 x for 10 min with TBST (Section 2.1.1.3), incubated with the secondary antibody (2.1.2) in 1% milk for 1 h,
and washed 3 times again. The membrane was visualised with SuperSignal™ West
Pico Chemiluminescent Substrate (Bio-Rad) and the Bio-RAD® Gel Doc Imager.
In order to detect more epitopes on the same membrane, stripping of previous
antibodies was performed with Restore™ Western Blot Stripping Buffer (Thermo
Fisher Scientific) followed by blocking in 5% milk (Section 2.1.1.3) for 1 h. The
house-keeping gene (GAPDH) was detected after incubation in 1% milk (Section
2.1.1.3) for 1 h, and washing 3 x for 10 min with TBS-T (Section 2.1.1.3). The blot
was visualised with SuperSignal™ West Pico Chemiluminescent Substrate (Bio-Rad)
and the Bio-RAD® Gel Doc Imager. Protein quantification was performed with the
software ImageJ.
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2.2.7

Electrophysiology

Whole cell patch clamp recordings and preliminary analysis were performed by
Eleonora Lugarà (UCL, Institute of Neurology, Department of Clinical and
Experimental Epilepsy). I generated and analysed the presented graphs. Representative
images of electrophysiological recordings have been kindly gifted by Eleonora Lugarà.
Figures were prepared by me.
Whole patch clamp with intracellular recordings was performed to record the action
potential waveform in mDA neurons. For the experiment the coverslips were
transferred into the chamber of an upright Olympus BX50WI microscope. Recordings
were performed at RT (23-25°C) in extracellular recoding solution. The coverslips
were visualised with a 40x objectives with infrared filters (Olympus) through a CCD
camera which was connected to a monitor. The mDA neurons were patched in voltage
clamp mode whereas cells were not used for experiments with a higher access
resistance than 25 MΩ. Liquid junction potentials were not corrected. The DIC
(differential interference contrast) system helped with the three-dimensional view of
the cells on the screen. The micropipettes used for the experiment were made of
borosilicate thin glass (4-6 MΩ, vertical puller Narishige PC-10, capillaries were
GC150T-4). The pipettes were filled with filtered cold K-gluconate solution for the
recordings. For the experiment the pipette was installed over an Axon Multiclamp
700B amplifier (Molecular Devices). The headstage (Axon-Instrument CV-7B) was
installed over a Luigs & Neumann micromanipulators (Mini25). The data were
generated at 10 kHz. Data were filtered at 2 kHz (Bessel filter) with WinEDR (John
Dempster, University of Strathclyde).
The whole patch clamp internal solution consisted of potassium gluconate (K-Glu).
The solution was prepared with 135 mM of potassium-gluconate, 4 mM of KCl,
10 mM of Hepes, 4 mM of Mg-ATP, 0.3 mM of Na-GTP, and 10 mM of Na2phosphocreatine. With a pH of 7.3 and mOsm of 291-295. The whole patch clamp
external solution consisted of a HEPES-aCSF solution. The solution was prepared with
125 mM of NaCl, 2.5 mM of KCl, 2 mM of MgCl2, 1.25 mM of KH2PO4, 2 mM of
CaCl2, 30 mM of glucose, and 25 mM of HEPES. With a pH of 7.4, adjusted with the
base NaOH.
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2.2.8

AADC Enzyme Activity Assay

The AADC enzyme assay was performed using the refined method of George F. G.
Allen from his PhD thesis “The neurochemical consequences of aromatic L-amino
acid decarboxylase deficiency” (Allen 2010) based on the previously published
method (Hyland and Clayton 1992). Each differentiation counted as one independent
experiment. From each differentiation one well of a 12-well plate was used for the
assay. The cells were washed with 1x PBS and harvested after incubation with 0.5 ml
Accumax for 20 min at 37°C. The enzymatic reaction was stopped with 1 ml of KOSR
complete medium (Section 2.1.1.5). Samples were then centrifuged at 500 rpm for
5 min at 4°C, washed with 1x PBS and centrifuged again. The pellet was resuspended
in 120 µl homogenation buffer (Section 2.1.1.4) and stored at – 80°C. Directly before
the assay, the cells were lysed by snap freezing them twice in liquid nitrogen, and
thawing out at RT. The BCA assay was performed to determine the total protein
amount per sample. Subsequently, samples were incubated with PLP (Sigma-Aldrich)
and L-dopa (Sigma-Aldrich). For every measurement, controls were provided: a blank
control consisting of no incubation condition, and a plasma blank consisting of buffer
but no biological sample. 50 µl of cell lysate were incubated with 25 µl of 70 µM PLP
in assay buffer (500 mM sodium phosphate pH 7.0, 0.167 mM EDTA, 39 mM
dithioerythritol) for 120 min at 37°C. 25 µl of 20 mM L-dopa (in 6 mM HCl) was
added and incubated for 20 min at 37°C. To stop the reaction 250 µl of 0.8 M
perchloric acid was added to the reaction mixture, incubated for 10 min at RT and
centrifuged at 12.000 rpm for 5 min at 4°C. The supernatant was transferred to a new
tube and stored at – 80°C until dopamine was measurement by HPLC (work flow
summary in Figure 2-2).
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Figure 2-2: Work flow for the AADC enzyme activity assay incubation.

Measurement and quantification of the dopamine concentration was kindly performed
by Dr Simon Pope (UCL Hospitals, National Hospital for Neurology and
Neurosurgery, Neurometabolic Unit). The mobile phase consisted of 50 mM sodium
phosphate with pH 3.6, 5 mM of octaensulfonic acid, 67 µM EDTA, 43 mM
orthophosphoric acid, and 230 ml/l methanol diluted in 18.2 Ω HPLC grade water.
200 µl of the sample, that was thawed at RT, was added to the autosampler and kept
at 4°C. At a flow rate of 1.2 ml/min and a column temperature of 25°C, 50 µl of sample
was injected. The sample was separated on a HiQSil C18W column of 250 x 4.6 mm
(KYA Tech. Corp. Tokyo, Japan). Coulometric electrochemical detection was used
for the measurement of dopamine. The electrodes E1 and E2 were set up the following
way: E1 as the screening electrode with 20 mV for oxidation. E2 as the detector
electrode with potentials of 350 mV. Dopamine quantification was performed with a
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dopamine standard of 1000 nM. Data was analysed with the AZUR Version 4.6
software. Dopamine was measured with the equation:
𝐷𝑜𝑝𝑎𝑚𝑖𝑛𝑒 𝑐𝑜𝑛𝑐 (𝑛𝑚𝑜𝑙/𝐿)
=

𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
∗ 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑐 (𝑛𝑚𝑜𝑙/𝐿)
𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

The AADC enzyme activity was calculated for the L-dopa decarboxylation as follows:
𝑓𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑜𝑛𝑐 (𝑝𝑚𝑜𝑙)
𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (min)
𝐴𝐴𝐷𝐶 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (m𝑔)

The AADC activity in cell homogenates is expressed as pmol/min/mg of protein.
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2.2.9

HPLC Measurements for Dopamine and Metabolites

HPLC analysis for dopamine and metabolites was performed in phenol free media
collected from iPSCs-derived mDA neurons after 65 days of differentiation. FDF+D
medium without the indicator phenol red was collected from seeded cells after
48 hours incubation: 400 µl of medium was added to 400 µl of ice-cold perchloric acid
(0.8 M) and the samples were incubated on ice for 10 min. Samples were then
centrifuged at 4°C for 5 min at 12.000 rpm, supernatant was collected and stored at 80°C until further analysis. Compound separation using HPLC was performed
following a previously published method (De la Fuente et al. 2017).
Quantification of the metabolites was kindly performed by Haya Alrashidi (UCL
GOS-ICH). Briefly, mobile phase was prepared in 18.2 Ω HPLC grade water to the
composition listed in Table 2-22.
Table 2-22: Composition of the mobile phase.

Components

Concentrations

Sodium acetate trihydrate

20 mM

Citric acid monohydrate

12.5 mM

EDTA disodium

0.1 mM

1-octanosulfonic acid

3.35 mM

Methanol

16%

pH (adjusted using concentrated HCl)

3.45

Flow rate was set at 1.5 ml/min and column temperature was maintained at 27°C.
Screening electrode (E1) was maintained at 50 mV while detector electrode (E2) at
400 mV. Volume of injection was kept at 50 µl. 500 nM external standard mixture
containing DOPAC, 3-OMD, and dopamine was prepared in 18.2 Ω HPLC grade
water and a few drops of concentrated HCl prior to experimental run.
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The following equation was used to calculate the unknown metabolites.

𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑚𝑜𝑙) =

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 (𝑠𝑎𝑚𝑝𝑙𝑒)
× 𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑚𝑜𝑙)
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 (𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

The concentration was then multiplied by the dilution factor 2 and divided by the total
protein (mg) to give a final concentration of pmol/mg protein.
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2.2.10 Gene Therapy Approach with the DDC Lentivirus
2.2.10.1 Generation of the DDC Expression Plasmid
All buffers, cells and restriction enzymes were kindly provided by Dr John Counsell
(UCL GOS-ICH) if not stated otherwise. All plasmids and viruses are listed in Section
2.1.4.
The DDC lentiviral expression plasmid (pCCL-hSYN-DDC-IRES-EGFP) was
developed by inserting the DDC human gene coding sequence into a previously
developed DAT plasmid (pCCL-hSYN-DAT-IRES-EGFP), in place of the human
DAT coding sequence. The DAT plasmid was initially propagated in competent
bacterial cells and the correct structure confirmed by restriction digest. The DAT
plasmid (pCCL-hSYN-DAT-IRES-EGFP) was kindly provided by Dr Joanne Ng
(UCL, Institute of Women’s Health, UCL), who also gifted the mock plasmid
construct expressing only GFP (pCCL-hSyn-EGFPv2).
DAT Plasmid Verification
Transformation, amplification, and purification of all plasmid constructs was
performed as described here. 50 ng of plasmid DNA was added to one vial of One
Shot™ TOP10 Chemically Competent E. coli bacteria (Thermo Fisher Scientific) and
incubated for 30 min on ice. After that, bacteria cells were heat shocked at 42°C for
30 s to allow uptake of plasmid DNA, before returning to ice for a further 5 min. Then,
500 µl of SOC Medium (Takara) was added to cells, which were then cultured at 37°C
for 1 h with agitation (200-225 rpm). After 1 h of incubation, 500 µl of the culture was
plated on a dry agar plate (Section 2.1.1.8), containing 50 µg/ml Kanamycin. The plate
was incubated at 37°C for 20 hours. Single bacterial colonies were picked and seeded
into 3 ml mini cultures of LB medium (Section 2.1.1.8) and incubated at 37°C while
shaking at 200-225 rpm over-night.
Plasmid DNA was extracted from the overnight miniprep cultures using a commercial
plasmid purification kit [Miniprep Kit (QIAGEN)]. Briefly, the method involves
alkaline lysis of bacterial cells, followed by clearance of the bacterial lysate, adsorption
of DNA onto the silica membrane, and washing and elution of plasmid DNA.
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1 ml of overnight culture was transferred to a 1.5 ml tube and centrifuged for 5 min at
6000 rpm. The supernatant was removed and 250 µl of the P1 resuspension buffer was
added to the pellet and lysed with 250 µl of P2 lysis buffer for 5 min at room RT before
neutralisation with 350 µl of N3 for a further 5 min at RT. The mix was finally
centrifuged for 10 min at 14000 rpm. Supernatant was then transferred into the
supplied spin column. The column was centrifuged for 1 min at 14000 rpm and the
flow-through was discarded. Columns were then washed with 750 µl of PE buffer
(which contains ethanol (EtOH), and removes salts), centrifuged again for 1 min at
14000 rpm, and the flow-through was discarded. After a second step of centrifugation
for 1 min at 14000 rpm (to remove any residual ethanol) to dry the column, DNA was
eluted with 50 µl of EB elution buffer, after centrifugation for 1 min at 14000 rpm.
The DNA concentration was measured with the UV-Vis spectrophotometer
NanoDrop™ 1000 in ng/µl.
Amplification of the correct construct was analysed after restriction enzyme digestion
of 1 µg of DNA.
The DAT plasmid (pCCL-hSYN-DAT-IRES-EGFP) was detected with 5 BamHI
(Thermo Fisher Scientific), which generates a 600 bp fragment of the DAT plasmid.
Table 2-23: Master mix for the digest of the DAT plasmid with the restriction enzyme 5 BamHI.

Constituent

Per sample (µl)

4x (µl)

Buffer (Anza red 10x) use 1:10

5

20

Enzyme 5 BamHI

2

8

H2O

33

132

40 µl of master mix was added for each sample to a new tube. Then 10 µl of DNA was
added and the mix was digested at 37°C for 45 min.
The gel was loaded with 10 µl of Quick-Load® 1 kb DNA Ladder, 30 µl of sample
and was run for 45 min at 110 V in 1xTBE buffer.
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Preparation of the DAT Plasmid for the DDC Gene Insertion
Digestion was performed to cut the DAT gene from the DAT plasmid. Therefore, two
restriction enzymes were used: SgrDI (Thermo Fisher Scientific) and 6 NheI (Thermo
Fisher Scientific).
Table 2-24: First digest master mix with the restriction enzyme SgrDI.

Constituent

Per sample (µl)

Buffer (Tango 10x) use 1:5 to get Tango 2x

5

Restriction enzyme SgrDI

2

H2O

3

For the first digest (Table 2-24) 20 µl of master mix was added for each sample to a
new tube. Then 10 µl of DNA (2 µg) was added (two samples) and digested at 37°C
for 45 min.
Table 2-25: Second digest master mix with the restriction enzyme 6 Nhel.

