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Abstract 
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Abstract 

Autophagy is an intracellular lysosomal degradation pathway by which 
cytoplasmic cargoes are removed to maintain cellular homeostasis. This process 
is essential in neurons that need to cope with prolonged and sustained operational 
stress, and thus autophagy is known to protect against neurodegenerative 
diseases including Parkinson’s disease (PD). In PD, a specific subset of regional 
neurons – midbrain dopaminergic neurons (mDANs) in the substantia nigra pars 
compacta – are lost, so it is essential to understand the selective vulnerability of 
these cells. In this context, we have described an improved induced pluripotent 
stem cell (iPSC) protocol to obtain large numbers of mDANs in culture. This rapid 
and tractable monolayer-type iPSC differentiation protocol generates >70% 
verified mDANs within 25 days, and is optimised for fixed and live cell imaging-
based studies of autophagy. Overall, this information will provide a better 
understanding of the regulation of autophagy specifically in the neurons that are 
lost in PD.  

The LIM homeobox transcription factors LMX1A and LMX1B cooperatively 
regulate the specification and proliferation of mDANs during development, and are 
also needed for their functional maintenance and survival in the adult midbrain. 
Here we show that LMX1A and LMX1B are autophagy transcription factors in 
iPSC-derived human mDANs. Their suppression reduces basal autophagy, lowers 
mitochondrial respiration, and elevates mitochondrial ROS levels; while their 
inducible overexpression protects against rotenone toxicity in mDANs in vitro. 
Significantly, we show that LMX1A and LMX1B bind to multiple members of the 
ATG8 family of core autophagy proteins via LIR-type interaction, contingent on 
subcellular localisation and nutrient status: under basal conditions, LMX1B 
interacts with LC3B in the nucleus, but binds to cytosolic LC3B and is degraded 
by autophagy during nutrient starvation. Crucially, ATG8 binding stimulates 
LMX1B-mediated transcription, whereas LIR mutant LMX1B is unable to protect 
mDANs against rotenone. This establishes a novel LMX1B-autophagy regulatory 
axis that contributes to mDAN maintenance in the adult midbrain with implications 
for mDAN protection/decline in PD. 
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Chapter 1. Introduction 

 
 
 
 
 
 
 
At a glance 

The aim of this PhD was to study the transcriptional regulation 

of autophagy in human dopaminergic neurons derived from 

pluripotent stem cells. This introductory Chapter will initially 

focus on autophagy, a catabolic pathway to degrade damaged 

and/or redundant cellular components and its transcriptional 

regulation. In the second part, we will describe the molecular 

mechanisms underlying neuronal differentiation to midbrain 

dopaminergic neurons and the pathogenesis of the disorder 

characterised for the loss of this particular neuronal type – 

Parkinson’s disease (PD).  
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Chapter 1. Introduction 

1.1. Autophagy 

Eukaryotic cells have different catabolic pathways to degrade altered 

proteins and/or redundant cellular components, and these pathways are critical to 

maintain cellular homeostasis. Alterations in any of these pathways have been 

linked to the development of diverse diseases (Pajares et al., 2015; Schneider and 

Cuervo, 2014; Wang and Wang, 2015; Zheng et al., 2016). The two major quality 

control mechanisms are the ubiquitin proteasome system (UPS), involved in the 

selective degradation of the majority of abnormal proteins in the cell, and 

autophagy, primarily involved in the degradation of large insoluble cytosolic 

material such as aggregated proteins and damaged organelles (Dikic, 2017; Dikic 

and Elazar, 2018; Kleiger and Mayor, 2014; Pajares et al., 2015; Wang and Wang, 

2015). In this project, we will focus on autophagy, its roles and regulation in a 

specialised cell-type—the midbrain dopaminergic neurons—and in particular, its 

transcriptional control.  

 Autophagy describes several distinct recycling pathways in which cytosolic 

cargoes are removed through lysosomal degradation, releasing macromolecular 

precursors such as amino acids and nucleic acids back to the cytoplasm to be 

reused. It is involved in the degradation of large protein aggregates and damaged 

cellular components, and its dysregulation has been linked to diseases including 

cancer, bone diseases, cardiomyopathy, infectious diseases, metabolic disorders, 

and neurodegenerative diseases (Cuervo, 2008; Dikic and Elazar, 2018; Gao et 

al., 2017; Ramesh et al., 2019; Tandon et al., 2018; Thorburn, 2018; Wong and 

Holzbaur, 2015; Yin et al., 2019). 

 There are three types of autophagy depending on the mechanisms by 

which substrates are delivered into the lysosome. These are microautophagy, 

chaperone-mediated autophagy (CMA), and macroautophagy which is commonly 

referred to simply as “autophagy” (Fig. 1.1). In microautophagy, the cargo is 

directly engulfed into lysosomes through lysosomal invagination or protrusion 

(Oku and Sakai, 2018). CMA is a highly selective type of autophagy, and through 

this mechanism cargoes containing KFERQ-like motifs (found in >25% soluble 

proteins in the cell) and/or proteins that have been post-translationally modified 
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(either by acetylation or phosphorylation) to generate KFERQ-like motifs – thus, 

new CMA substrates – (Bonhoure et al., 2017; Kaushik and Cuervo, 2018; Lv et 

al., 2011),  are selectively targeted via heat shock cognate 71 kDa protein (HSC70) 

and co-chaperones (e.g. HSP70–HSP90 organizing protein (HOP) and HSP70-

interacting protein (HIP)) and internalized to the lysosome lumen through the 

Lysosome-associated membrane protein 2 receptor (LAMP2A) for their 

degradation (Kaushik and Cuervo, 2018). Thus, CMA plays an important role in 

the degradation of altered and aggregated proteins, and alterations in this process 

have been linked to numerous diseases, including neurodegenerative diseases 

where accumulation of CMA substrates such as a-synuclein and tau are hallmarks 

respectively of PD and tauopathies, (Caballero et al., 2018), and cancer, where 

several proteins have been described to be CMA substrates, including the mutant 

tumour-suppressor protein TP53 (p53) or the misfolded form of nuclear receptor 

co-repressor (N-CoR), characteristic of small cell lung cancer (Cuervo and Wong, 

2014; Vakifahmetoglu-Norberg et al., 2013).  

 This project is focused on macroautophagy, the best characterised process 

among the different types of autophagy. Defects in macroautophagy are common 

hallmarks of diverse diseases, and have been described to play a role in most if 

not all human neurodegenerative diseases (Dikic and Elazar, 2018).  

1.1.1. Macroautophagy (‘autophagy’) 

 Macroautophagy is the process by which cargoes are sequestered by 

double membrane vesicles called autophagosomes which eventually fuse with 

lysosomes (autolysosomes)  (Fig. 1.1, Fig. 1.2) (Dikic and Elazar, 2018; Feng et 

al., 2014; Glick et al., 2010; Ktistakis and Tooze, 2016; Lamb et al., 2013). For 

simplicity, macroautophagy will be described in this thesis as “autophagy”, a 

common simplification used in the field. Autophagy is a highly conserved pathway 

in all eukaryotes (Wen and Klionsky, 2016). This process was first described in 

detail and named 50 years ago by Christian De Duve, but it was not until the early 

1990s that the Nobel Laureate Yoshinori Ohsumi began to unpick the genetic and 

molecular basis of this process, including those proteins involved, in studies using 

budding yeast (Harnett et al., 2017; Takeshige et al., 1992; Tsukada and Ohsumi, 

1993). Since then, there has been a remarkable progress in this field regarding 
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the molecular control of autophagy and its physiological relevance in multicellular 

eukaryotes. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Types of autophagy depending on the mechanism by which the substrates 
are delivered to the lysosomes. In microautophagy, material is delivered into the lysosome 

through a process of limiting membrane invagination. In macroautophagy (also referred as 

‘autophagy’), cargoes are sequestered by double membrane autophagosomes which 

eventually fuse with lysosomes (autolysosomes). In CMA, selective cargoes (with KFERQ 

recognition sequence) are selectively targeted by chaperones and translocated across the 
lysosomal membrane via LAMP2A. Image created by Ms. Joanna Moss (permission granted 

for use in this thesis). 
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the molecular control of autophagy and its physiological relevance in multicellular 

eukaryotes. 

 Although autophagy is typically happening in cells under basal conditions, 

this process can be dramatically upregulated under stress conditions, such as 

starvation, oxidative stress, or viral infections (Filomeni et al., 2015). Crucially, 

autophagy can be non-selective (also known as cargo-independent induced 

autophagy), when portions of cytoplasm are randomly encapsulated into 

autophagosomes based on locality alone, or highly selective, involving autophagy 

cargo receptors that are responsible for binding and thereby removing specific 

cargoes such as protein aggregates or damaged organelles via recruitment of 

autophagy machinery and ultimately, generation and expansion of local 

membrane for autophagosome formation (Gatica et al., 2018; Kirkin et al., 2009; 

Shaid et al., 2013; Zaffagnini and Martens, 2016). Thus, the machineries involved 

in selective and non-selective autophagy are not identical (e.g. specific adaptors 

and cargo receptors) (Walker and Ktistakis, 2019). In selective autophagy 

degradation, regulatory proteins differ depending on the cargo, and the process is 

thus named after the organelle being degraded: mitophagy (mitochondria); 

pexophagy (peroxisomes); ribophagy (ribosomes); reticulophagy (ER-phagy); 

lysophagy (lysosomes); xenophagy (bacteria or virus, distinct from LC3-

associated phagocytosis (LAP), where LC3 is recruited directly to the single-

membrane phagosome (Lai and Devenish, 2012)); nucleophagy (nucleus); 

proteaphagy (proteasome); lipophagy (lipid droplets); ferritinophagy (ferritin); 

glycophagy (glycogen) (Gatica et al., 2018; Khaminets et al., 2016). Selective 

autophagy is also involved in other processes such as secretion of molecules 

outside of the cell (e.g. osteoclasts to form the ruffled border) (Stolz et al., 2014), 

and LAP for the degradation of bacteria or dead cells (Fazeli and Wehman, 2017). 

Furthermore, autophagy selectively degrades aggregated misfolded proteins, a 

process known as aggrephagy (Deng et al., 2017). Aggregated proteins that are 

common hallmarks of neurodegenerative diseases and are known autophagy 

substrates include: amyloid-β (Cho et al., 2015; Pickford et al., 2008) that forms 

amyloid plaques in Alzheimer’s disease (AD); HTT (huntingtin) (Rui et al., 2015), 

the causative agent in Huntington’s disease (HD); a-synuclein (Tanji et al., 2015b; 

Winslow et al., 2010), a major component of Lewy’s bodies associated with 

Parkinson’s disease (PD) and Lewy body dementia.  
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 Ubiquitination is the main mechanism that targets specific cargoes for 

degradation by autophagy (Chen et al., 2019; Grumati and Dikic, 2018). It is a form 

of reversible post-translational modification in which usually the last glycine (76) 

of the small protein, ubiquitin (Ub), becomes covalently conjugated to a lysine 

residue(s) present on the target protein (referred to as mono-ubiquitination if a 

single Ub is conjugated or as multiple mono-ubiquitination if several Ub molecules) 

or itself (via lysine residue(s) or the N-terminal methionine residue, this process is 

referred to as polyubiquitination, when the target protein is conjugated to a chain 

of Ub molecules) (Sadowski and Sarcevic, 2010). Conversely, Ub can also be 

modified by SUMOylation, phosphorylation and acetylation affecting ubiquitination 

(Grumati and Dikic, 2018). Three different enzymes act sequentially during this 

process: an E1 ubiquitin-activating enzyme (the catalytic cysteine binds to Ub via 

a thioester bond and activates the last glycine with adenosine triphosphate (ATP)); 

an E2 ubiquitin conjugating enzyme (the catalytic cysteine conjugates to activated 

Ub (from E1) via a thioester bond and binds to E3); and an E3 ubiquitin ligase 

(catalyses the transfer of Ub from E2 to the target protein) (Chen et al., 2019; 

Grumati and Dikic, 2018). However, ubiquitination is not the only signal involved 

in selective autophagy. Several transmembrane receptors have been identified as 

mediators of autophagy, and other recognition signals such cardiolipin or galectin 

work as a signals for the cargoes to be recognized by the autophagy pathway 

(Chu, 2018; Chu et al., 2013; Khaminets et al., 2016; Thurston et al., 2012).  