Constituent

Per sample (µl)

Buffer (Anza red 10x) use 1:10

5

Restriction enzyme 6 Nhel

2

H2O

13

For the second digest (Table 2-25) 20 µl of master mix was added to each sample from
the first digest (volume was now 50 µl in total). The second digest was performed at
37°C for 45 min.
A 0.7% agarose gel (Section 2.2.4.9) was casted with 50 ml 1xTBE and SYBR™ Safe.
The gel was run at 110 V for 45 min with the Quick-Load® 1 kb DNA Ladder. The
gel band was cut at 8.5 kb, which was the size of backbone plasmid. DNA was then
purified using the QIAquick Gel Extraction Kit (Qiagen). QG buffer was added to
solubilise the DNA in accordance to the gel weight in a radio 1:3. The gel was then
incubated for 10 min at 50°C. The sample was vortexed and then incubated for another
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3 min at 50°C. 110 µl of isopropanol was added for precipitation of the DNA. The mix
was then transferred to a spin column and centrifuged for 1 min at 13.000 rpm, the
flow through was discarded. 500 µl of QG buffer was added and centrifuged for 1 min
at 13.000 rpm to remove all traces of agarose, the flow through was discarded.
Afterwards, the sample was washed with 750 µl of PE buffer and centrifuged again
for 1 min at 13.000 rpm, flow through was discarded. The column was then transferred
into a new 1.5 ml tube, and 30 µl of pre-warmed elution Buffer EB was added. The
mix was incubated for 4 min at 50°C and centrifuged for 1 min at 13.000 rpm. The
DNA concentration was measured with the UV-Vis spectrophotometer NanoDrop™
1000.
Cloning of the DDC Gene and Transformation of the DDC Plasmid
The DDC sequence was designed by Dr John Counsell (UCL GOS-ICH). The DDC
synthetised DNA was resuspended in 20 µl H2O for a concentration of 50 µg/µl and
incubated for 5 min at RT. Then 4 µl of DDC DNA was mixed in a PCR tube with
4 µl of the empty plasmid and 2 µl of the 5x In-Fusion ® HD Enzyme (Takara). The
PCR was performed for 15 min at 50°C and incubated on ice for 2 min afterwards.
The DDC plasmid was transformed, purified and analysed as described above.
Amplification of the construct was obtained after dilution 1:10 of the bacterial culture
in LB medium with Kanamycin (50 µg/ml). A stock of the DDC plasmid bacterial
culture was frozen down in 20% glycerol and stored at -80°C.
DNA was then extracted with the PureLink™ HiPure Plasmid Filter Maxiprep Kit and
the PureLink™ HiPure Precipitator Module (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Previous, the following buffers were warmed up in
the water bath: E4, L7, and TE. The Filtration Cartridge was inserted into the
PureLink® HiPure Maxi Column. The column was then equilibrated with 30 ml of
Equilibration Buffer EQ1. The LB culture was centrifuged for 10 min at 4000 rpm and
the medium was removed. The cell pellet was resuspended in 10 ml Resuspension
Buffer R3. Afterwards the cells were lysed with 10 ml of Lysis Buffer L7 and
incubated for 5 min at RT. Precipitation was performed with 10 ml of Precipitation
Buffer N3. The DNA was washed with 50 ml of Wash Buffer W8 and the flow through
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was discarded. A sterile 50 ml centrifuge tube was placed under the HiPure Filter
Column and the plasmid DNA was eluted with 15 ml of Elution Buffer E4. The
precipitation of DNA was performed with the PureLink™ HiPure Precipitator Module
according to the manufacturer’s instructions. 10.5 ml of isopropanol was added to the
eluate and incubated for 2 min at RT. The DNA mix was added to the syringe, pressed
through, and the flow-through was discarded. The DNA was washed with 5 ml of
70% ethanol, eluted with 750 µl of TE buffer, and stored at -20°C.
2.2.10.2 Plasmid Sequencing
The plasmid’s sequences were verified by Dr Katy Barwick (Genetics Research
Associate from Kurian group, UCL GOS-ICH). Dideoxy sequencing (Section 2.2.4.2)
was undertaken to confirm the presence of the human synapsin (hSYN) gene promoter
and the EGFP reporter gene in both vectors, as well as the presence of DDC gene in
the DDC plasmid (pCCL-hSYN-DDC-IRES-EGFP), and its absence in the mock
plasmid (pCCL-hSYN-EGFPv2JN).
Figure 2-3 and Figure 2-4 show schematic representations of the DDC and mock
plasmid, which were utilised for the lentivirus generation for in vitro gene transfer.
Both vectors contain the hSYN promoter, however only the DDC plasmid contains the
desired human DDC gene (hDDC) and the Internal Ribosome Entry Site sequence
(IRES). Both vectors express the reporter gene EGFP. The constructs are not drawn
to scale.

Figure 2-3: Mock plasmid map (pCCL-hSYN-EGFPv2JN).
CMV= human cytomegalovirus immediate early promoter, 5’LTR= truncated 5’ long terminal repeat,
ψ= packaging signal, RRE= Rev response element, cPPT= central polypurine tract, hSYN= human
synapsin promoter, EGFP= enhanced green fluorescent protein, WPRE= woodchuck hepatitis virus
posttranscriptional regulatory element, 3’LTR ΔU3= self-inactivating 3’long terminal repeat, SV40pA=
simian virus 40 polyadenylation signal, NeoR/KanR= neomycin and kanamycin antibiotic resistance.
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Figure 2-4: DDC plasmid map (pCCL-hSYN-DDC-IRES-EGFP).
Same as the mock plasmid (Figure 2-3) with the addition of hDDC= human DDC gene, and IRES=
Internal Ribosome Entry Site sequence.

2.2.10.3 Lentivirus Production
The DNA mix was prepared with 40 μg transgene plasmid, 30 μg of the lentiviral
packaging plasmid pCMVR8.74 (1 μg/μl; Addgene) and 10 μg of envelope expressing
plasmid pMD2.G (1 μg/μl; Addgene). 5 ml Opti-MEM I medium (Gibco®) was added
to the DNA mix and filtered through a 0.22 μm pore size membrane filter with
hydrophilic polyethersulfone (PES) (Millipore), mixed with a filtered solution 1:20 of
Opti-MEM I medium and 10 mM polyethylenimine (PEI) (Sigma-Aldrich). The mix
was incubated for 20 min at RT. 1.8 x 107 HEK 293T cells, maintained in DMEM high
glucose pyruvate (Gibco®), 10% FBS, and 1:100 Penicillin-Streptomycin, were
infected with 10 ml of the DNA-PEI mix and incubated for 4 hours in the incubator at
37°C. After 4 hours medium was collected from the cells and centrifuged at 500 rpm
for 5 min to remove dead cells. The supernatant was filtered through a 0.22 μm filter
(Millipore) and centrifuged at 4600 rpm and 4°C for 21 hours. Supernatant was then
disposed, and the 50 ml tube was dried upside-down on a dry paper towel. 50 μl of
Opti-MEM I medium was added to the tube and incubated on ice for 60 min. The pellet
was resuspended in the medium and stored in aliquots at -80°C.
Lentiviral Vector Titration by qPCR
In order to dose viral vectors by multiplicity of infection (MOI), vector titres were
quantified by transducing HEK 293T cells and quantifying the total number of
integrated genomes per cell. HEK 293T cells were seeded into 6-well plates at a
density of 1 x 105 cells per well, before administering a dose escalation of viral vector.
Table 2-26: Transduction volumes of the 1 x 105 HEK 293T cells per well with lentivirus.

50 μl

10 μl

2 μl

0.4 μl
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0.08 μl

No virus

The integrated vector copy number (VCN) in the HEK 293T cells was then quantified
by a previously validated qPCR assay (Vink et al. 2017). Seven days after transduction,
gDNA was extracted from the cells using the commercial kit DNeasy Blood & Tissue
Kit (Section 2.2.4.1), according to the manufacturer’s protocol. gDNA sample
concentrations were adjusted to 20 ng/µl and a plasmid standard curve was prepared
in a 10-fold dilution series, ranging from 1 x 102 to 1 x 107 copies per 5 µl. The
standard plasmid for LV titration (pMKRQ BTW2R) was kindly gifted by Dr. Conrad
Vink (UCL). The reaction master mix for the genomic target (virus genome), was
prepared as summarised in Table 2-27 using the TaqMan® Universal PCR Master
Mix (Applied Biosystems).
Table 2-27: The reaction master mix for the genomic target (virus genome).

Constituent

Volume (µl) per 25 µl reaction

H2O

6.99

TaqMan® Universal PCR Master Mix

12.5

Forward oligo

0.23

Reverse oligo

0.23

Probe

0.06

20 µl of the reaction master mix was added to each well, before adding 5 µl of the
relevant samples/standards and mixing by pipetting.
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The calculation was performed as followed:
1. Titre calculation with the standard curve and the equation from Ct
𝑦 =𝑚∗𝑥+𝑡
Assuming 15200 human genome copies per 100 ng DNA
𝑥

2. Viral copy number per cell (VCN) = 15200
iu

3. Titer (ml) =

𝑉𝐶𝑁∗𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 µ𝑙 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛
1000 (𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 µ𝑙 𝑡𝑜 𝑚𝑙)

=

𝑉𝐶𝑁∗100000
10
1000

(iu= infectious unit)
4. Calculation MOI
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
∗ 1000 ∗ MOI = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑖𝑟𝑢𝑠 𝑓𝑜𝑟 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 [µ𝑙]
𝑖𝑢
𝑣𝑖𝑟𝑢𝑠 𝑡𝑖𝑡𝑟𝑒 [ ]
𝑚𝑙
Assuming: 15.000/µl while drop plating, drop 100 µl ->1.5x10ˆ6 cells
1.5 ∗ 10ˆ6
∗ 1000 ∗ MOI = 𝑥 [µ𝑙]
𝑖𝑢
𝑡𝑖𝑡𝑒𝑟 [ ]
𝑚𝑙
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Validation of Lentivirus Infection via Immunoblotting for AADC Protein
In order to assure the DDC plasmid was successfully built into the viral particle
immunoblotting was performed to show AADC protein expression. Therefore,
HEK 293T cells were seeded into 6-well plates at a density of 1 x 105 cells per well,
before administering a dose escalation of viral vector.
Table 2-28: Transduction volumes of the 1 x 105 HEK 293T cells per well with lentivirus.

50 μl

10 μl

2 μl

0.4 μl

0.08 μl

No virus

Seven days after transduction, protein was extracted from the cells, quantified and
immunoblotting for the AADC protein was performed (Section 2.2.6.4). The presence
of the AADC band confirmed the presence of the DDC gene in the virus.
Lentivirus Infection of mDA Neurons to determine the right Multiplicity of
Infection (MOI)
mDA neurons on day 28 of differentiation of a 12-well plate were infected with a MOI
of 10, 5 and 1 for both viruses pCCL-hSYN-DDC-IRES-EGFP, and the pCCL-hSYNEGFPv2 virus. The appropriate amount of virus was added for each MOI (Table 2-29)
to 500 μl of FDF medium (Section 2.1.1.7). After 2 hours of incubation at 37°C
medium was removed and fresh FDF medium was added to the cells.
Table 2-29: Set up of a 12-well plate with both viruses and three different MOIs (10, 5, and 1).

MOI 10

MOI 5

MOI 1

DDC lentivirus

16.31 µl

8.16 µl

4.08 µl

Mock lentivirus

13.84 µl

6.92 µl

3.46 µl

Three days after infection the cells were analysed with a bright field microscope to
determine level of toxicity at different MOIs. To confirm GFP expression cells were
analysed with the fluorescent microscope. A MOI of 5 was considered as the best
condition for further experiments.
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Treatment of AADC mDA Neurons with Lentivirus
AADC patient-derived mDA neurons were infected at day 28 of differentiation.
Lentivirus was resuspended in 500 µl of FDF medium at a MOI of 5. After two hours
of incubation in the 37°C incubator the virus medium was discarded, and the cells were
fed with 1 ml of fresh FDF medium. mDA neurons were matured following the
differentiation protocol (Section 2.2.5.1) and harvested at day 65 for further analysis.
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2.2.11 Statistical Analysis
Statistical analysis was performed using the GraphPad Prism V. 6.01 software. The
samples were compared using the Student’s unpaired two tailed t-test or using the
ordinary one-way ANOVA test. Means are represented by the longer horizontal bars
and error bars represent SEM.
Significance levels are determined through p-values. On graphs the p-values are shown
with asterisks. One asterisk (*) represents p-values between 0.05 and 0.01. Two
asterisks (**) represent p-values between 0.01 and 0.001. Three asterisks (***)
represent p-values less than 0.001. Non-significance (ns) indicates a p-value greater
than 0.05.
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Chapter 3
Generation and Characterisation of AADC
patient-derived Induced Pluripotent Stem
Cells
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3.3

Introduction

The first step towards creating a neuronal model of AADC deficiency involves the
generation of induced pluripotent stem cells (iPSC) for subsequent midbrain
dopaminergic differentiation. In the following chapter, I will describe how patient
human dermal fibroblasts (HDF) were reprogrammed into iPSCs.
3.4

Hypothesis

iPSCs can be generated from HDFs isolated from patients with AADC deficiency.
3.5

Aims
1

To reprogram HDFs from patients into iPSCs

2. To confirm genomic integrity of patient and control iPSC lines after the
reprogramming process
3. To confirm the presence of the original DDC mutations in patient iPSC lines
4. To prove clearance of the reprogramming virus in all iPSC lines
5. To prove true pluripotency in all iPSC lines
3.6

Results

3.6.1 Generation of iPSCs from Patient HDFs
3.6.1.1 Sendai Virus Reprogramming of Patient HDFs into iPSCs
As discussed in Chapter 1, there are now a variety of different reprogramming
techniques for generating human induced pluripotent stem cells (hiPSCs) from somatic
cells (1.4.1). In this project, I utilised the CytoTune™-iPS 2.0 Sendai Reprogramming
Kit to generate iPSCs from human fibroblasts, as this was the method that had been
already established in my host laboratory (2.2.3).
The reprogramming process was undertaken with HDFs derived from two AADC
patients (Patient 1 and Patient 2). After 30 days post Sendai Virus infection, the
infected fibroblasts developed into iPSC colonies. At day 34 post-infection (Figure
3-1), the iPSC colonies were manually picked. Overall, 14 colonies were picked for
each patient line. The age-matched control lines used in this project were previously
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reprogrammed and fully characterised by my secondary supervisor, Dr Serena Barral,
UCL Great Ormond Street Institute of Child Health (UCL GOS-ICH). Control lines
(Control-03 and Control-05) were thawed, cleaned, and expanded. Ten vials were
frozen for the further use.

Figure 3-1: iPSC colonies at day 34 after infection with Sendai Virus.
Representative images from Patient 1 and Patient 2, with iPSC colonies on mouse embryonic
fibroblasts. Examples of iPSC colonies are marked in green, and differentiated cells are marked in red
circles.

As seen in Figure 3-1, colonies consist of areas with both differentiated cells and
iPSCs. iPSCs are commonly found at distinct borders of the colonies, and present with
characteristic epithelial morphology: round shape, little cytoplasm and densely
packed. In contrast to iPSCs, differentiated cells show morphology that is more
complex, are bigger in size, and present a more uneven pattern within the colony.
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3.6.1.2 iPSCs in Cell Culture: iPSCs on a Mouse Embryonic Fibroblast (MEF)
Feeder Layer
A MEF feeder layer is commonly utilised to maintain the iPSCs in an undifferentiated
pluripotent state as they secrete bFGF that is essential for the pluripotent state.
Therefore, the newly generated iPSCs were initially expanded on MEF layer to
promote strengthening of pluripotency. After successful manual picking of iPSC
colonies, the cells were cultured on a MEF feeder layer (Figure 3-2).