 Befitting such an important process, a dedicated family of protein are 

required (mainly represented by so-called AuTophaGy-related or ATG proteins), 

and their functions are highly regulated (Dikic and Elazar, 2018; Feng et al., 2014; 

Glick et al., 2010; Ktistakis and Tooze, 2016; Lamb et al., 2013).  

1.1.1.1. Mechanism of autophagy 

The process of autophagy consists of several sequential steps: (i) initiation 

and nucleation; (ii) elongation; (iii) maturation; and (iv) fusion with the lysosome. 

A summary of the proteins involved, and their functions can be found in Table 1.1, 

and an overview of the macroautophagy process can be found in Fig. 1.2A. It is 

important to mention that this thesis will focus on the conventional, canonical 

pathway. However, in some situations not all of the ATG proteins are involved, 

and  these  situations  are  referred  to  as  non-canonical  pathways  (e.g.  Beclin1-
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Protein Functions Stages 

ATG proteins 

ULK1/2 Serine/threonine kinase. They form the ULK1 complexes with ATG13, FIP200 and ATG101), involved 
in ATG9 recruitment and the activation of PI3KC3 complex. 

Initiation/Nucleation 

ATG2A/B ATG2A interacts with WIPI4, tethering the omegasome to the ER (Chowdhury et al., 2018). ATG2-
GABARAP interaction is critical for autophagosome closure.  

Elongation and 
maturation (closure) 

ATG3 E2-like enzyme, ATG8 conjugation to PE. Elongation 

ATG4A/B/C/D Cysteine protease that activates ATG8 (primed) to be conjugated. Also, ATG8 recycling by cleavage 
of ATG8-PE (involved in maturation? (Reggiori and Ungermann, 2017)). 

Elongation  

ATG5 Conjugated to ATG12 and works as an E3-like enzyme for ATG8 conjugation to PE. Elongation 

BECLIN1 Regulatory subunit of the PI3KC3 complex I. Initiation/Nucleation 

ATG7 E1-like enzyme. Conjugation of ATG12 to ATG5, and ATG8 conjugation to PE. Elongation 

LC3A/B/C Conjugated to PE. Involved in membrane tethering, phagophore expansion and closure. Cargo 
recruitment by binding to autophagy receptors. Binding to FYCO1 promoting trafficking and 
autophagosome maturation. Regulation of autophagosome–lysosome fusion (binding to PLEKHM1 
and HOPS). 

Elongation, maturation 
and fusion 

GABARAPs Same functions as LC3A/BC although GABARAPs seem to be more involved in autophagosome 
maturation. 

Elongation, maturation 
and fusion 

ATG9 Transmembrane protein involved in delivery of membrane material to the PAS Initiation/Nucleation 

ATG10 E2-like enzyme. Conjugation of ATG12 to ATG5. Elongation 

ATG12 Conjugated to ATG5. E3-like enzyme for conjugation of ATG8 to PE. Elongation 

Table 1.1. Key proteins involved in autophagy 

 

Table continued on the next page 
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ATG13 Regulatory subunit of the ULK1/2 complex. Initaition/Nucleation 

ATG14L1 Core component of PI3KC3 complex I, required for ER localization. Stabilization SNARE complex for 
autophagosome-lysosome fusion. 

Initiation/Nucleation and 
fusion 

ATG16L1 Forms a complex with ATG12-ATG5. E3-like enzyme for conjugation of ATG8 to PE. Elongation 

ATG17 Scaffolding protein for the recruitment of ATG9 vesicles. ESCRT recruitment. Initiation/Nucleation and 
maturation (closure) 

ATG101 Core component of ULK1 complex. Initiation/Nucleation 

FIP200 Core component of ULK1 complex. Initiation/Nucleation 

WIPI1/2/3/4 PI3P effector protein. WIPI2 recruits ATG12-ATG5-ATG16L1 complex to to phagophore. Elongation 

Non-ATG proteins 

ALFY PI3P effector protein. Degradation of aggregated proteins. Elongation 

AMBRA1 Regulator of PI3KC3 complex. Initiation/Nucleation 

AMPK Serine/threonine kinase. Autophagy activator via phosphorylation of ULK1 and inhibition of mTOR Initiation/Nucleation 

DFCP-1 PI3P effector protein. Omegasome marker. Elongation 

ESCRT Membrane fission. Maturation (closure) 

FBXO7 E3-like enzyme. Parkin recruitment. Initiation/Nucleation 
(mitophagy) 

FYCO1 Rab7 effector. Binds to PI3P and LC3. Mediates anterograde kinesin-driven transport. Maturation (trafficking) 

mTORC1 Serine/threonine kinase complex. Autophagy inhibitor via phosphorylation of ULK1. Initiation/Nucleation 

Table continued on the next page 

 

Continuation of Table 1.1. 
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Parkin E3-like enzyme. Ubiquitination of mitochondrial surface proteins. Initiation/Nucleation 
(mitophagy) 

PINK1 Serine/threonine kinase.  Phosphorylation of ubiquitin and Parkin recruitment. Initiation/Nucleation 
(mitophagy) 

Rab7 Autophagosome trafficking (interaction with FYCO1 or RILP) and autophagosome-lysosome fusion 
(interaction with PLEKHM1). 

Maturation and fusion 

Rubicon Core component of PI3KC3 complex II. Maturation and fusion 

SNARE In the autophagosome, STX17 and SNAP29 and on the lysosome, VAMP7 or VAMP8, mediates 
membrane fusion supported by HOPS and ATG14L1. 

Fusion 

TBK1 Serine/threonine kinase.  Increase binding affinity of autophagy receptors Elongation 

UVRAG Core component of PI3KC3 complex II. Maturation and fusion 

VPS15 Adaptor protein and core component of PI3KC3 complex. Initiation/Nucleation 

VPS34 Catalytic subunit of the PI3KC3 complex. Initiation/Nucleation 

Autophagy receptors 

P62, NDP52, 
OPTN, NRB1, 
TAXBP1, NIX, 
FUNDC1, 
FAM134B 

Binding to ubiquitinated substrate and ATG8 interaction. Cargo recruitment to the 
phagophore 

Continuation of Table 1.1. 
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independent autophagy after autophagy induction with resveratrol, ATG5-

independent autophagy after autophagy induction with etoposide, or ULK1/2-

independent autophagy in response to glucose deprivation) (Codogno et al., 2011; 

Dupont and Codogno, 2013). 

Initiation and nucleation 

Mammalian autophagy initiation involves the recruitment of several 

complexes to the autophagy initiation sites and the formation of the phagophore 

(also known as the isolation membrane).  

Upon autophagy induction (e.g. nutrient starvation conditions), the Unc51-

like kinase 1/2 (ULK1/2) complex – formed by the catalytic subunit ULK1/2, the 

regulatory subunit ATG13, ATG101 and focal adhesion kinase family  interacting  

protein  of  200  kDa (FIP200) – is activated (Zachari and Ganley, 2017). ULK1 

activation depends on its phosphorylation status: (i) inactivation by the mammalian 

target or rapamycin complex 1 (mTORC1) – which also inhibits ATG13 via 

phosphorylation –; and (ii) activation by adenosine monophosphate-activated 

protein kinase (AMPK), which also inhibits mTORC1 by direct phosphorylation and 

indirectly via activation of tuberous sclerosis complex 2 (TSC2) which controls the 

GTPase activity of the Ras homolog enriched in brain (Rheb) (i.e. Rheb-GDP 

inhibits mTORC1 activity). TSC2 can also be activated by other stress-sensor 

factors such as the protein regulated in development and DNA damage  response 

1 (REDD1); or  inactivated by cell  proliferation signals  (e.g. glycogen synthase 

kinase-3 (GSK3ß) or extracellular signal-regulated kinase (ERK)) and nutrient 

inputs (e.g. phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) cascade) 

(Rabanal-Ruiz and Korolchuk, 2018). mTORC1 and AMPK are nutrient/energy 

sensors in the cell, whose activity feeds into different physiological signals, 

promoting anabolism or catabolism, respectively (Kim et al., 2011b; Rabanal-Ruiz 

et al., 2017). In addition, in rich nutrient conditions, mTORC1 is localised in the 

lysosome (which also acts as an amino acid sensor compartment and recruits 

mTORC1 via activation of Ragulator/Rag (recombination-activating genes) 

complex as we will describe later), mTORC1 is then activated by the lysosomal 

Rheb GTPases (i.e. Rheb-GTP). This process is inhibited in autophagy-inducing 

conditions (Rabanal-Ruiz and Korolchuk, 2018).  
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Once activated, ULK1 promotes its autophosphorylation and the 

phosphorylation of the other ULK1 complex components (i.e. ATG13, FIP200, 

ATG101) that might be important for the complex catalytic activity (Egan et al., 

2015; Papinski and Kraft, 2016; Yeh et al., 2010). Then, the ULK1 complex is 

recruited to the site of autophagosome formation, generally in close proximity to 

the endoplasmic reticulum (ER) – or ER-mitochondria contact sites – triggering 

the nucleation of the phagophore (Dikic and Elazar, 2018; Ktistakis, 2019; Mercer 

et al., 2018; Wei et al., 2018). The ULK1 complex activates downstream machinery 

including: (i) the trafficking of ATG9-positive vesicles – recognized by the 

scaffolding protein ATG17 –  from the plasma membrane, recycling endosomes 

and trans-Golgi network (TGN) to the autophagy initiation site (Karanasios et al., 

2016; Rao et al., 2016; Zhou et al., 2017); and (ii) the activation by phosphorylation 

of the autophagic phosphatidylinositol 3-kinase class III complex 1 (PI3KC3-C1; 

also known as vacuolar protein sorting 34 complex 1 (VPS34-I)) : comprising the 

adaptor protein VPS15, the catalytic subunit VPS34, ATG14L – required for ER 

targeting via interaction with syntaxin 17 (STX17) (Matsunaga et al., 2010) – and 

the regulatory subunit coiled-coil myosin-like BCL-2-interacting protein (Beclin1) – 

mainly regulated via phosphorylation by autophagy and Beclin1 regulator 1 

(AMBRA1); that generates phosphatidylinositol 3 phosphate (PI3P), triggering the 

formation of the omegasome, a subdomain in the ER, rich in PI3P, from which the 

phagophore will emerge and expand (Axe et al., 2008; Cianfanelli et al., 2015; 

Hayashi-Nishino et al., 2009; Mercer et al., 2018). Ultimately, to control autophagy 

termination, ULK1 autophosphorylation facilitates recognition by the ubiquitin 

ligase Cullin3-Kelch-like protein 20 (Cul3-KLHL20), which is also involved in the 

degradation of degradation of ATG13, VPS34, Beclin1, and ATG14 after long term 

starvation, and targeting for degradation (Liu et al., 2016). 

Elongation 

Autophagy elongation involves phagophore expansion and sealing, and 

consequent formation of the autophagosome. 