Figure 3-2: iPSC lines on MEF cells.
Representative iPSC lines from Patient 1 at passage 7 and Patient 2 at passage 4. Characteristically, the
iPSCs on MEF grow in colonies. Examples of iPSC colonies are marked in purple and MEF cells in
yellow circles.

iPSCs were then cultured for around 13 to 17 passages on the MEF feeder layer. From
the 14 clones initially picked for each patient, 5 lines for Patient 1 and 6 lines for
Patient 2 (4 vials each) were frozen and stored in liquid nitrogen. In tandem, 3 out of
the 5 iPSCs lines per patient were transferred for further culture on Matrigel without a
feeder layer.
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3.6.1.3 iPSCs in Cell Culture: iPSCs on a Matrigel feeder-free System
I utilised Matrigel as a feeder-free culture system for further maintenance of my iPSC
lines. Three lines per patient were converted to Matrigel. Patient 1 (lines Patient 1-04,
Patient 1-07, Patient 1-10) and Patient 2 (lines Patient 2-01, Patient 2-02, Patient 206). These three lines from each patient line were expanded into 18 wells, and 14 vials
were frozen for further use at passage 19-30. Pellets for each line were collected for
mRNA and DNA extraction.
3.6.2

Characterisation of the AADC iPSCs

Once the iPSCs were successfully cultured on Matrigel and were approximately
passage 25, they are expected to be fully reprogrammed. I therefore undertook iPSC
characterisation experiments to demonstrate maintenance of the DDC mutations,
clearance of Sendai Virus, conservation of genome integrity, and to confirm true
pluripotency.
3.6.2.1 Sanger Sequencing for DDC Mutations
Genomic DNA (gDNA) was extracted from the control and both patient iPSC lines as
described in Section 2.2.4.1. Sanger sequencing of gDNA (Section 2.2.4.2) was
undertaken to show maintenance of the DDC mutations from the HDFs to the
reprogrammed iPSC stage in patient lines, and to confirm that the control iPSC lines
did not have any pathogenic DDC variants. Primer design and sequence analysis was
kindly performed by Dr Katy Barwick (Genetics Research Associate from Prof
Kurian’s group, UCL GOS-ICH).
Bi-allelic recessive mutations in DDC were confirmed in all patient iPSC lines.
Patient 1 was previously reported to carry a homozygous missense mutation
NM_001082971: c.1039C>G; NP_001076440: p.Arg347Gly (GRCh37) in exon 11,
as called by Alamut® Visual (v2.11) software (Figure 3-3) (Montioli et al. 2016).
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Figure 3-3: Sequencing chromatogram for Patient 1 mutation c.1039C>G; p.Arg347Gly in exon
11.
Sequencing chromatogram for Patient 1. Sequencing chromatograms from the Control-05 iPSC line
(top), Patient 1-04 iPSC line (middle), and Patient 1 HDF line (bottom) are illustrated. The DDC
mutation is highlighted in the blue rectangle. The base change from C (wild type) to G (mutant) is
highlighted by the blue box.

As expected, the previously reported homozygous DDC mutation was evident in
Patient 1’s HDF cells, and clearly conserved after reprogramming in the Patient 1-04
iPSC line.
For Patient 2, the previously reported compound heterozygous DDC mutations in the
literature were a non-sense mutation in exon 2 causing a premature stop codon and a
missense mutation p.Leu408Isoleu in exon 11 (Pons et al. 2004). The variant c.19C>T;
p.Arg7* in exon 2 (non-sense mutation causing a premature stop codon) was detected
in the HDF lines from Patient 2 (Figure 3-5). However, the second reported mutation,
which is a missense mutation p.Leu408Isoleu, was not detected on repeated
sequencing. Complete sequencing of the DDC gene was therefore undertaken to try
and identify the true second pathogenic change. A missense variant was detected,
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NM_001082971: c.299G>C; NP_001076440: p.Cys100Ser (GRCh37) in exon 3, as
called by Alamut® Visual (v2.11) software (Figure 3-5). In silico analysis of this
variant using Alamut software revealed that this missense substitution was classified
as a variant of uncertain significance, which has not been previously reported in AADC
deficiency, was rarely reported in the heterozygous state in gnomAD (frequency
0.00041%) and was never reported in the homozygous state. The missense substitution
occurs in an amino acid that is highly conserved across species (Figure 3-4; Alamut®
Visual 2.11 software).

Figure 3-4: The amino acid Cys100 in the AADC protein is highly conserved across species
(marked in the red box).

The missense substitution is located close to a key domain of the DDC protein. Giada
Rossignoli used the PyMol software to investigate the Cys100 position in the AADC
protein structure (Section 1.3.3, Figure 1-11). The missense substitution Cys100 is
located in a residue in close proximity to the substrate-binding domain of the AADC
protein. The mutation p.Cys100Ser could alter the substrate-binding cleft
conformation and could consequently decrease the affinity of the AADC enzyme for
its substrates. A number of prediction programs including Polyphen (score 0.958) and
Mutation Taster (p value 1.0) support pathogenicity of this variant. Subsequently,
lymphocytic DNA was taken from Patient 2 and their family for confirmatory testing
and segregation analysis. This revealed that the variant segregated appropriately with
disease status. Patient 2’s lymphocytic-derived DNA showed both c.19C>T and
c.299G>C. The father was an obligate heterozygous carrier of c.299G>C and it was
not detected in the mother. No other DDC variants were detected on whole gene
screening. Overall, it was felt that c.299G>C was likely to be the second diseasecausing variant for Patient 2.
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Figure 3-5: Sequence chromatograms for Patient 2 mutations: point mutation c.19C>T, p.Arg7*
in exon 2 and missense mutation c.299G>C, p.Cys100Ser in exon 3.
Sequencing chromatogram from the Control-05 iPSC line (top), Patient 2 iPSC line (middle), and the
Patient 2 HDF line (bottom) are presented. DDC mutations are highlighted in the blue rectangle. On the
left, both HDF and iPSC lines show the heterozygous change C (blue peak) to T (red peak). On the
right, both HDF and iPSC lines manifest the heterozygous change G (black peak) to C (blue peak).

Again, the mutations from Patient 2 HDF line were conserved after reprogramming
into iPSCs.
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3.6.2.2 Analysis for Genomic Integrity using Single-Nucleotide Polymorphism
(SNP) array
Confirmation of genomic integrity is essential to allow utilisation of iPSC lines for
downstream experiments. In 2010, it was reported that human induced hiPSCs are at
high risk of chromosomal aberrations. Such acquired deletions and duplications may
have significant effects on gene expression, protein expression and differentiation
potential, rendering them unusable for subsequent differentiation and disease
modelling (Mayshar et al. 2010). In this project, I used a genome-wide SNP array to
determine genome stability, specifically to look for structural variations in the human
genome that may have occurred during the re-programming process. The Infinium™
HumanCytoSNP-12 v2.1 BeadChip array from Illumina was performed by UCL
genomics. I analysed the raw data provided in IDAT files using Bluefuse Multi
software (Illumina).
Three iPSC lines from each patient that were previously transferred to Matrigel were
tested for genomic integrity (Patient 1-04, Patient 1-07, Patient 1-10, Patient 2-01,
Patient 2-02, Patient 2-06). iPSC control lines Control-03 and Control-05 were also
included with their respective HDF Control line.
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Figure 3-6: Results of SNP array analysis in iPSC lines. Karyograms from previously
characterised control lines and newly characterised AADC deficiency patient lines.
Results from both dermal fibroblasts and their respective derived iPSC lines are shown. Control:
Control-03 and Control-05 iPSCs from the Control HDF line. Patient 1: Patient 1-04, Patient 1-10, and
Patient 1-07 iPSCs from the Patient 1 HDF line. Patient 2: Patient 2-01, Patient 2-06, and Patient 2-02
iPSCs from the Patient 2 HDF line. Excluded iPSC lines due to chromosomal aberrations are marked
in red (Patient 1-07 and Patient 2-02 lines). Regions of blue shading on chromosomes represent regions
of SNP homozygosity.

SNP array studies therefore confirmed that for the control line, the derived iPSC lines
(Control-03 and Control-05) show genome integrity when compared to their HDF
Control line. iPSC lines Patient 1-4 and Patient 1-10 had no chromosomal
abnormalities when compared to their respective HDF line. However, Patient 1-07
showed a 81 Mb deletion on chromosome 17 and a 35.1 Mb deletion on chromosome
22 (both pathogenic). This iPSC line was therefore excluded from downstream
experiments. Patient 2 iPSC lines, Patient 2-01 and Patient 2-06 showed genome
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integrity when compared to their respective HDF line. In contrast, the iPSC line Patient
2-02 had acquired a gain of 32.7 Mb on chromosome 20 and was also therefore
excluded from further experiments.
All lines that showed genomic integrity after the re-programming process (Patient 104, Patient 1-10, Patient 2-01, Patient 2-06, Control-03, Control-05) were then further
characterised for markers of pluripotency.
3.6.2.3 Sendai Virus Clearance
In order to confirm that Sendai Virus (SeV) was cleared from host cells after
reprogramming, reverse transcription polymerase chain reaction (RT-PCR) was
undertaken to detect SeV genome and transgenes (SeV, Klf4, OCT4, c-MYC, SOX2).
RT-PCR primers were those provided with the Sendai Virus kit. Results are presented
in Figure 3-7 below.

Figure 3-7: Silencing of transgenic Sendai Virus genes.
RT-PCR for detection of SeV-specific transcription factors (OCT4, SOX2, KLF4, c-MYC) and the
generically expressed housekeeping gene (GAPDH) in patient lines, control lines, Sendai Virus
(positive control) and human embryonic stem cells H9 (negative control).
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Figure 3-7 shows results of RT-PCR analysis for detection of transgenes delivered
using SeV vector SeV OCT4, SeV SOX2, SeV KLF4, SeV c-MYC, and the housekeeping
gene GAPDH. The following cell lines were tested: Patient 1-04, Patient 1-10, Patient
2-01, Patient 2-06, Control-03, and Control-05. A positive control (Sendai Virus DNA)
and human embryonic cell line H9 (negative control) were also included in the
analysis. A PCR product for GAPDH was seen in all cell lines. Transgenes expressed
in SeV vector were present in the control Sendai Virus DNA sample, but not detected
in any of the iPSC or embryonic stem cell lines.
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3.6.2.4 Expression of pluripotency markers
RT-PCR was utilised to determine expression of the endogenous pluripotency-related
transcription factors OCT4, SOX2, c-MYC, NANOG, and ESG1. DNA samples
analysed included HDF (negative control), human embryonic stem cells H9 (positive
control), Patient 1-04, Patient 1-10, Patient 2-01, Patient 2-06, and two control iPSC
lines (Control-03 and Control-05). All patient and control iPSC lines, and the human
embryonic stem cell H9 line showed expression of all 5 pluripotency-related
transcription factors tested, which were not detected in the HDF line. All tested lines
showed PCR product for GAPDH.

Figure 3-8: RT-PCR for detection of 5 pluripotency markers and the housekeeping gene GAPDH
in HDF, H9 and the generated patient and control iPSCs.
RT-PCR for detection of pluripotency genes (OCT4, c-MYC, NANOG, ESG1) and the generically
expressed housekeeping gene (GAPDH) in human dermal fibroblasts HDF (negative control), human
embryonic stem cells H9 (positive control), in patient lines, and control lines.
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3.6.2.5 Expression of pluripotency markers with immunocytochemistry
I also utilised immunofluorescence to assess pluripotency in the iPSC lines. Staining
for 4 pluripotency-associated makers (TRA-1-60, TRA-1-81, NANOG, and OCT4)
was undertaken.
As seen in Figure 3-9, all iPSC lines expressed the 4 pluripotency-associated markers.

149

150
Figure 3-9: Immunofluorescence staining for pluripotency markers TRA1-81, NANOG, TRA-1-60, and OCT4 in derived iPSC control lines (Control-03 and
Control-05), Patient 1 lines (Patient 1-04 and Patient 1-10) and Patient 2 lines (Patient 2-01 and Patient 2-06).
The markers TRA 1-81, NANOG and OCT4 are shown in green, TRA 1-60 is shown in red. Expression of all 4 markers is seen in all iPSC lines. Scale bar=200 µm.

3.6.2.6 Spontaneous differentiation in vitro
Spontaneous in vitro differentiation was undertaken to determine whether the
generated iPSC lines had the ability differentiate derivate of the three germ layers
(endoderm, mesoderm, and ectoderm) that give rise to specific tissue lineages. For all
iPSC lines, embryoid bodies based spontaneous differentiation was performed, with
16 days of culture and subsequent immunofluorescent staining. All derived patient and
control iPSC lines were stained for the endodermal marker, SOX17 (transcription
factor of the SOX family), mesodermal marker alpha smooth muscle actin (SMA), and
ectodermal marker neuronal class III β-tubulin (TUJ1). As seen in Figure 3-10, all 6
iPSC lines expressed markers from all three germ layers.
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Figure 3-10: Immunofluorescence staining for SOX17 (endoderm, green), TUJ1 (ectoderm, green), and SMA (mesoderm, red) in derived iPSC control lines (Control03 and Control-05), Patient 1 lines (Patient 1-04 and Patient 1-10), and Patient 2 derived lines (Patient 2-01 and Patient 2-06).
Nuclei were stained for DAPI (blue). Scale bar= 100 µm.

3.6.2.7 Epi-Pluri-Score Test
Epi-Pluri-Score analysis was undertaken for all iPSC lines. This commercially
available test (Cygenia) distinguishes between pluripotent and non-pluripotent cell
lines, based on differential DNA methylation of CpG sites (CpGs). DNA methylation
(DNAm) levels (β-values) at three CpGs are measured by pyrosequencing assays. Two
CpGs within the genes ANKRD46 (methylated in pluripotent cells) and C14orf115
(non-methylated in pluripotent cells). The Epi-Pluri-Score is a measure of the
difference between these two β-values. A positive Epi-Pluri-Score indicates a trend
towards pluripotency. The third CpG site checked for DNA methylation is within the
pluripotency gene POU5F1 (OCT4), with graded β-values increasing from 0 to 1.0
with reduced pluripotency. Methylation within POU5F1 may demarcate early
differentiation events (Lenz et al. 2015).
The Epi-Pluri-Score test was undertaken for all control and patient iPSC lines.

Figure 3-11: Epi-Pluri-Score analysis.
Epi-Pluri-Score analysis was performed for control lines (Control-03=HDF730103 and Control05=HDF730105), Patient 1 lines (Patient 1-04=AADC 1-4 and Patient 1-10=AADC 1-10), and Patient
2 derived lines (Patient 2-01=AADC 2-1 and Patient 2-06=AADC 2-6).
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As illustrated in Figure 3-11, the red cloud shows DNA methylation profiles of 264
pluripotent samples. The blue cloud demonstrates DNA methylation profiles of 1,951
non-pluripotent somatic samples. The methylation profile of all 6 iPSC lines were
located in the red cloud, providing further evidence for pluripotency of the control and
patient lines.
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3.7

Summary

In this chapter, I have described the generation of iPSC lines from patients with AADC
deficiency using Sendai Virus methodology. Detailed characterisation of these patientderived iPSCs and previously generated control iPSCs was also undertaken. As a
result, I was able to confirm genomic integrity after the re-programming process,
demonstrate Sendai Virus clearance, and true pluripotency. This work has thus
confirmed that these iPSC lines are suitable for differentiation into midbrain
dopaminergic neurons.
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Chapter 4
Differentiation and Characterisation of
midbrain dopaminergic Neurons
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4.1

Introduction

This chapter will focus on differentiation of iPSC lines into midbrain dopaminergic
neurons (mDA) and subsequent characterisation of the mDA phenotype in control and
AADC patient derived neurons. Overall, 6 iPSC lines were utilised for neuronal
differentiation: two control iPSC lines (Control-03 and Control-05), two iPSC lines
from Patient 1 (Patient 1-04 and Patient 1-10), and two iPSC lines from Patient 2
(Patient 2-01 and Patient 2-06). iPSC lines were differentiated into midbrain
dopaminergic neurons and characterised at both midbrain progenitor stage (day 11 of
differentiation) and at mature dopaminergic (day 65) stage (Figure 4-1). All lines were
differentiated following a modified version of the Kirkeby protocol (Kirkeby,
Nelander, et al. 2012). In order to further characterise maturation of the derived mDA
neurons, one iPSC line for Control (Control-05), Patient 1 (Patient 1-04) and Patient 2
(Patient 2-01) were selected.

Figure 4-1: Timeline for generation of mDA neurons.
Graphical representation illustrating the time course for neuronal differentiation and points of analysis
as follows: day 0 embryonic bodies; day 11 mDA progenitor characterisation; day 65 derived mature
mDA characterisation.

4.2

Hypothesis

mDA neurons differentiated from AADC deficiency patient-derived iPSCs can be
differentiated into mDA dopaminergic neurons.
4.3

Aims
1. To differentiate and characterise midbrain progenitors (day 11 of
differentiation) derived from control iPSC lines (Control-03, Control-05) and
patient iPSC lines (Patient 1-04, Patient 1-10, and Patient 2-01, Patient 2-06)
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2. To differentiate and characterise mature midbrain dopaminergic neurons (day
65 of differentiation) from the three selected iPSC lines (Control-05, Patient 104, and Patient 2-01)
4.4
4.4.1

Results
Characterisation of neuronal Progenitors

4.4.1.1 In vitro derived Control and Patient midbrain Progenitors show UpRegulation of midbrain-related Genes and Down-Regulation of
pluripotency related Genes
Midbrain progenitors from control (Control-03 and Control-05) and patient (Patient 104 and Patient 1-10; Patient 2-01 and Patient 2-06) lines were analysed after 11 days
of differentiation via Real-Time Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR) as described (Section 2.2.6.2). In order to ensure desired
differentiation through midbrain lineage, I analysed the expression of pluripotencyassociated genes (OCT4 and NANOG) as well as transcription factors associated with
midbrain progenitor identity (FOXA2, LMX1A, LMX1B, EN1, and EN2). Both control
and patient-derived midbrain progenitors show down-regulation of pluripotencyrelated genes and upregulation of midbrain related genes (Figure 4-2).
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Figure 4-2: qRT-PCR analysis at day 11 of differentiation.
qRT-PCR results for control (Control-03 and Control-05) and patient-derived (Patient 1-04 and Patient
1-10; Patient 2-01 and Patient 2-06) midbrain precursors. Gene expression is relative to the
housekeeping gene (GAPDH) and normalised to the respective iPSCs line.
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4.4.1.2 Both control and patient-derived mDA Progenitors show early Midbrain
Identity with co-localisation of FOXA2 and LMX1A
It is well established that Forkhead Box A2 (FOXA2) expression indicates floor plate
identity and LIM Homeobox Transcription Factor 1 Alpha (LMX1A) expression
indicates ventral midbrain identity. The co-localisation of FOXA2 and LMX1A is
therefore suggestive of midbrain floor plate identity (Arenas et al. 2015).
Immunocytochemistry was undertaken to detect co-expression of these two
transcription factors at day 11 of differentiation for both control (Control-03 and
Control-05) and patient-derived lines (Patient 1-04 and Patient 1-10; Patient 2-01 and
Patient 2-06) (Figure 4-3). Samples were fixed and stained for FOXA2 and LMX1A
as described in Section 2.2.6.1. Nuclei were contra-stained with DAPI.
Immunofluorescence analysis showed the expected levels of mDA progenitors
expressing FOXA2 and, in particular, co-localising with LMX1A in all 6 cell lines
(Figure 4-4), in keeping with published data (Kirkeby, Grealish, et al. 2012). Patient
and control lines were compared to each using the one-way ANOVA multiple
comparison Tukey’s test. No statistically significant differences were observed when
comparing percentages of FOXA2 positive cells (mean ± SEM; p-value) [Standard
Error of Mean (SEM)] of Control-03 line (87.72 ± 2.85); Control-05 line (90.73 ±
3.793); Patient 1-04 line (94.44 ± 1.41); Patient 1-10 line (87.82 ± 3.57); Patient 2-01
line (89.83 ± 2.99); and Patient 2-06 line (79.92± 5.28) (Figure 4-4 A and Table 4-1).
No statistically significant differences were observed when comparing percentages of
FOXA2/LMX1A double positive cells of Control-03 line (77.82 ± 5.15); Control-05
line (81.6 ± 6.33); Patient 1-04 (87.85 ± 2.12); Patient 1-10 line (82.72 ± 3.51); Patient
2-01 line (79.03 ± 4.65); and Patient 2-06 line (84.97 ± 3.80) (Figure 4-4 B and Table
4-1).
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Figure 4-3: Immunofluorescence analysis of control and patient-derived mDA progenitors at day 11 of differentiation.
Immunofluorescence analysis at d11 of differentiation shows co-localisation of midbrain progenitor markers FOXA2 (green) and LMX1A (red). Nuclei are contra-stained with
DAPI (blue). Scale bar= 100 µm.

Figure 4-4: FOXA2 and LMX1A immunofluorescence quantification at mDA progenitor stage.
A: Quantification of FOXA2 positive cells among DAPI positive cells (n= 3). B Quantification of
LMX1A positive cells among FOXA2 positive cells (n= 3). Error bars represent ± SEM. One-way
ANOVA test with the Tukey’s multiple comparisons test.

Table 4-1: One-way ANOVA Tukey's multiple comparisons test for FOXA2 and
LMX1A/FOXA2 positive cells.

Tukey's multiple comparisons test

Adjusted p-value

Cell lines
Control-05 vs. Control-03
Patient 1-04 vs. Control-03
Patient 1-10 vs. Control-03
Patient 2-01 vs. Control-03
Patient 2-06 vs. Control-03
Patient 1-04 vs. Control-05
Patient 1-10 vs. Control-05
Patient 2-01 vs. Control-05
Patient 2-06 vs. Control-05
Patient 1-10 vs. Patient 1-04
Patient 2-01 vs. Patient 1-04
Patient 2-06 vs. Patient 1-04
Patient 2-01 vs. Patient 1-10
Patient 2-06 vs. Patient 1-10
Patient 2-06 vs. Patient 2-01
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Adjusted p-value

FOXA2

LMX1A/FOXA2

0.9885
0.7517
> 0.9999
0.9978
0.6301
0.9715
0.99
> 0.9999
0.3141
0.7619
0.9313
0.1023
0.9982
0.6191
0.3975

0.9891
0.6187
0.9664
> 0.9999
0.8579
0.912
> 0.9999
0.9982
0.9934
0.9593
0.7274
0.9969
0.9902
0.999
0.9273

4.4.2

Characterisation of mature derived mDA Neurons

4.4.2.1 Both Control and Patient Lines differentiate into derived mDA Neurons
In order to assess the neuronal dopaminergic population derived from AADC patient
lines, immunofluorescence analysis for neuronal microtubule associated protein 2
(MAP2) and the enzyme tyrosine hydroxylase (TH) was performed in derived neurons
at day 65 of differentiation. MAP2 belongs to the family of proteins that can assemble
and stabilise microtubules in dendrites. MAP2 are especially expressed in neurons
(Cassimeris and Spittle 2001) and are localised to the dendrites in postmitotic neurons
that are terminally differentiated (Harada et al. 2001). TH is involved in dopamine
synthesis.
The Control-03, Patient 1-10, and Patient 2-06 lines were differentiated, stained and
analysed by Giada Rossignoli (University of Verona, Italy, Department of
Neuroscience, Biomedicine and Movement). Both control (Control-03 and Control05), Patient 1 (Patient 1-04 and Patient 1-10) and Patient 2 lines (Patient 2-01 and
Patient 2-06) showed similar levels of co-localisation of TH and MAP2 (Figure 4-5).
Quantification with the ordinary one-way ANOVA multiple comparisons Tukey’s test
of single MAP2-positive cells in the Control-03 line (49.07 ± 2.26); Control-05 line
(49.72 ± 0.66); Patient 1-04 line (52.04 ± 1.49); Patient 1-10 line (50.27 ± 0.87);
Patient 2-01 line (52.6 ± 3.47); and Patient 2-06 line (50.60 ± 3.47) (mean ± SEM),
showed no significant difference between control and patient lines (Figure 4-6 A and
Table 4-2).
Analysis of single TH positive cells in the Control-03 line (20.49 ± 1.33); Control-05
line (22.12 ± 0.48); Patient 1-04 line (23.14 ± 0.47); Patient 1-10 line (21.98 ± 0.27);
Patient 2-01 line (23.62 ± 1.85); and Patient 2-06 line (22.27 ± 1.01), showed no
significate difference between control and patient lines (Figure 4-6 B and Table 4-2).
Quantification of double TH/MAP2 positive cells in Control-03 line (41.75 ± 1.30);
Control-05 line (44.62 ± 1.24); Patient 1-04 line (44.47 ± 0.80); Patient 1-10 line
(43.89 ± 0.79); Patient 2-01 line (44.75 ± 1.52); and Patient 2-06 line (44.04 ± 0.99),
showed no statistically significant differences when comparing patient lines to control
lines (Figure 4-6 C and Table 4-2). These results showed that all derived patient and
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control iPSC lines led to successful generation of mDA neurons. Further downstream
experiments thus focused on analysing one line for each control and patient-derived
iPSC line.
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Figure 4-5: Control and patient derived mDA neurons at day 65 of differentiation.
Representative images of mDA immunostaining at day 65 of differentiation. Control (Control-03 and Control-05) and Patient lines (Patient 1-04 and Patient 1-10; Patient 2-01
and Patient 2-06) were stained for MAP2 (green) and TH (red). DAPI (blue) was used to stain the nuclei. Scale bar= 100 µm.

Figure 4-6: Quantification of mature derived dopaminergic neurons for control and patient lines.
Quantification of immunofluorescence analysis for the neuronal and mDA markers MAP2 and TH in
derived neurons at day 65 of differentiation. A Analysis of MAP2 positive cells among DAPI stained
cells. B Analysis of TH-positive cells among DAPI stained cells. C Analysis of TH positive cells among
MAP2 positive cells. Images were analysed with ImageJ software. A total of 1200 nuclei were counted
from two images. n= 3, 3, 4, 3, 3, 3 for Control-03, Control-05, Patient 1-04, Patient 1-10, Patient 2-01,
and Patient 2-06 respectively. Error bars represent ± SEM. Statistical analysis was performed for all
patient and control lines using one-way ANOVA Tukey’s multiple comparisons test.
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Table 4-2: One-way ANOVA Tukey's multiple comparisons test for MAP2 positive cells.

Tukey's multiple
comparisons test
Cell lines
Control-03 vs. Control-05
Control-03 vs. Patient 1-04
Control-03 vs. Patient 1-10
Control-03 vs. Patient 2-01
Control-03 vs. Patient 2-06
Control-05 vs. Patient 1-04
Control-05 vs. Patient 1-10
Control-05 vs. Patient 2-01
Control-05 vs. Patient 2-06
Patient 1-04 vs. Patient 1-10
Patient 1-04 vs. Patient 2-01
Patient 1-04 vs. Patient 2-06
Patient 1-10 vs. Patient 2-01
Patient 1-10 vs. Patient 2-06
Patient 2-01 vs. Patient 2-06

Adjusted p-value Adjusted p-value Adjusted p-value
MAP2

TH

TH/MAP2

0.9999
0.8593
0.9977
0.8017
0.9929
0.944
> 0.9999
0.9015
0.9995
0.9818
> 0.9999
0.9928
0.9566
> 0.9999
0.9772

0.8656
0.4205
0.9025
0.323
0.8192
0.9716
> 0.9999
0.8997
> 0.9999
0.9516
0.9991
0.9858
0.8623
> 0.9999
0.9328

0.5056
0.4939
0.7633
0.4617
0.7127
> 0.9999
0.997
> 0.9999
0.999
0.9987
> 0.9999
0.9997
0.9936
> 0.9999
0.9974
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4.4.2.2 Derived neuronal Cultures express Proteins characteristic of mature
Neurons and contain substantia nigra-like and ventral tegmental-like
mDA Neurons and serotonergic Neurons
In order to assess the degree of maturation and subcellular composition of control and
patient-derived neuronal cultures, immunofluorescence analysis was performed at day
65 of differentiation. The staining was performed as previously described (Section
2.2.6.3). Images were taken with the Multiphoton LSM880 Confocal microscope.
Co-staining for NeuN and TH in Patient and Control mDA neuronal Lines
Immunocytochemistry staining at day 65 was performed on Control-05, Patient 1-04
and Patient 2-01-derived mDA neurons for TH and neuron-specific nuclear protein
named neuronal nuclei (NeuN), which is expressed in post-mitotic mature neurons
[reviewed in (Gusel and Korzhevskiy 2015)] (Figure 4-7). All lines showed high level
of NeuN positive cells and co-localisation with TH.
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Figure 4-7: Control and patient lines express NeuN co-localising with TH.
Representative images of immunocytochemistry analysis for NeuN (red) and TH (green) on Control05, Patient 1-04, and Patient 2-01 lines at 65 days of differentiation. Nuclei were contra-stained with
DAPI (blue) (arrows indicate co-localisation). Scale bar= 100 µm.

Co-staining for PanNaV and TH in Patient and Control mDA neuronal Lines
To further assess the maturity of the derived mDA neurons, neuronal cultures at day
65 of differentiation were stained with an antibody targeting a common epitope of the
voltage-gated sodium channel Nav1.1 (PanNaV). PanNaV is expressed in the
mammalian brain and is localised in the axon initial segment and the nodes of Ranvier
of neurons. PanNaV aggregates in the axon initial segment and the nodes of Ranvier.
With their high density they can support spike initiation. PanNaV is therefore involved
in neuronal excitability with control of the generation and propagation of action
potentials and indicative of electrical maturity (Duflocq et al. 2008). For all patient
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and control lines, co-staining with TH showed expression of sodium voltage gated
channels in mDA cultures (Figure 4-8).

Figure 4-8: Co-staining for PanNaV and TH in control and patient-derived mDA cultures.
Representative images of immunocytochemistry analysis for PanNaV (green) and TH (red) in Control05, Patient 1-04, and Patient 2-01 lines at day 65 of differentiation. Nuclei were contra-stained with
DAPI (blue). Scale bar= 10 µm.
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Co-staining for GIRK2 and TH for Patient and Control mDA neuronal Lines
The G-protein regulated inward-rectifier potassium 2 (GIRK2) channel is an ion
channel influencing the neuronal excitability. GIRK2 is a neuronal marker for the
substantia nigra region and the ventral tegmental area (Reyes et al. 2012).
Immunocytochemistry analysis for GIRK2 was therefore performed at day 65 in mDA
differentiated neurons from Control-05, Patient 1-04, and Patient 2-01 lines. Double
immunostaining with TH showed the presence of TH-positive mDA neurons
expressing GIRK2 in all three lines (Figure 4-9).

Figure 4-9: Co-staining for TH and GIRK2 in control and patient-derived mDA neurons.
Representative images of immunocytochemistry analysis for TH (red) and GIRK2 (green) in Control05, Patient 1-04 and Patient 2-01 lines. DAPI was used to stain the nuclei (blue). Scale bar= 10 µm.
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Co-staining for MAP2 and TPH2 in Patient and Control mDA neuronal Lines
It is well recognised that directed differentiation of iPSCs using the dual SMAD
inhibition protocol does not achieve a purely mDA neuronal culture, and indeed, such
neuronal culture systems will often harbour other neuronal subtypes, including
serotonergic neurons. I undertook immunofluorescence analysis to investigate the
presence of a serotonergic neuronal population in control and patient derived cultures.
Day 65 mDA derived neurons were stained for tryptophan hydroxylase 2 (TPH2) and
MAP2. TPH2 is a brain-expressed enzyme for the conversion of tryptophan to 5hydroxytryptophan,

the

precursor

of

serotonin

(Zhang

et

al.