Upon activation of the autophagic PI3KC3-C1, the resultant PI3P-enriched 

foci recruit PI3P effector proteins including the zinc-finger FYVE domain-

containing protein (DFCP1), the autophagy-linked FYVE protein (ALFY), and WD 

repeat domain phosphoinositide-interacting proteins (WIPIs; here WIPI2 is the 
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exemplar isoform) (Dikic and Elazar, 2018). DFCP1 resides on ER/Golgi 

membranes, and is an excellent omegasome marker, but it has been reported that 

is not essential in autophagy as its depletion does not affect this process (Axe et 

al., 2008). ALFY has been reported to be essential for selective degradation of 

aggregated proteins, and is required for neuronal connectivity (Dragich et al., 

2016; Filimonenko et al., 2010). WIPI2 plays an important role in the activation of 

the tandem Ub-like (UBL) conjugation pathways that drive autophagosome 

assembly: the ATG12 and the ATG8 conjugation systems, and their recruitment 

to the omegasome. In the first UBL conjugation system, the UBL protein ATG12 

is conjugated to ATG5, a process mediated by ATG7 (E1-like activating enzyme) 

and ATG10 (E2-like conjugating enzyme), which binds to ATG16L1, generating 

the E3-like ligase ATG12-5-16L1 complex (Geng and Klionsky, 2008; Mizushima 

et al., 1998). Crucially, WIPI2B (WIPI2 splice variant) binds to ATG16L1 and 

recruits the complex to the omegasome (Dooley et al., 2015). There, the AT12-5-

16L1 complex, together with ATG3 (E2-like conjugating enzyme) and ATG7, 

mediates the second UBL conjugation pathway: lipidation (most often to 

phosphatidyl ethanolamine (PE)) of the ATG8 family members (comprising the 

microtubule associated protein 1 light chain 3 (MAPLC3, here referred to as LC3) 

family and the gamma-aminobutyric acid receptor-associated protein (GABARAP) 

family; namely: LC3A (with two variants differing in the N-terminal sequence, v1 

and v2 (Bai et al., 2012)), LC3B (LC3B1 and LC3B2, with only one amino acid 

difference (C113 versus Y113 (Bai et al., 2012)), LC3C, GABARAP, GABARAPL1, 

GABARAPL2/GATE-16 (Schaaf et al., 2016)), thus enabling its covalent 

attachment to lipids in the nascent isolation membrane (e.g. conversion to 

lipidated, membrane-bound LC3-II) (Lystad et al., 2019; Mizushima, 2019). Prior 

to lipidation, ATG8s need to be activated (or primed) by members of the ATG4 

endopeptidase family (ATG4A-D; with ATG4B being the best characterised family 

member which displays activity against all ATG8s) by cutting the C-terminus and 

exposing the glycine residue (e.g. G120 in LC3B) required for lipidation (referred 

to as “primed LC3”, or “LC3-I”)  (Dikic and Elazar, 2018; Ktistakis and Tooze, 

2016; Maruyama and Noda, 2017). This is followed by coordinating membrane 

expansion and phagophore closure. 

The ATG8 family 
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The ATG8 family includes two different subfamilies: the LC3 family 

composed of LC3A1/A2/B1/B2/C and the GABARAP family comprising 

GABARAP/GABARAPL1/GABARAPL2 (or GATE-16). ATG8 proteins are 

essential for autophagy and, although some of their functions are redundant, their 

diversity seemingly allows functional specification in the autophagy pathway. For 

example, they are known to bind to different adaptor proteins and to be recruited 

in different scenarios (e.g. LC3C is involved in xenophagy (Shpilka and Elazar, 

2012), and GABARAP promotes ULK1 activation (Joachim et al., 2015)). In 

general, LC3A1/A2/B1/B2/C are mostly involved in autophagosome formation and 

the GABARAP family is mostly involved in autophagosome maturation and in non-

selective autophagy (Lee and Lee, 2016; Schaaf et al., 2016; Szalai et al., 2015; 

Weidberg et al., 2010). In addition, ATG8 proteins are also important in unrelated-

autophagy functions (e.g. GABARAPL2 is involved in intra-Golgi trafficking 

(Schaaf et al., 2016)). 

In selective autophagy, ATG8s also facilitate cargo recruitment to the 

nascent phagophore through the interaction with specialized adaptor proteins. 

Cargo receptors, such as nuclear dot protein 52 (NDP52) and sequestosome 1 

(p62/SQSTM1) recognize ubiquitinated cargoes and carry them to the 

autophagosomes through interactions with the ATG8 proteins via conserved LC3-

interacting regions (LIR) (Johansen and Lamark, 2019; Ktistakis and Tooze, 2016; 

Wong and Holzbaur, 2015). The LIR is a short peptide motif with a core consensus 

sequence (W/F/Y)1-X2-X3-(L/I/V)4 (Fracchiolla et al., 2017; Jacomin et al., 2016), 

where the first residue is an aromatic amino acid, and in the fourth position is 

an aliphatic residue (X represents any amino acid). Proteins with this sequence 

include those involved in autophagosome formation, cargo receptors, and proteins 

degraded selectively by this pathway. The hydrophobic amino acids in the first and 

fourth position dock within ATG8 hydrophobic pockets HP1 and HP2. In LC3B, 

residues F52 and L53 are important for this interaction (Birgisdottir et al., 2013; 

Ichimura et al., 2008; Yang et al., 2017a). Recently, a more specific GABARAP 

interaction motif (GIM) was described, with a similar consensus sequence: (W/F)1-
(V/I)2-X3-V4 (Rogov et al., 2017a). Interestingly, only few proteins are known to 

have higher affinity for the LC3 family; the majority of known autophagy substrates 

appear to have greater affinity/specificity for binding to the GABARAP family 

(Johansen and Lamark, 2019).  



Chapter 1. Introduction 

 15 

Recently, Wirth et al. explored the significance of amino acids flanking the 

core LIR motif, particularly residues to the C-terminus of the core, in mediating 

interactions with the GABARAP family, or in modifying binding specificity to 

different ATG8s (e.g. PCM1 (Pericentriolar material 1), ATG13 and ULK1 have 

been reported to bind GABARAP via an extended LIR and the X2 residue in PCM1 

affects binding specificity by inhibiting LC3 binding) (Wirth et al., 2019). In addition, 

another recent study described how serine residues N-terminal to the core motif 

could be involved in this interaction following their phosphorylation (e.g. S34/35 

phosphorylation of the mitophagy cargo receptor NIX (BCL2 interacting protein 3 

like; also known as BNIP3L)  enhanced LC3B interaction) (Rogov et al., 2017b). 