2004).

Immunocytochemistry analysis for TPH2 and MAP2 in control and patient derived
neuronal cultures showed co-localisation of the two markers, indicating the presence
of serotonergic neurons (Figure 4-10).
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Figure 4-10: Co-staining for MAP2 and TPH2 in control and patient-derived mDA.
Representative images of immunocytochemistry analysis for MAP2 (red) and TPH2 (green) in Control05, Patient 1-04 and Patient 2-01 lines. DAPI was used to stain the nuclei (blue). Scale bar= 100 µm.
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4.4.2.3 Electrophysiology
To further assess the maturity of the derived mDA neurons, electrophysiological
analysis was undertaken on control and patient-derived neuronal cultures at day 65 of
differentiation. Neuronal maturation and signalling occur through both chemical and
electrical transmission. Electrical signals manifest through neuronal membranes in
measurable action potentials. An action potential is generated through the rapid change
in membrane potential due to the opening of voltage-gated Sodium (Na+) and
Potassium (K+) channels (Barnett and Larkman 2007), which can be recorded using
current clamp recordings.
Whole cell patch clamping was undertaken in order to determine whether control and
patient mature derived mDA neurons were able to (1) generate action potentials, (2)
drive pacemaker activity characteristic of dopaminergic neurons, and (3) achieve
synaptic transmission with spontaneous excitatory post synaptic currents (sEPSC).
Whole cell patch clamp recordings were performed by Eleonora Lugarà from the
Department of Clinical and Experimental Epilepsy, Queen Square Institute of
Neurology, University College London, UK. Images of electrophysiological
recordings have been provided by Eleonora Lugarà. I undertook analysis of the
electrophysiology data.
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Figure 4-11: Electrophysiology experiments for day 65 derived mDA neurons.
A pA-current clamp, 250 ms current injection, 2 sec/ sweep (from -10pA up to 60pA; step 5pA). B
Ramp from -70mV up to threshold (range from -50 mV up to -20mV). C Voltage clamp mode (cell at
-70 mV) in presence of PTX (picrotoxin 30 µM, Gaba-A blocker) in external solution.

The patch clamp recordings were undertaken in 4 stages. Derived neurons were
initially patched in voltage clamp mode and the giga seal was checked. After that, three
set of analyses were performed (Figure 4-11):
1. Injection of current (pA-current clamp) and the recording of voltage change
(mV) to test the possible spiking pattern (Section: Action Potential and
Spiking Pattern) (Figure 4-11 A).

2. Injection of a continuous ramp of current to test the pacemaker activity.
Manually injection of current from -70 mV up to the spike threshold
(Section: Voltage Ramp reveals significantly fewer Pacemaker
Activity Events in Patient 2-01 (but not Patient 1-04) lines when
compared to Control-05 derived Neurons) (Figure 4-11 B).
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3. Detection of synaptic transmission with sEPSC events in voltage clamp
mode (Section: Spontaneous Excitatory Post Synaptic Current
(sEPSC) (Figure 4-11 C).

Action Potential and Spiking Pattern
After injection of currents from - 10 pA to 60 pA (with incremental steps of 5 pA), the
voltage change (mV) was recorded in both control and patient lines to determine action
potential generation and spiking pattern. This analysis allows investigation of several
key factors essential for neuronal electrical activity as follows:
1. Excitability threshold for the generation of an action potential
2. Maximum number of spikes in a single neuron during execution of an action
potential
3. Proportion of cells spiking in relation to the total number of patched cells, as
an indication of the validity of the experiment
4. Input resistance as an indication of neuronal health and maturity
Excitability Threshold for Control and Patient Neurons is equal
The threshold current (pA) to induce an action potential was similar for both patient
lines when compared to the Control-05 line (Figure 4-12). The current (pA) (mean ±
SEM; p-value) that was necessary to elicit a spike was similar for the Control-05
(45.37 ± 4.90), for Patient 1-04 (40.45 ± 4.76; p=0.481), and for Patient 2-01 (35.00 ±
6.00; p=0.2062).
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Figure 4-12: Excitability threshold for control and patient lines.
The data points represent the minimal current (pA) injected into the cell to elicit a spike. Three batches
of cells were measured for Control-05 (n= 27 cells), Patient 1-04 (n= 22 cells) and Patient 2-01 (n= 14
cells). Error bars represent ± SEM. The patient lines were independently compared to the control using
the Student’s unpaired, two tailed t-test. ns= non-significant.

Control and Patient-derived Neurons show no difference in Percentage of spiking
Cells
Having established the current required to trigger an action potential in the mDA
neurons, the number of spiking cells was compared to the total number of patched cells
able to generate a spike of action potential (Figure 4-13). Analysis revealed that the
percentage of spiking cells in AADC deficient Patient 1-04 (96.30 ± 3.70; p=0.2687)
and Patient 2-01 (63.97 ± 18.85; p=0.3460) mDA neurons was similar to that in
Control-05 (85.61 ± 7.46) derived neurons.
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Figure 4-13: Percentage of spiking cells in control and patient mDA neurons.
Control-05 had 27 spiking cells from a total of 32 patched cells, Patient 1-04 had 22 spiking cells of a
total of 23 patched cells and Patient 2-01 had 15 spiking cells of a total of 26 patched cells. Error bars
represent ± SEM. Patient lines were independently compared to the control using the Student’s
unpaired, two tailed t-test. ns= non-significant.
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The Number of Spikes is significantly higher in Patient 1-04 (but not Patient 201) when compared to Control-05 Neurons
Analysis of the maximum number of spikes per neuron was undertaken (Figure 4-14).
Patient 1-04 derived neurons showed a significantly higher number of spikes (2.77 ±
0.25; p=0.0049) during an action potential when compared to Control-05 neurons
(1.85 ± 0.20). In contrast, Patient 2-01 derived neurons (1.80 ± 0.28; p=0.8785)
showed no significant difference when compared to Control-05.
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Figure 4-14: Number of spikes per stimulated neuron in patient and control neurons.
The maximum number of spikes during an action potential was measured for Control-05, Patient 1-04
and Patient 2-01 derived neurons (n= 27, 22, 15 respectively). Three batches of cells were measured for
each cell line. Error bars represent ± SEM. The patient lines were independently compared to the control
using the Student’s unpaired, two tailed t-test. *indicates statistically significant differences: ** p<0.01;
ns= non-significant.
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Input Resistance is similar in all Patient and Control Neurons
The input resistance provides information about the open or closed state of voltage𝑉

gated channels. With Ohm’s law (𝑅 = 𝐼 ) the input resistance (R) shows how much
current (I) is needed to change the membrane voltage (V). Several cellular
characteristics can determine membrane resistance, as follows (Ohm 1827; Squire et
al. 2008):


Cell size: as cell surface area increases, resistance decreases.



Open ion channels: conductance 𝑔 = 𝑅 is greater when ion channels are open,

1

therefore with an increase in the number of open ion channels, resistance
decreases.


Synaptic input: reduced synaptic input results in less current injection, leading
to higher input resistance.

Input resistance (MOhm) was similar for both control and patient mDA neurons
(Figure 4-15). No significant differences were observed between Patient 1-04 (1,089
± 166.1; p=0.2250), Patient 2-01 (1,518 ± 273.1; p=0.5891) and Control-05 derived
neurons (1,363 ± 148.2) (mean ± SEM; p-value).
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Figure 4-15: Input resistance in control and patient lines.
Input resistance (MOhm) recorded in Control-05 (n= 25), Patient 01-04 (n= 20) and Patient 2-01 (n=
13) derived neurons. Error bars represent ± SEM. Patient lines were independently compared to the
control using Student’s unpaired, two tailed t-test. ns= non-significant.
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Voltage Ramp reveals significantly fewer Pacemaker Activity Events in Patient
2-01 (but not Patient 1-04) lines when compared to Control-05 derived Neurons
Pacemaker activity is defined as the ability of a neuron to generate rhythmic bursting
activity. It has a characteristic pattern in dopaminergic neurons. Continuous ramp of
current was injected into the cells and the rhythmic activity measured (Figure 4-16).
Data analysis showed that Patient 2-01 lines had significantly fewer cells with
pacemaker activity (8.59 ± 4.82; p=0.0477) than Control-05 (28.28 ± 5.05). No
differences were seen between Patient 1-04 (27.51 ± 14.84; p=0.9632) and Control-05
(mean ± SEM; p-value).
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Figure 4-16: Percentage of cells with pacemaker activity in control and patient lines.
The percentage of cells with pacemaker activity following injection of a current ramp was recorded.
Three batches of cells were measured for control and patient neurons. For every batch and cell line, the
number of cells with pacemaker activity was divided by the total number of patched cells: Control-05
had 9 cells that showed pacemaker activity from a total of 32 patched cells; Patient 1-04 had 6 cells with
pacemaker activity from a total of 23 patched cells; Patient 2-01 line had 2 cells with pacemaker activity
from a total of 26 patched cells. Error bars represent ± SEM. Samples were compared with Student’s
unpaired, two tailed t-test. *indicates statistically significant differences: * p<0.05; ns= non-significant.
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Spontaneous Excitatory Post Synaptic Current (sEPSC)
In order to investigate synaptic transmission, sEPSC were recorded in voltage clamp
mode for both control and patient lines. We then investigated frequency of sEPSC.
The Frequency of sEPSC are similar in both Control and Patient Lines
No differences were observed between Control-05 (0.71 ± 0.15) and Patient 1-04 (1.04
± 0.21; p=0.2128), and Patient 2-01 (1.22 ± 0.37; p=0.2346) derived neurons (mean ±
SEM; p-value) (Figure 4-17).
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Figure 4-17: Frequency of events of sEPSC in control and patient lines.
sEPSC events recorded in Control-05, Patient 1-04 and Patient 2-01 (n= 13, 12, 15 respectively). Error
bars represent ± SEM. Patient lines were independently compared to the control using the Student’s
unpaired, two tailed t-test. ns= non-significant.
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4.4.2.4 Summary of mature mDA neuronal Characterisation
In summary, I have successfully differentiated both control and patient iPSC lines into
mature derived mDA neurons. Both control and patient lines have similar levels of
TH/MAP2 neurons to that reported in the literature (Kirkeby, Grealish, et al. 2012)
confirming that there is no evidence of neurodegeneration in mDA cultures derived
from patients with AADC deficiency. All lines also reached neuronal maturity, as
detected by the expression of the neuronal nuclei marker NeuN, and Na+ voltage-gated
channel. Moreover, derived cells present with a dopaminergic identity similar to mDA
neurons present in the SNpc. As expected, in vitro neuronal cultures were characterised
by presence of serotonergic neurons expressing TPH2. Electrophysiological analysis
confirmed the maturation stage of the derived neurons from iPSC lines.
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Chapter 5
Investigation of Disease-Specific Features in
the AADC Deficiency Cell Model
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5.1

Introduction

This chapter will focus on investigating AADC deficiency specific features in patientderived mDA neurons. In order to correlate the AADC iPSCs-derived in vitro model
with findings observed in AADC patients, two main assays were performed: AADC
enzymatic activity and High-Performance Liquid Chromatography (HPLC) analysis
of dopamine metabolites. Moreover, downstream effects of AADC deficiency on
AADC, TH and MAOA, enzymes (involved in dopamine synthesis and degradation),
were analysed in Control-05, Patient 1-04 and Patient 2-01 derived mDA culture after
65 days of differentiation.
5.2

Hypothesis

mDA neurons differentiated from AADC deficiency patient-derived iPSCs are a useful
in vitro tool to elucidate a disease-specific cellular phenotype.
5.3

Aims
1. To investigate whether patient-derived neurons recapitulate key features of the
disease phenotype observed in human patients
2. To investigate in patient-derived neurons the mechanisms underlying AADC
deficiency

5.4
5.4.1

Results
Identification of the phenotype of AADC deficient neurons

Following completion of basic characterisation of the generated mDA neurons, I then
sought to investigate disease-specific phenotypes in the cellular model of AADC
deficiency.
5.4.1.1 Marked Reduction in AADC Enzyme Activity is evident in Patient Lines
when compared to Control Lines
In order to investigate the effect of DDC mutations on AADC enzyme activity, I
undertook an AADC enzyme activity assay, as described in Section 2.2.8.
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A significant reduction in L-dopa-induced AADC enzyme activity (pmol/min/mg
protein) (mean ± SEM; p-value) was observed for both patient lines when compared
to the control (Patient 1-04 line: 15.61 ± 5.04; p=0.0025; Patient 2-01 line: 77.71 ±
21.61; p=0.0146; Control-05 line: 1,532 ± 294.4) (Figure 5-1).

A A D C a c tiv ity (p m o l/m in /m g )

**

*

4 ,0 0 0

3 ,0 0 0

2 ,0 0 0

1 ,0 0 0

0

C

o

n

tr

o

l-

0

5

P

a

e
ti

n

t

1

-0

4

P

a

e
ti

n

t

2

-0

1

Figure 5-1: AADC enzyme activity for control and patient lines.
AADC enzyme activity (pmol/min/mg) was determined for Control-05, Patient 1-04 and Patient 2-01
lines. Error bars represent ± SEM. Control and patient lines were compared using the Student’s
unpaired, two tailed t-test. *indicates statistically significant differences when comparing: * p<0.05; **
p<0.01.

5.4.1.2 Disease-specific Dysregulation of key Monoamine Precursors and
Metabolites is evident in patient-derived mDA Neurons
In order to investigate the effects of AADC deficiency on dopamine synthesis, analysis
of extracellular levels of dopamine, DOPAC and 3-OMD was undertaken by HPLC
(as described in Section 2.2.9) in control and patient-derived mDA neurons at day 65
of differentiation. HPLC was undertaken by Haya Alrashidi (UCL GOS-ICH).
Analysis of dopamine levels showed complete absence of this neurotransmitter in
Patient1-04 and Patient 2-01 neurons, whilst detectable in Control-05 neuronal cell
cultures (Patient 1-04 line: 0.00 ± 0.00; p=0.0001; Patient 2-01 line: 0.00 ± 0.00;
p=0.0001; Control-05 line: 122.2 ± 7.98). Given the relative instability of dopamine in
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physiological pH conditions (Mani and Ryan 2009; Raley-Susman et al. 1991;
Schwiening and Boron 1994; Vincent, TenBroeke, and Maiese 1999) (which may have
affected the levels recorded on HPLC), I extended my analysis to investigate DOPAC
levels in control and patient lines. The monoamine oxidase enzyme catalyses
dopamine into DOPAC, which is a stable metabolite, and therefore more reflective of
dopamine turnover. When measuring levels of DOPAC in derived mDA neuronal
cultures, I observed a significant decrease in DOPAC levels in patient lines when
compared to controls (Patient 1-04 line: 109.4 ± 22.08; p=0.001; Patient 2-01 line:
111.5 ± 7.95; p=0.0009; Control-05 line: 480.2 ± 45.48). I also analysed levels of 3OMD to determine whether accumulation of 3-OMD, as observed in patient CSF
analysis, was recapitulated in the patient mDA. Both Patient 1-04 and Patient 2-01
derived neuronal cultures showed significantly increased levels of extracellular 3OMD when compared to Control-05 (Patient 1-04 line: 632.3 ± 220.4; p=0.0187;
Patient 2-01 line: 656.7 ± 281.9; p=0.0387; Control-05 line: 0.00 ± 0.00) (Figure 5-2).
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Figure 5-2: HPLC detection of extracellular dopamine, DOPAC and 3-OMD in control and
patient lines.
Concentrations of dopamine, DOPAC and 3-OMD (pmol/mg, mean ± SEM; p-value) were measured
by HPLC. A Dopamine values in Control-05, Patient 1-04 and Patient 2-01 derived neuronal cultures
at 65 days of differentiation (n= 3 for each). B DOPAC levels in Control-05, Patient 1-04 and Patient
2-01 derived neuronal cultures at 65 days of differentiation (n= 5, 3, 3 respectively). C 3-OMD levels
in Control-05, Patient 1-04 and Patient 2-01 derived neuronal cultures at 65 days of differentiation (n=
4, 3, 3 respectively). Error bars represent ± SEM. Control-05 and the Patient-01 or Patient 2-01 were
compared using the Student’s unpaired, two tailed t-test. *indicates statistically significant differences:
* p<0.05; ** p<0.01; *** p<0.001.
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5.4.1.3 Disease-specific Dysregulation of DDC, TH, and MAOA Gene Expression
is evident in patient-derived mDA Neurons
In order to investigate the downstream effects of AADC deficiency on dopamine
metabolism, I analysed gene expression levels of key enzymes involved in the
dopamine synthesis pathway (DDC, TH, MAOA) in both control and patient derived
dopaminergic cultures by Real-Time Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR) (Section 2.2.9). After 65 days of differentiation Patient 201 lines showed significantly lower levels of DDC gene expression when compared to
the Control-05 line, no difference in AADC expression was observed for Patient 1-04
when compared to the Control-05 (mean ± SEM; p-value) (Patient 1-04 line: 1.51 ±
0.24; p=0.2008; Patient 2-01 line: 0.66 ± 0.19; p=0.0189; Control-05 line: 2.57 ± 0.53)
(Figure 5-3). The reasons for these observed phenotypic differences are not clear,
though may be related to the different patient genotypes. It is possible that the missense
variant harboured by Patient 1 may not affect DDC gene expression. For Patient 2, a
compound heterozygote with a stop mutation and missense variant, it is conceivable
that the loss-of-function variant may lead to nonsense mediated decay, thereby
lowering DDC gene expression levels.
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Figure 5-3: DDC gene expression for control and patient lines.
qRT-PCR for DDC expression was undertaken for Control-05, Patient 1-04 and Patient 2-01 mDA
neurons at day 65 of differentiation (n= 5, 3, and 4 respectively). Values are relative to GAPDH and
normalised to Control-05. Samples were independently compared to the control with the Student’s
unpaired, two tailed t-test. Error bars represent ± SEM. *indicates statistically significant differences: *
p<0.05; ns= non-significant.
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qRT-PCR analysis of TH gene expression in derived mDA neurons showed
significantly reduced levels in Patient 1-04, while Patient 2-01 showed upregulation
of TH (Patient 1-04 line: 0.27 ± 0.15; p=0.0279; Patient 2-01 line: 12.91 ± 2.49;
p=0.0075; Control-05 line: 3.07 ± 0.76) when compared to Control-05 (Figure 5-4).
The differential regulation of TH expression between the two patient lines could be
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downstream effect of DDC patient-specific expression.

Figure 5-4: TH gene expression in control and patient lines.
TH gene expression was analysed with qRT-PCR for Control-05, Patient 1-04 and Patient 2-01 derived
mDA at day 65 of differentiation (n= 4, 3, and 3 respectively). Values are relative to GAPDH and
normalised to Control-05. Patients were independently compared to the control with the Student’s
unpaired, two tailed t-test. Error bars represent ± SEM. *indicates statistically significant differences: *
p<0.05; ** p<0.01.
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Analysis of MAOA gene expression in mDA neurons was also undertaken, showing
reduced levels in both patient lines when compared to the control (Figure 5-5). Both
Patient 1-04 and Patient 2-01 had statistically significant lower levels of MAOA
(Patient 1-04 line: 0.45 ± 0.04; p=0.0275; Patient 2-01 line: 0.37 ± 0.05; p=0.0004;
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Control-05 line: 1.78 ± 0.39) compared to Control-05.
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Figure 5-5: MAOA gene expression in control and patient lines.
qRT-PCR analysis of relative MAOA gene expression in Patient 1-04, Patient 2-01, and Control-05
mDA differentiated neurons (n= 3, 3, and 7 respectively). Patients were independently compared to the
control with the Student’s unpaired, two tailed t-test. Error bars represent ± SEM. *indicates statistically
significant differences: * p<0.05; *** p<0.001.
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5.4.1.4 Dysregulation of the Proteins AADC, TH, and MAOA is evident in
AADC deficient mDA Neurons
I then extended my analysis of dopaminergic proteins with immunoblotting studies to
determine whether there were disease-specific aberrations in protein expression.
Western Blotting for AADC protein was undertaken for Control-05, Patient 1-04, and
Patient 2-01 derived neurons at day 65 of differentiation by myself with assistance
from Giada Rossignoli (University of Verona, Italy, Department of Neuroscience,
Biomedicine and Movement) (Section 2.2.6.4). Analysis showed differential
expression of AADC protein in patient-derived neurons when compared to the control
line. A significant increase in AADC protein was detected in Patient 1-04 cells (Patient
1-04 line: 1.37 ± 0.11; p=0.0132; Control-05 line: 0.95 ± 0.10) when compared to the
Control-05 line. In contrast, Patient 2-01 derived neurons show significantly lower
AADC protein levels when compared to the Control-05 line (Patient 2-01 line: 0.12 ±
0.03; p<0.0001; Control-05 line: 0.95 ± 0.10) (Figure 5-6).

Figure 5-6: Immunoblotting studies and quantification of AADC protein in control and patient
lines.
A Representative image of immunoblot for the AADC protein (48 kDa) and loading control, GAPDH
(37 kDa) from total cell lysates extracted on day 65 of differentiation from Control-05, Patient 1-04,
and Patient 2-01. B Densitometry immunoblot analysis for AADC protein in Control-05, Patient 1-04,
and Patient 2-01, normalised to loading control GAPDH (n= 9, 8, 10 respectively). Error bars represent
± SEM. Significance was determined using the Student’s unpaired, two tailed t-test. *indicates
statistically significant differences: * p<0.05; *** p<0.001.
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Analysis of TH protein levels in Control-05, Patient 1-04, and Patient 2-01 showed a
significant reduction of TH levels in Patient 1-04 derived dopaminergic neurons when
compared to Control-05 (Patient 1-04 line: 0.11 ± 0.03; p=0.0001; Control-05 line:
3.45 ± 0.67). A significant decrease in TH protein levels was also observed for Patient
2-01 line (Patient 2-01 line: 1.74 ± 0.27; p=0.0229; Control-05 line: 3.45 ± 0.67)
(though to a lesser extent than that observed for Patient 1-04) when compared to the
Control-05 line (Figure 5-7).

Figure 5-7: Immunoblotting studies and quantification of TH protein in control and patient lines.
A Representative immunoblot for TH protein (62 kDa) and loading control GAPDH (37 kDa) from total
cell lysates extracted on day 65 of differentiation from Control-05, Patient 1-04, and Patient 2-01. B
Densitometry analysis of immunoblot for Control-05, Patient 1-04, and Patient 2-01 (n= 3, 6, 6
respectively). Error bars represent ± SEM. Significance was determined using the Student’s unpaired,
two tailed t-test. *indicates statistically significant differences: * p<0.05; *** p<0.001.
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Western Blotting for MAOA also showed significantly decreased levels of MAOA
protein in mDA neurons generated from Patient 1-04 (Patient 1-04 line: 0.79 ± 0.16;
p=0.0082; Control-05 line: 1.81 ± 0.13) and Patient 2-01 lines (Patient 2-01 line: 0.50
± 0.13; p=0.0021; Control-05 line: 1.81 ± 0.13) when compared to Control-05 (Figure
5-8).

Figure 5-8: Immunoblotting studies and quantification of MAOA protein in control and patient
lines.
A Representative immunoblot for TH protein (60 kDa) and loading control GAPDH (37 kDa) from total
cell lysates extracted on day 65 of differentiation from Control-05, Patient 1-04, and Patient 2-01 lines.
B Immunoblot densitometry analysis of TH protein for Control-05, Patient 1-04, and Patient 2-01 (n=
3, 3, 3 respectively). Error bars represent ± SEM. Significance determined using the Student’s unpaired,
two tailed t-test. *indicates statistically significant differences: ** p<0.01.
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5.4.1.5 Summary
In this chapter, I have defined the phenotype of AADC deficiency in day 65 mDA
neurons at a gene and protein level, as well as with the AADC enzyme activity assay.
I have showed that firstly, at mature stage, patient derived neuronal cultures show a
significant decrease in AADC enzymatic activity, exactly as observed in patient
plasma samples. Secondly, in line with analysis of dopamine metabolites performed
in patients CSF, AADC iPSCs-derived neurons show dysregulation of dopamine,
DOPAC and 3-OMD. Thirdly, I have shown gene and protein dysregulation of AADC,
TH and MAOA in patient-derived mDA neurons.
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Chapter 6
Investigating Therapeutic Approaches for
AADC Deficiency
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6.1

Introduction

Although gene therapy is increasingly a reality for patients with AADC deficiency
[(Chien

et

al.

2017;

Hwu

et

al.

2012;

Kojima

et

al.

2019);

and

(https://clinicaltrials.gov/ct2/show/NCT02852213), Section 1.3.5.2], the cellular
effects of such DDC overexpression remain yet to be fully elucidated. I therefore
planned to investigate a lentiviral gene-therapy approach in my mDA model of AADC
deficiency. This chapter will describe in first instance, the generation and validation
of the DDC-expressing lentivirus construct. Preliminary data regarding the effects of
gene transfer in patient-derived mDA neurons will also be presented.
6.2

Hypothesis

Gene therapy is an emerging treatment for patients with AADC deficiency. I
hypothesise that the effects of AADC deficiency in patient-derived mDA neurons can
be reversed via ectopic expression of human DDC using a lentivirus vector delivery
system in the cellular model.
6.3

Aims
1. To generate a neuronal-specific lentivirus construct expressing either EGFP
(mock) or DDC-EGFP with human synapsin promoter
2. To transfect and culture patient mDA cell lines with these lentivirus constructs
3. To achieve rescue of AADC enzyme activity in patient-derived mDA neurons
using the AADC activity assay and HPLC analysis of key dopaminergic
metabolites
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6.4

Results

6.4.1

Generation of Lentiviral Constructs for Gene Transfer Experiments

6.4.1.1 Cloning of DDC into the DAT Plasmid Backbone
The human DDC lentivirus gene construct (Figure 6-2) was prepared as described in
Section 2.2.10.1, starting from the DAT plasmid construct. The mock plasmid (Figure
6-1) was kindly provided by Dr Joanne Ng (UCL, Institute of Women’s Health).
Several components were present in the mock plasmid sequence, including


The generic human cytomegalovirus (CMV) immediate early promoter which
is expressed transiently



The truncated 5’ long terminal repeat (5’LTR) from HIV-1, that acts as the
promoter for synthesis of viral RNA



ψ is the packaging signal of HIV-1



The Rev response element (RRE) of HIV-1, which allows for Rev-dependent
mRNA export from the nucleus to the cytoplasm



The central polypurine tract (cPPT) of HIV-1, which helps with the
transduction into non-dividing cells and gene transfer efficiency



The human synapsin promoter (hSYN) is a neuronal promoter driving gene
expression



The enhanced green fluorescent protein (EGFP) is the reporter gene for visual
detection



The woodchuck hepatitis virus posttranscriptional regulatory element (WPRE)
enhances viral RNA stability for higher titres



The self-inactivating 3’long terminal repeat (3’LTR ΔU3) from HIV-1
terminates upstream transcript production



The simian virus 40 polyadenylation signal (SV40pA) supports transcriptional
termination



And NeoR/KanR confers resistance to the antibiotics neomycin and kanamycin
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The DDC plasmid construct contained in addition


The human DDC gene (hDDC)



And the Internal Ribosome Entry Site (IRES) which uses ribosomes and is
involved in cap-independent translation, linking the two coding sequences
(DDC and EGFP) which allows the translation of both proteins

Dr John Counsell (UCL GOS-ICH) provided additional support and advice, as needed
for this part of my project. All experiments were performed by me, unless otherwise
stated.
After the hDAT gene was removed from the DAT plasmid, the human DDC gene was
cloned between the hSYN promoter and the IRES. Sanger sequencing was performed
in order to confirm the presence and correct ordering of the complete human synapsin
(hSYN) promoter, and the EGFP reporter gene in the mock plasmid (pCCL-hSYNEGFPv2JN) (Figure 6-1), and hSYN promoter, DDC gene, Internal Ribosome Entry
Site sequence (IRES), and EGFP reporter gene in the DDC plasmid (pCCL-hSYNDDC-IRES-EGFP) (Figure 6-2).

Figure 6-1: Confirmed mock plasmid (pCCL-hSYN-EGFPv2JN).
CMV= human cytomegalovirus immediate early promoter, 5’LTR= truncated 5’ long terminal repeat,
ψ= packaging signal, RRE= Rev response element, cPPT= central polypurine tract, hSYN= human
synapsin promoter, EGFP= enhanced green fluorescent protein, WPRE= woodchuck hepatitis virus
posttranscriptional regulatory element, 3’LTR ΔU3= self-inactivating 3’long terminal repeat, SV40pA=
simian virus 40 polyadenylation signal, NeoR/KanR= neomycin and kanamycin antibiotic resistance.

Figure 6-2: Confirmed DDC plasmid (pCCL-hSYN-DDC-IRES-EGFP).
Same as the mock plasmid (Figure 6-1) with the addition of hDDC= human DDC gene, and IRES=
Internal Ribosome Entry Site sequence.
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6.4.1.2 Identification of Multiplicity of Infection for HEK-293T cells
In order to establish multiplicity of infection (MOI) values for the generated viral
constructs, incremental vector titres were assessed by transducing HEK 293T cells and
quantifying the total number of integrated genomes per cell using a qRT-PCR assay
(Section 2.2.10.3, Lentiviral Vector Titration by qPCR). Results are presented in
Table 6-1.
Table 6-1: Vector titres (µl) for MOI of 10, 5, and 1 in DDC and mock lentiviral constructs.

MOI 10

MOI 5

MOI 1

DDC lentivirus

16.31 µl

8.16 µl

4.08 µl

Mock lentivirus

13.84 µl

6.92 µl

3.46 µl
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6.4.1.3 Validation of Gene Transfer Efficacy through AADC Protein
Immunoblotting
In order to confirm successful integration of the DDC-plasmid into the viral particle,
immunoblotting was performed to evaluate AADC protein expression after
DDC lentivirus infection into an ectopic system not expressing endogenous AADC
enzyme. HEK 293T cells were infected with either pCCL-hSYN-DDC-IRES-EGFP
or pCCL-hSYN-EGFPv2 with a high (10 µl) and low (2 µl) virus dose.
Immunoblotting analysis for AADC protein was undertaken as previously described
(Section 2.2.6.4). A strong AADC protein band was detected in lysates extracted from
HEK 293T cells infected with both 10 µl and 2 µl of DDC lentivirus. In contrast no
AADC protein was detected in cells infected with mock lentivirus (Figure 6-3 A and
B).