In addition to their roles in autophagosome formation and membrane 

trafficking (e.g. GABARAPL2 (Schaaf et al., 2016)), it has recently been reported 

that at steady state, a large and relatively immobile pool of LC3B localises to the 

nucleus where it engages with nuclear PML (promyelocytic leukemia protein) 

bodies and nucleolar components via LIR-type interactions (He et al., 2014; Kraft 

et al., 2016). These findings suggest additional nuclear regulatory roles for LC3B 

and possibly other ATG8 proteins. Interestingly, it has been demonstrated that 

cytosol-to-nuclear shuttling forms part of the normal LC3 itinerary, with only the 

nuclear released pool thought to be competent for undergo lipidation during 

autophagosome assembly through interactions with ATG7 and other autophagy 

factors (Huang et al., 2015). A fraction of nuclear LC3 has been suggested to 

control nucleolar activity, through interactions with the ribosome receptor NUFIP1 

(nuclear FMRP interacting protein 1) (Shim et al., 2019). However, the role of 

nuclear LC3 pool remains elusive. The release of nuclear LC3 during starvation is 

regulated by Sirtuin1 (SIRT1)-dependent deacetylation at residues K49 and K51 

residues, with LC3 exiting the nucleus in complex with the diabetes- and obesity-

regulated nuclear factor (DOR) via exportin 1 in preparation for its incorporation 

into the nascent isolation membrane (Huang et al., 2015; Mauvezin et al., 2010; 

Shim et al., 2019).  

Maturation and fusion 

Autophagy maturation and fusion with the lysosome involves membrane 

fission for autophagosome closure, trafficking of the autophagosome typically in 

the retrograde direction (towards the centre of a typical cell), and eventual fusion 
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with the lysosome to form a degradative autolysosome. Here, cargoes are 

degraded, and their components transported back into the cytosol.  

For autophagosome closure, ESCRT proteins (endosomal sorting complex 

required for transport) have been identified as a key complex catalising membrane 

fission. For example, during autophagosome closure, charged multivesicular body 

protein 2A (CHMP2), a subunit of the ESCRT-III complex, translocates to the 

phagophore and mediates the separation of the inner and outer autophagosomal 

membranes (Takahashi et al., 2018; Zhen et al., 2019); and VPS37A, subunit of 

the ESCRT-I complex, recruits ESCRT to the phagophore and mediates sealing 

(Takahashi et al., 2019). The ESCRT complex catalises membrane fission via Ras 

protein-related in brain 5 (Rab5) interaction (controlled by ATG17) (Zhou et al., 

2019a). In addition, defects in LC3B lipidation lead to an accumulation of unclosed 

autophagosomes, suggesting that the ATG-conjugation machinery is involved in 

this process (e.g. in ATG5 knockout HeLa cells phagophores did not mature into 

autophagosomes (Kishi-Itakura et al., 2014); knockdown of the phospholipid 

transfer protein ATG2A/B, involved in autophagosome formation, resulted in 

accumulation of unsealed autophagosomes (Osawa et al., 2019); and recently, it 

was shown that that the ATG2-GABARAP interaction is critical for autophagosome 

closure (Bozic et al., 2020)). Despite these findings, autophagosome closure 

appears to be largely unaffected in ATG8 null HeLa cells (Nguyen et al., 2016),   

Fully formed autophagosomes go through a maturation process where the 

ATG8s link the autophagosomes to microtubules. In this process, Rab7 is 

recruited to mature autophagosomes and binds to either, the FYVE and coiled-coil 

domain-containing 1 (FYCO1), which also binds to LC3 via LIR-type interaction 

and PI3P (Pankiv et al., 2010), to mediate anterograde kinesin-driven transport or 

the Rab-interacting lysosomal protein (RILP) to mediate retrograde 

dynactin/dynein-driven transport towards the nucleus (Fass et al., 2006; Harrison 

et al., 2003; Jahreiss et al., 2008; Kochl et al., 2006; Nakamura and Yoshimori, 

2017). Crucially, microtubules are also involved in autophagosome formation (e.g. 

microtubule transport from the centrosome is necessary for recruitment of 

GABARAP to the nascent phagophore via the centriolar satellite protein PCM1 

(Joachim et al., 2017; Kochl et al., 2006)).  

For membrane fusion and formation of the autolysosome, the SNARE 

(soluble N-ethylmaleimide-sensitive factor activating protein receptor) fusion 
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machinery is required. On the autophagosome membrane resides STX17 and 

synaptosomal-associated protein 29 (SNAP29), whereas on the lysosome, 

vesicle-associated membrane protein 7 or 8 (VAMP7 or VAMP8) mediates 

membrane fusion supported by the homotypic fusion and protein sorting complex 

(HOPS) which interacts with STX17 (Jiang et al., 2014; Reggiori and Ungermann, 

2017). STX17 also recruits, ATG14L (also involved in autophagosome formation 

as a complex of PI3KC3-C1) to promote membrane tethering and stabilize the 

SNARE complex promoting membrane fusion (Diao et al., 2015; Itakura et al., 

2012; Kriegenburg et al., 2018). The PI3KC3-C2 with UVRAG (UV radiation 

resistance associated protein) or Rubicon (Run domain Beclin-1-interacting and 

cysteine-rich domain-containing protein) instead of ATG14L, is also involved in 

autophagosome-lysosome fusion, either promoting (UVRAG) or inhibiting 

(Rubicon) the process (Liang et al., 2008; Nakamura and Yoshimori, 2017; Sun et 

al., 2011). In addition, lysosomal Rab7, stimulated by UVRAG, is also important 

for autophagosome-lysosome fusion, as it interacts with a LIR-containing protein, 

pleckstrin homology domain containing protein family member 1 (PLEKHM1), 

which also interacts with HOPS (Liang et al., 2008; McEwan et al., 2015). In 

addition, Wilkinson et al. described that phosphorylation of LC3B by hippo kinases 

STK3 and STK4 was critical for autophagosome fusion (Wilkinson et al., 2015) 

and Wang et al. described that ULK1 mediates autophagosome-lysosome fusion 

via interaction with STX17, and ULK1 phosphorylation by protein kinase a (PKCa) 

reduces this interaction and targets ULK1 for degradation via CMA (Wang et al., 

2018).   