Figure 6-3: AADC protein immunoblotting studies in HEK-293 cells treated with either DDC or
mock lentivirus.
Immunoblotting analysis of HEK 293T total lysates after infection with either 10 µl (A)or 2 µl (B) of
DDC lentivirus (pCCL-hSYN-DDC-IRES-EGFP) and mock lentivirus (pCCL-hSYN-EGFPv2).
AADC protein is detected at 48 kDa. GAPDH was utilised as a loading control (37 kDa).
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6.4.1.4 Identification of MOI for Infection of mDA Neurons
On day 28 of differentiation, generated control mDA neurons were infected with a
MOI of 10, 5 and 1 with either the DDC lentivirus (pCCL-hSYN-DDC-IRES-EGFP),
or the mock lentivirus (pCCL-hSYN-EGFPv2) as described in Section 2.2.10.3,
Treatment of AADC mDA Neurons with Lentivirus. The aim of this experiment
was to compare the different MOI and to determine the optimum MOI for further work,
based on efficiency of gene transfer and toxicity. After infection of in vitro derived
neurons, immunofluorescence and morphological analysis was performed to detect
GFP expression and survival. Three days post-infection, neurons infected with MOI
10, 5 or 1 showed expression of GFP with both lentivirus constructs. Overall, MOI of
1 showed weaker expression and lower number of cells expressing GFP when
compared to MOI 10 and 5. For all MOI, cells maintained normal morphology without
evidence of cell death (Figure 6-4). As GFP expression for MOI of 10 and 5 were
deemed to be similar, a MOI of 5 was preferentially chosen for downstream
experiments to reduce the risk of longer-term toxicity.

Figure 6-4: Immunofluorescence analysis of GFP in control mDA neurons.
GFP expression (green) three days after control mDA neuronal cultures have been infected with either
DDC (top) or control (bottom) lentivirus, at MOIs of 10, 5, and 1. Scale bar= 100 µm.
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6.4.2

Immunofluorescence for AADC, MAP2, and GFP after AADC
Lentivirus Treatment

Patient-derived neurons were treated with either DDC- or GFP-only expressing
lentivirus (mock) on day 28 of differentiation. Cultures were matured to day 65 of
differentiation and analysed by immunofluorescence for expression of AADC and
GFP in MAP2 positive cells. AADC and MAP2 protein expression showed strong
correlation with GFP-expressing cells (Figure 6-5).

Figure 6-5: Immunofluorescence analysis of patient lines treated with either mock or DDC
lentivirus.
Immunocytochemistry analysis for AADC (red), MAP2 (white), and GFP (green). The first and
second row show Patient 1 mDA neurons treated with DDC and mock lentivirus. The third and fourth
row show Patient 2 mDA neurons treated with DDC and mock lentivirus respectively. DAPI was used
to contra stain nuclei. Scale bar= 100 µm.
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6.4.3

Restoration of AADC Enzyme Activity in DDC Lentivirus treated
patient derived Neurons

In order to determine whether DDC lentivirus treatment restored AADC enzyme
activity, the AADC activity assay was perform on treated Patient 1-04 and Patient 201 mDA neurons at day 65 of differentiation. Patient-derived neurons treated with
mock lentivirus showed lower levels of AADC activity than those observed for
Control-05, which is in line with enzyme activity results for untreated patient-derived
neurons (Section 5.4.1.1) (Patient 1 line: 15.61 ± 5.04; p=0.0025; Patient 2 line: 77.71
± 21.61; p=0.0146; Control line: 1,532 ± 294.4). In contrast, DDC lentivirus treated
Patient 1-04 and Patient 2-01 mDA cultures showed increased AADC activity
(pmol/min/mg protein) (mean ± SEM; p-value) when compared to both mock
lentivirus treated patient mDA neurons (for Patient 1-04 with DDC-GFP LV 1-04:
7,983 ± 6,089; p=0.3135; GFP LV 1-04: 18.25 ± 0.31; For Patient 2-01 with DDCGFP LV 2-01: 11,322 ± 4,834; p=0.0320; GFP LV 2-01: 153.5 ± 83.16) and Control05 neurons (for Patient 1-04 with DDC-GFP LV 1-04: 7,983 ± 6,089; p=0.2914; for
Patient 2-01 with DDC-GFP LV 2-01: 11,322 ± 4,834; p=0.0192; and Control-05:
1,532 ± 294.4) (Figure 6-6). Despite the observed marked increase in AADC activity
for treated patient neurons, statistical significance was only obtained for Patient 2-01,
due to a limited n number of experiments. Of note, DDC lentivirus treatment achieved
significant higher enzyme activity in Patient 2-01 lines when compared to Control-05
(Figure 6-6).
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Figure 6-6: AADC activity assay in control and patient lines treated with mock or DDC lentivirus
AADC enzyme activity was measured in Control-05, mock lentivirus treated Patient 1 (GFP LV 1-04),
DDC lentivirus treated Patient 1 (DDC-GFP LV 1-04), mock lentivirus treated Patient 2 (GFP LV 201), and DDC lentivirus treated Patient 2 (DDC-GFP LV 2-01) (n= 12, n= 3, and n= 4 respectively).
Error bars represent ± SEM. Statistical analysis was performed using one-way ANOVA test and the
Tukey’s multiple comparisons test. Significance levels were determined through p-values. *indicates
statistically significant differences when comparing: * p<0.05.
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6.4.4

Restoration of 3-OMD is evident in DDC Lentivirus treated Lines

Analysis of dopamine metabolites in non-treated patient-derived mDA neuronal
cultures showed dysregulation of dopamine, DOPAC and 3-OMD when compared to
control lines (Section 5.4.1.2). In order to determine whether lentiviral gene therapy
restored physiological levels of dopamine and its metabolites, I performed HPLC
measurements on DDC lentivirus treated patient-derived mDA neuronal cultures at
day 65 of maturation, as described in Section 2.2.5.1. Briefly, mDA precursors,
derived from Patient 1-04 and Patient 2-04, were infected with either DDC or mock
lentivirus at day 28 of differentiation. Extracellular dopamine, DOPAC and 3-OMD
was then analysed by HPLC, as previously described (Section 2.2.9).
When compared to Control-05 derived neurons, mock lentivirus treated patient mDA
neurons showed a significant decrease of dopamine and DOPAC. For dopamine
(Patient 1-04 with GFP LV 1-04: 0.00 ± 0.00; p=0.0259; Patient 2-01 with GFP LV 201: 0.00 ± 0.00; p=0.0169; Control-05: 122.2 ± 7.98). For DOPAC (Patient 1-04 with
GFP LV 1-04: 169.9 ± 6.95; p=0.0015; Patient 2-01 with GFP LV 2-01: 127.0 ± 32.64;
p=0.0002; Control-05: 480.2 ± 45.48) (Figure 6-7 A, B).Which was also observed in
treatment-naïve samples (Section 5.4.1.2). This confirmed that the lentivirus construct
did not affect this AADC disease-specific phenotype in patient derived mDA neurons.
The expected increase in dopamine and DOPAC metabolites after treatment with
DDC lentivirus was not observed however, for either Patient 01-04 or Patient 2-01
lines. For dopamine (Patient 1-04 with DDC-GFP LV 1-04: 58.66 ± 58.66; GFP LV
1-04: 0.00 ± 0.00; p=0.4603) (Patient 2-01 with DDC-GFP LV 2-01: 0.00 ± 0.00; GFP
LV 2-01: 0.00 ± 0.00; p>0.9999). For DOPAC (Patient 1-04 with DDC-GFP LV 1-04:
231.2 ± 10.17; GFP LV 1-04: 169.9 ± 6.95; p=0.8975) (Patient 2-01 with DDC-GFP
LV 2-01: 173.0 ± 61.73; GFP LV 2-01: 127.0 ± 32.64; p=0.9362) (Figure 6-7 A, B).
Further experiments will be necessary to assess the validity of these preliminary
results. When analysing 3-OMD, a statistically significant increased level was
observed in mock lentivirus treated Patient 1-04 and Patient 2-01 mDA neurons, when
compared to Control-05 lines (Patient 1-04 with GFP LV 1-04: 1326 ± 155.3;
p<0.0001; Patient 2-01 with GFP LV 2-01: 793.5 ± 163.2; p=0.0014; Control-05: 0.00
± 0.00) (Figure 6-7 C). Similar to the results observed for untreated patient lines
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(Section 5.4.1.2). Overexpression of DDC through lentivirus vector delivery, led to a
statistically significant decrease in 3-OMD levels in treated Patient 1-04 mDA neurons
(Patient 1-04 with DDC-GFP LV 1-04: 559.2 ± 150.1; GFP LV 1-04: 1,326 ± 155.3;
p=0.0062) (Figure 6-7 C). A marked reduction (though not significant), was also
observed in DDC lentivirus treated Patient 2-01 mDA neurons (Patient 2-01 with
DDC-GFP LV 2-01: 463.6 ± 36.49; GFP LV 2-01: 793.5 ± 163.2; p=0.2597) (Figure
6-7 C). Further analysis is currently ongoing in order to confirm and validate this
preliminary data.
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Figure 6-7: HPLC detection of extracellular dopamine, DOPAC and 3-OMD in mock and
DDC lentivirus treated patient lines.
HPLC analysis of dopamine A, DOPAC B, and 3-OMD C. Error bars represent ± SEM. Statistical
analysis was performed using one-way ANOVA test and the Tukey’s multiple comparisons test.
Significance levels were determined through p-values. *indicates statistically significant differences
when comparing: * p<0.05; ** p<0.01; *** p<0.001.
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6.5

Summary of the Gene Therapy with DDC Lentivirus Delivery

In this chapter, I have described the successful generation of a lentivirus construct for
neuronal-specific expression of human DDC under control of human synapsin
promoter. I utilised this vector for gene transfer into the mDA cell model of AADC
deficiency and have shown in vitro neuronal expression of AADC enzyme in the
patient-derived mDA neurons. Although this work requires further validation,
preliminary results of DDC lentivirus treated patient-derived mDA neurons shows
rescue of AADC activity with associated reduction in 3-OMD levels.
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Chapter 7