The lysosome 

 Lysosomes are membrane-bound heterogenous organelles, characterised 

by their acidic environment (~5.0 pH) that is maintained by the ATP-driven proton 

pump V-type ATPase that pump protons from the cytosol to the interior of these 

vesicles, and the presence of numerous acid hydrolases (active at low pH) 

involved in lysosome-dependent degradation. These features are critical for 

maintaining cell homeostasis by the release of macromolecular precursors to the 

cytoplasm for recycling (Mindell, 2012).  

Lysosomes work as a cellular nutrient sensor. mTORC1 is recruited to the 

lysosome by Rag-GTP/Ragulator in rich nutrient conditions, where mTORC1 is 
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activated by the Rheb GTPases (i.e. Rheb-GTP, activated in the presence of 

growth factors (e.g. PI3K/AKT pathway)) (Carroll, 2020; Manifava et al., 2016; 

Yang et al., 2017b). Conversely, Rag is inactivated (Rag-GDP) in starvation 

conditions by Gap activity toward Rags 1 (GATOR1) complex (Lawrence and 

Zoncu, 2019). GATOR1 is a GTPase-activating protein for Rag and it is activated 

by the S-adenosylmethionine sensor SAMTOR (Gu et al., 2017) and inhibited by 

the amino acid sensor GATOR2, which, in turn, is inactivated by leucine (via 

SESTRIN2) and arginine (via CASTOR), relieving GATOR1 inhibition (Lawrence 

and Zoncu, 2019; Wolfson et al., 2016; Yang et al., 2017b). Rag and Ragulator 

are considered part of the lysosomal nutrient sensing machinery (LYNUS), crucial 

for nutrient cell signalling via mTORC1 (Settembre and Ballabio, 2014). They 

interact with amino acid-sensing transmembrane proteins including the V-type 

ATPase (which also detects glucose levels) (Parra and Hayek, 2018; Zoncu et al., 

2011) and the amino acid transporter sodium-coupled neutral amino acid 

transporter 9 (SLC38A9, which also binds cholesterol) (Lawrence and Zoncu, 

2019; Manifava et al., 2016; Rabanal-Ruiz and Korolchuk, 2018; Sabatini, 2017).  

1.1.1.2. Mitophagy 

Due to its relevance during tissue homeostasis and its influence on 

numerous human diseases, including neurodegenerative diseases, it is important 

to mention the specific selective mitochondrial degradation pathway, mitophagy. 

Through this process, the cell coordinates the removal of dysfunctional 

mitochondria. Alterations in mitophagy are a hallmark of PD (present in either 

genetic or toxin-induced models) (Liu et al., 2019). Distinct mechanisms and 

diverse proteins are involved in the selective degradation of mitochondria (see Fig. 

1.2B for details of the mitophagy process) (Chu, 2019; Walker and Ktistakis, 

2019). 

Mitochondria are the powerhouses of the cell. They are the major source of 

ATP generated via the mitochondria electron transport chain (ETC). ETC consists 

of five complexes: (i) Complex I (NADH dehydrogenase), uses the NADPH 

generated in the citric acid cycle for proton translocation from the matrix to the 

intermembrane space, electrons are transferred to ubiquinone; (ii) Complex II 

(succinate dehydrogenase), uses the succinate generated in the citric acid cycle 

and consequently delivers electrons to the ETC (ubiquinone); (iii) Complex III 
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(cytochrome c oxidoreductase) where electrons (from ubiquinone) are transferred 

to the cytochrome c, this process generates enough energy for proton pumping to 

the intermembrane space; (iv) Complex IV (cytochrome c oxidase), where 

electrons are removed from cytochrome c to generate H2O, with released energy 

used to translocate protons to the intermembrane space; (v) Complex V (ATP 

synthase) for the generation of ATP via proton flow to the matrix (ratio  4H+:1ATP) 

(Keane et al., 2011). 

Mitochondria are damaged by numerous factors, including hypoxia, mtDNA 

damage, uncouplers (e.g. carbonyl cyanide m-chlorophenylhydrazone (CCCP, 

uncoupler, dissipates membrane potential), ETC inhibitors (e.g. rotenone 

(Complex I inhibitor) or antimycin (Complex III inhibitor) or the presence of reactive 

oxygen species (ROS, mitochondrial superoxide production) (Anding and 

Baehrecke, 2017; Van Houten et al., 2016; Zhao et al., 2019).  

Damaged mitochondria are either rescued by fusion/fission (Youle and van 

der Bliek, 2012), or they are degraded via mitophagy. The best characterised 

pathway for mitochondria degradation is the PINK1/Parkin pathway (although 

several Parkin independent pathways have been described (Chu et al., 2013; Di 

Rita et al., 2018; Princely Abudu et al., 2019; Strappazzon et al., 2015; von 

Stockum et al., 2018)). Crucially, PINK1 and Parkin mutations are linked to familial 

PD (Gao et al., 2017). When mitochondrial membrane potential is present, PINK1 

is translocated to the mitochondria (via its mitochondrial targeting sequences, 

MTS) and it is imported to the mitochondrial inner membrane via the TOM/TIM23 

system (translocase of the outer membrane and inner membrane, respectively). 