Discussion
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AADC deficiency is an ultra-rare primary neurotransmitter disorder with less
than 150 patients reported worldwide (Himmelreich et al. 2019). It is associated
with significant morbidity and increased risk of mortality. Although there is a broad
phenotypic spectrum of disease, most affected patients are very fragile, manifesting a
severe complex hyperkinetic movement disorder with regular oculogyric crises,
delayed neurodevelopment and neuropsychiatric or behavioural issues. Systemic
features are commonly reported, including life-threatening hypoglycaemia and
debilitating gastric dysmotility. Affected patients also often have orthopaedic
complications, with joint contractures, spinal deformity and a susceptibility to
respiratory infections. Whilst there is some degree of (modest) improvement and/or
disease stabilisation with available therapies, truly disease-modifying or curative
treatments are not currently available for AADC deficiency. More recently, clinical
gene therapy trials have offered new hope to AADC patients (Chien et al. 2017; Hwu
et al. 2012; Kojima et al. 2019) and the current ongoing clinical trial
(https://clinicaltrials.gov/ct2/show/NCT02852213). Further understanding of the
underlying disease mechanisms, with the aim of developing even more efficacious
therapies, thus constitutes research priority.
A number of different models have been utilised to study AADC deficiency, which
have their advantages and disadvantages. AADC deficiency has been modelled in the
mouse (Caine et al. 2017; Lee et al. 2013). In the homozygous knock-in (KI) mouse
model (DdcIVS6/IVS6) very low enzymatic activity (0.3% of wild type) was
observed, and low levels of dopamine in the brain. Half of the KI mice were born alive,
showed poor growth and showed severe dyskinesia and hindlimb clasping. Later on,
improvement of growth and motor functions was achieved. Serotonergic deficiency
led to cardiovascular dysfunction and behavioural problems. Dopamine levels
increased over time from 9.39% to 37.86% of wild type from 2 to 8 weeks of age (Lee
et al. 2013). The homozygous KI mouse model (AadcS250F/S250F) showed low enzyme
activity levels, the dopamine levels in the basal ganglia were modestly reduced and
the substantia nigra neurons were unaffected. Serotonergic levels were markedly
reduced leading to altered behavioural and autonomic function. No neurodegeneration
was observed (Caine et al. 2017). Research has also been undertaken in a zebrafish
model (Shih et al. 2013). In zebrafish inhibition of the Ddc gene by an AADC inhibitor
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(NSD-1015) or anti-sense morpholino oligonucleotides (MO) resulted in reduced
volume of the brain and smaller body length. Embryos injected with the MO showed
apoptosis of brain cells and the loss of diencephalic catecholaminergic cluster neurons,
as well as seizure-like activity. The MO embryos where less sensitive to touch, showed
impaired swimming activity, and impaired eye movement (Shih et al. 2013). To date,
research in AADC deficiency has yet to establish a robust disease model derived from
affected individuals, harbouring disease-causing mutations on a patient’s specific
genetic background. As previously discussed, brain tissue from patients is not readily
available, and even if it was, there are huge difficulties in the long-term culture of such
post-mitotic neurons for laboratory study.
In this PhD, I have aimed to develop a patient-derived stem cell model of AADC
deficiency. iPSC modelling of this disease is a new approach that will hopefully
complement other available laboratory models. AADC deficiency is an ideal disease
to study with iPSC-derived neurons, given the fact that it is a fully penetrant, recessive
loss-of-function disease, with early (possibly fetal) age of disease onset. Furthermore,
the key role of the AADC enzyme in mDA dopamine synthesis renders the derived
mDA model an excellent platform to study disease mechanisms and investigate new
therapies.
I have shown successful generation of iPSC lines from patients with AADC
deficiency, using Sendai Virus methodology. All generated lines were characterised
in detail (in tandem with a previously generated control iPSC line), showing true
pluripotency. Establishing pluripotency is a key experimental step prior to an extended
differentiation protocol, ensuring that lines will easily transform into any of the three
germ layers. Furthermore, generated iPSC lines were shown to be Sendai Virus-free,
and importantly maintained their genomic integrity. In a study by Mayshar et al., 2010,
66 hiPSC lines were analysed for chromosomal integrity. 13 cell lines were reported
to have full or partial chromosomal aberrations, attributed to either in vitro culture
adaption or originating from parent somatic cells. Aneuploidy was present in early
passages, postulated to be caused by the reprogramming process. Whilst chromosome
12 duplications resulted in enrichment for cell cycle-related genes, abnormal
chromosomal number limited differentiation potential (Mayshar et al. 2010).
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Confirmation of genomic integrity is therefore an essential requirement for iPSC
modelling.
When confirming DDC mutations for all patient iPSC lines (to ensure
maintenance of the patients’ genomic variants after reprogramming before the
differentiation process) some interesting findings came to light. The mutation for
Patient 1 was confirmed as previously reported (Montioli et al. 2016). However, for
Patient 2, I was surprised to find that one of the two previously reported mutations was
not present in either my fibroblast or iPSC lines (Pons et al. 2004). This prompted
whole DDC gene sequencing, through which we identified a new and different 2nd
mutation to that described in the literature for this patient. Our research laboratory then
analysed fresh lymphocytic DNA samples from the patient’s whole family, which
confirmed that the new mutation identified in the fibroblast and iPSC lines showed
appropriate disease segregation. The variant, p.Cys100Ser is located in exon 3, and
has not been previously reported in AADC deficiency. Given its novelty, Alamut
software has classified this officially as a variant of uncertain significance, though
CADD and Polyphen in silico predictions suggest pathogenicity for this substitution,
where the affected amino acid residue (and nucleotide) is highly conserved throughout
species. Overall, I predict that it is likely to be causative, given the reasons above, and
that no other variants were identified on gene sequencing. This work highlights the
crucial importance of clarifying the genetic background of laboratory lines when
developing iPSC model systems, given the potential variable effects of genotype of
cellular phenotype.
Through this work, I have also shown that iPSCs can be successfully differentiated
into typical mDA neuronal progenitors before maturation into day 65 mDA
neurons, showing characteristic derived-mDA identity. Importantly, my model
system showed that when compared to control lines, the generated patient-derived
neurons show no evidence of neurodegeneration. This key finding aligns well with
both, the Aadc520F/520F mouse model (Caine et al. 2017), where there is also no
neurodegeneration, and human patients who have normal brain magnetic resonance
imaging (MRI) and normal DAT scan imaging (Professor Krys Banckiewicz, Dr Toni
Pearson, personal communication, 2019). Despite severe baseline disability, many
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patients also show some degree of neurodevelopmental progress and clinical
stabilisation over time; clinical regression and loss of previously acquired skills is
rarely reported. My work thus provides more evidence that AADC deficiency is likely
to be a neurodevelopmental, rather than a neurodegenerative, disease, where the
enzymatically-determined dopamine deficiency does not seem to lead to neuronal cell
loss over the course of the disease. The absence of neurodegeneration is an important
concept, with many implications. An intact mDA system will be important for
maximising the chances of success with gene therapy trials and other future developed
therapies. As a “neurodevelopmental syndrome” the preliminary electrophysiological
findings in my AADC disease model are potentially interesting, though more work is
now necessary to see if these observed electrophysiological differences are replicable,
reliable and truly disease-specific.
My iPSC-derived neuronal model recapitulated a number of key features
observed in AADC deficiency. Despite differing genotypes, I found that AADC
enzyme activity was significantly reduced in both patient lines, (1-5% of normal) similar to findings observed in the diagnostic plasma AADC enzyme assay
(Wassenberg et al. 2017). For a third of reported AADC deficiency cases, the AADC
activity was not detectable. The highest detected value in a patient was
12 pmol/ml/min (36% of the accepted lower limit of normal). Interestingly,
‘apparently’ asymptomatic heterozygous carriers have also been reported with reduced
AADC activity levels (35-40% of normal) revealing some overlap with ranges
reported in disease (Wassenberg et al. 2017) – the reasons for this, and in fact, why
AADC activity is below 50% is not clear. Developing an iPSC-derived mDA line from
a carrier may help answer some of these questions. From a Mendelian perspective,
AADC deficiency has always been classified as a bi-allelic recessive disorder, but
these observations question whether harbouring a single allele may further reduce
enzyme activity putatively by subtle dominant negative effects or the effect of genetic
background environment on gene and protein function. It also raises the question as to
whether obligate carriers of AADC deficiency should be more extensively
investigated, through detailed clinical, neurological and neuropsychiatric testing.
Anecdotally, a number of obligate carriers have reported anxiety, depression and
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obsessive-compulsive symptoms, though formal research is now warranted to
investigate this further.
As well as reduced AADC enzyme activity, the iPSC derived mDA neuronal
model of disease also showed similar derangement of dopaminergic metabolites
to that seen in human patients on CSF neurotransmitter analysis. In my project, I
investigated extracellular concentrations of the precursor metabolite 3-OMD,
dopamine, and the dopamine degradation metabolite, DOPAC. As seen in human
patients, the extracellular 3-OMD concentrations were elevated and DOPAC
concentrations were lower in the patient lines when compared to controls. Dopamine
was not present in both patient lines, though detectable in the control line. It is well
recognised that dopamine is not stable in physiological pH conditions and within
synaptic vesicles, is stored stably in an acidic environment (pH ~5.6) (Mani and Ryan
2009; Raley-Susman et al. 1991; Schwiening and Boron 1994; Vincent et al. 1999).
Given the possibility of dopamine instability and possible degradation, it is likely that
measuring dopamine levels will not be an accurate representation of dopamine
turnover. Ideally, I would have liked to have included analysis of the stable dopamine
metabolite, HVA levels in my study. Unfortunately, I consistently observed that HPLC
analysis was not able to detect extracellular levels of HVA in both my control and
patient lines. We observed this phenomenon in another concurrent project in the lab,
where HVA was not detectable in control samples, and only detected at higher levels
in Dopamine Transporter Deficiency Syndrome patient lines, where raised HVA levels
are a hallmark of disease (personal communication, Prof. Kurian, ICH-GOSH, UCL).
The HPLC experiments for this thesis was performed in accordance with previous
published work (De la Fuente et al. 2017) and the reasons for the difficulties in
detecting HVA in the iPSC-derived neuronal model are not clear. De la Fuente and
colleagues report that dopamine and its metabolites were only detected from their SHSY5Y cells in cell culture medium after the addition of L-dopa. Whether this is due to
the fact that SH-SY5Y cells do not synthesise or store significant amounts of
intracellular dopamine (Balasooriya and Wimalasena 2007), or due to technical
difficulties in detecting HVA from cell lines, is currently unclear. Future optimisation
of HVA assay for use in iPSC-derived lines will no doubt benefit similar future
projects of iPSC-based modelling for neurotransmitter disorders.
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Both patient lines showed low levels of AADC enzyme activity and abnormalities
of dopaminergic metabolites on HPLC analysis. As a result, I wanted to
investigate whether this could be attributed to differences in AADC protein
expression. For Patient 2, I observed reduced levels of both gene and protein
expression when compared to control lines; this may be contributory to the observed
enzyme deficiency. In contrast, for Patient 1, gene expression was comparable to
control lines, whilst AADC protein levels were increased. The reasons for this remain
yet to be fully elucidated; it is possible that this particular missense variant does not
directly impact upon gene expression. With regard to the increased protein expression
observed for mutant R347 lines, one could postulate that there may be an intrinsic
cellular mechanism that detects dysfunctional AADC enzyme with compensatory
reduction in enzyme degradation. Given that gene and protein levels are not reduced,
the impact of R347G may thus reside in how this mutation affects the function of
mutant protein. Indeed, work by Montioli et al. (2016) has shown that p. R347G affects
catalytic activity, which may be an important mechanisms underpinning enzyme
dysfunction for this particular variant (Montioli et al. 2016).
Having established an iPSC stem cell derived neuronal model of AADC
deficiency, I wanted to determine whether AADC enzyme deficiency and
deranged dopamine homeostasis had further downstream effects on the
dopaminergic system. The results of my study are summarised, including data on
AADC gene and protein expression, in Table 7-1.
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Table 7-1: Summary of gene and protein expression for dopaminergic proteins.

Gene/protein expression compared to controls

Patient 1

AADC gene expression

Non-significant

Patient 2

AADC protein expression
TH gene expression
TH protein expression
MAOA gene expression
MAOA protein expression

For Patient 1 there was evidence of both reduced gene and protein expression of TH.
The reasons for this are not completely clear, but it may be hypothesised that it could
be linked to a cellular negative feedback loop detecting increased AADC protein and
responding by reducing TH levels. For Patient 2, TH gene expression level was
increased but protein levels were decreased. Further experiments will be needed to
clarify this data, but again this work provides preliminary indications that TH may be
dysregulated in AADC deficiency. MAOA relative gene and protein expression was
statistically significantly lower for both patient lines when compared to controls.
Although the mechanisms governing this are not yet clear, it may be postulated that
cellular homeostatic mechanisms may downregulate this enzyme as a feedback
response to either low AADC enzymes levels or reduced dopamine/dopamine
metabolites in the cell. Interestingly MAO inhibitors are often used in the first line
treatment of new AADC deficiency patients (Wassenberg et al. 2017). Given that my
work suggests that MAOA levels are low in the AADC cell model, it would be
important to see if this could be determined in vivo – indeed the question arises if the
MAO protein levels are similarly low in patients, whether MAO inhibitors are truly a
useful therapeutic intervention for AADC deficiency.
During my PhD I was also able to preliminarily investigate the effects of a
lentiviral-mediated DDC gene transfer in patient-derived mDA neurons. Both
DDC lentivirus treated patient cell lines showed higher enzyme activity and a
reduction in 3-OMD levels than their respective mock control. More experiments will
help validate these initial findings to statistical significance, work that will hopefully
contribute to understanding the cellular consequences of a gene therapy approach.
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Overall, during the course of my PhD, I have recognised a number of strengths
in using an iPSC-based modelling system to study AADC deficiency. To my
knowledge, it is the first laboratory model for this condition generated from patientderived cells with patient mutations. For the first time, we have been able to study this
disease in a directly patient-centric mDA neuronal model. AADC deficiency is a
highly suitable disease for studying in this way, given that it is monogenic disorder
with complete penetrance, and early neonatal or infantile disease onset. As a result,
even though derived mDA neurons likely equate to a human fetal stage of neuronal
maturity, I was still able to recapitulate key disease features, including significant
impairment of AADC enzyme activity and abnormal neurotransmitter metabolites.
This was achievable without using cellular ageing techniques, such as progerin or
chemical induction (Cooper et al. 2013; Miller et al. 2013; Nguyen et al. 2011). This
suggests not only that the mDA model is a robust system for future research in this
condition, but also that AADC deficiency may have important effects in prenatal
neurodevelopment, which could be further studied in this model. Another major
advantage of this model is that I was able to study the mDA system to evaluate a
therapeutic strategy (gene therapy); by establishing clear phenotypic readouts (enzyme
activity and measurement of monoamine metabolites). I have identified specific
parameters that can be used for measurement of efficacy in future drug screening
projects.
I am also aware that there are a number of limitations to my AADC deficiency
iPSC-derived model. For this study, I utilised only one control line and two different
patient lines. The conclusions drawn from the study would be significantly
strengthened by overall increasing the experimental number (n) as well as using more
age-matched control lines and multiple different patient lines (i.e. from patients with
different levels of disease severity) with corresponding CRISPR-corrected lines. Such
work would help overcome the unavoidable issues of clonal variability and also
facilitate better understanding of the influence of specific genotypes on cellular
phenotypes. In this project, I have developed a mDA model of disease, but it is well
recognised that AADC deficiency also has significant impact on the serotonergic
system with a number of key disease features attributed to central (and possibly
peripheral) serotonin deficiency (Wassenberg et al. 2017). Future development of a
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serotonergic iPSC derived model of disease may therefore provide important insight
into the effects of AADC deficiency on the serotonergic system. Furthermore,
development of midbrain-like (Jo et al. 2016) and cortical organoid models (Lancaster
et al. 2017) may confer significant advantages over the two-dimensional system that I
have developed with regard to neuronal maturity, connectivity, and cell type. Such
three-dimensional model systems are likely to provide deeper understanding of the
neuronal consequences of AADC deficiency. The lentiviral approach is useful to show
the potential therapeutic utility of a gene therapy approach (and the optimum vector
for delivery into a cellular model). However, it is not the vector type that is being
developed for human trial, where AAV-based vectors are currently used [(Chien et al.
2017;

Hwu

et

al.

2012;

Kojima

et

al.

2019)

and

(https://clinicaltrials.gov/ct2/show/NCT02852213)]. This highlights the emerging
concept that although iPSC models may be a good tool for drug screening, it is possible
that promising agents in a cell model may not translate to animal models and human
patients. Potential therapies identified through iPSC-based screening would therefore
need much more rigorous testing in different models to be assured of clinical utility
with regard to safety and efficacy.
The work undertaken in this PhD thus has a number of wider implications to
both the field of AADC deficiency and stem cell-based modelling of disease. To
my knowledge, it is the first reported patient-derived laboratory model of AADC
deficiency, providing an important proof-of-concept basis for future work in this field.
Importantly, generation of the mDA system has allowed me to study this disease in a
highly appropriate neuronal model, harbouring patient-relevant genetic mutations. It
is hoped that this work will pave the way for further mechanistic studies and novel
drug discovery in AADC deficiency. Such work is likely to provide new insight into
the disease, in addition to the already established mouse (Caine et al. 2017; Lee et al.
2013) and zebrafish models (Shih et al. 2013). The use of emerging technologies such
as single cell RNA sequencing (to define cell types by gene expression patterns) (La
Manno et al. 2016), CRISPR-cas9 techniques (to generate mutation-corrected patient
lines to both study disease and also potentially treat patients) (Ding et al. 2013), robust
organoid models (for three-dimensional disease modelling) (Lancaster and Knoblich
2014), and high content imaging/high throughput screening (for therapeutic
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investigation) (Little et al. 2019) in iPSC-based model systems will no doubt lead to
the development of better models, facilitating deeper elucidation of disease
mechanisms and identification of new treatments, not only for AADC deficiency, but
also for many other genetic diseases. My preliminary study of two patient lines (with
different bi-allelic DDC mutations) suggests that although disease is likely to result
from significant impairment of AADC enzyme activity, the effects of different gene
variants on gene and protein expression, protein localisation, enzyme function, and
downstream sequelae may indeed be mutation-specific. This is an emerging concept
in the field of stem cell modelling (Trilck et al. 2017). Generation of mDA lines from
a broader range of patients (with CRISPR-corrected lines) will not only allow us to
delineate these differences (providing further insight into protein structure-function
properties), but also to develop even more precise personalised medicine strategies for
individual patients. Another important finding from my study is the observation of no
neurodegeneration in patient lines. Other neurotransmitter disorders, such as
Dopamine Transporter Deficiency Syndrome (DTDS) manifest clinically with a
progressive disease course, and there is evidence of significant neurodegeneration in
the patient-derived mDA cell model (Barral et al, manuscript under review, 2019).
This is in contrast to my findings in the AADC deficiency cell model, which correlates
well to both patient phenotype (some patients may show a degree of plateauing of their
disease symptoms, with ongoing acquisition of neurodevelopmental skills through
childhood and adolescence), and neuroimaging findings (no evidence of basal ganglia
degeneration on MRI or DATscan). Overall, these observations suggest that AADC
deficiency is likely to be a neurodevelopmental, rather than a neurodegenerative
disease, which may be important for both disease prognostication and future
therapeutic considerations. Indeed, certain approaches (such as the current efforts into
AADC gene therapy) are potentially more likely to succeed in a nonneurodegenerative milieu. In the future, work such as that undertaken in this PhD will
need to increasingly bear clinical relevance to facilitate ‘bench-to-beside translation’.
Finally, with increasing scientific focus on NC3R principles, it is likely that iPSCbased disease modelling may in the future contribute to reducing, refining and perhaps
even replacing (to some extent) the use of animals for scientific purposes.
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In summary, my PhD encompasses generation of a humanised iPSC-derived mDA
model of AADC deficiency, which has recapitulated some of the key features of
AADC deficiency and provided insight into the downstream effects of this primary
neurotransmitter disorder. Preliminary work investigating a lentiviral gene therapy
approach will provide a good future basis to understand the cellular consequences of
viral vector-mediated gene therapy. This newly generated model may also be a good
platform for future high-throughput drug screening and other personalised medicine
approaches.
Ultimately I sincerely hope that this work will help one day to cure AADC deficiency.
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