Then, PINK1 is first cleaved by the matrix-localized protease (MPP) and then by 

presenilin associated rhomboid-like protease (PARL) (Sekine and Youle, 2018; 

Van Houten et al., 2016). However, when membrane potential is lost (i.e. a feature 

of damaged mitochondria), PINK1 accumulates on the mitochondrial outer 

membrane where it phosphorylates and activates Parkin (an E3 ligase), driving 

protein ubiquitylation on the outer mitochondrial membrane. Subsequently, PINK1 

phosphorylates target-bound ubiquitin which in turn recruits further Parkin in a 

positive feedback pathway (Yamano et al., 2016). Parkin targets mitochondrial 

surface proteins, such as the voltage-dependent anion channel 1 (VDAC1) 

(Geisler et al., 2010). For Parkin recruitment and substrate ubiquitination, an 

interaction with the PD-linked protein F-box protein 7 (FBXO7) is involved, 



Chapter 1. Introduction 

 20 

although the precise molecular mechanism remains elusive (Burchell et al., 2013). 

These ubiquitinated proteins are recognised by cargo receptor proteins, and 

thereafter ubiquitinated mitochondria are targeted to the nascent phagophore – 

Zachari et al. suggested that ubiquitinated mitochondria are enveloped by ER 

strands to facilitate targeting and autophagy (Zachari et al., 2019).  

There are several cargo receptors proteins involved in mitophagy, 

including: p62, NIX (or BNIPL3), Neurabin-1 (NRB1), FUNDC1 (FUN14-domain 

containing 1), NDP52, Optineurin (OPTN) and Tax1 binding protein 1 (TAX1BP1) 

(Anding and Baehrecke, 2017), and these are recruited in different scenarios 

(Harper et al., 2018). In addition, the binding affinity of these receptors (particularly 

OPTN and p62) is increased via phosphorylation by tank-binding kinase 1 (TBK1) 

(Matsumoto et al., 2015; Richter et al., 2016). These receptors bind to ATG8s (via 

LIR-type interactions) (Johansen and Lamark, 2019), and some of them also 

recruit the ULK1 complex to feed-forward to the autophagosome assembly 

machinery (Lazarou et al., 2015; Turco et al., 2019). Subsequently, mitochondria 

are degraded by (macro)autophagy pathway (see Section 1.1.1.1, Fig. 1.2). Ub 

is not the only targeting signal for mitophagy, however. It has been recently 

described that the mitochondrial matrix proteins 4-nitrophenylphosphatase 

domain and non-neuronal SNAP25-like protein homolog (NIPSNAP1) and 

NIPSNAP2 accumulate on the mitochondrial surface to act as an ‘eat-me’ signals 

through binding to mitophagy cargo receptors (Princely Abudu et al., 2019). In 

addition, it has been observed in neurons that cardiolipin externalization on the 

mitochondrial surface triggers mitophagy via interactions with LC3, thereby 

targeting mitochondria for degradation (Anton et al., 2016; Kagan et al., 2016).  

Importantly, some cargo receptors involved in mitophagy – including 

NDP52, OPTN, NRB1 and p62 – also facilitate the degradation of protein 

aggregates (aggrephagy) or other organelles like peroxisomes (pexophagy) (Cho 

et al., 2018; Rogov et al., 2014). On the other hand, other specific proteins are 

involved in the selective autophagy of different organelles. These include the LIR-

motif containing proteins CCPG1 (cell cycle progression protein 1) and FAM134B 

(family with sequence similarity 134 member B) for ER-phagy, and the cargo 

receptor NCOA4 (receptor-binding nuclear receptor coactivator 4) for 

ferritinophagy (Conway et al., 2019; Wilkinson, 2019).  
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Figure 1.2. Overview of the autophagy process. (A) As described in the text, autophagy is 

induced under certain conditions (e.g. starvation) and this leads to the initiation and nucleation 

at autophagy assembly sites (e.g. ER), where the ULK1 and PI3K complex are involved in the 

recruitment of ATG9-positive vesicles and the formation of the omegasome. Then, the 

conjugation system ATG5-12, recruited by WIPI2, will lipidate the ATG8s (LC3s/ GABARAPs) 

and the cargo will be sequestered by autophagy receptors. Then, the fully formed 

autophagosome will go through a maturation process and it will eventually fuse with a lysosome 

forming an autolysosome mediated by fusion machinery. Modified figure from (Dikic and Elazar, 

2018). Copyright © 2018, Springer Nature. Reproduced with permission of the publisher 

(“Springer Nature”) and Prof. Dikic (Goethe University). (B) Damaged mitochondria (after stress 

stimuli, e.g. ROS) are targeted to the autophagosome via the PINK1/Parkin pathway that leads 

to the ubiquitination of surface mitochondria proteins (e.g. VDAC1) that will be recognised by 

autophagy receptors – whose specificity increases after phosphorylation by TBK1 – that target 

to the nascent autophagosome via ATG8 binding. Independently of Parkin, other mitochondria 

signals can target mitochondria to autophagosomes (e.g. cardiolipin and NIPSNAP1/2). 
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1.1.2. Regulation of autophagy by transcription factors 

Autophagy is influenced by diverse transcription factors, microRNAs 

(miRNAs), and epigenetic modifications in different tissues (Di Malta et al., 2019). 

The study of transcriptional regulation of autophagy is quite recent, in part because 

it was not considered critical for this process since enucleated cells (e.g.  

reticulocytes) can perform autophagy (Griffiths et al., 2012b; Morselli et al., 2011). 

However, in the last decade, several studies have pointed out that ‘nuclear’ control 

of autophagy is key for the regulation of the autophagy process, including short-

term and long-term outcomes (Di Malta et al., 2019). Currently, numerous 

transcription factors have been described, with the MiT/TFE family (exemplified by 

TFEB) and ZKSCAN3 being particularly influential through their opposing roles in 

regulating genes required for autophagy (e.g. LC3; WIPI) and lysosomal 

biogenesis (Zhang et al., 2015) (see Fig. 1.3 for overview in regulation of 

autophagy by transcription factors).  

1.1.2.1. TFEB and ZKSCAN3, the master autophagy regulators 

Transcription factor EB (TFEB) is a member of the basic helix-loop-helix 

leucine-zipper family of transcription factors, and is considered to be a master 

regulator of autophagy. Under starvation conditions, TFEB translocates to the 

nucleus where it regulates more than 200 lysosomal-related genes and autophagy 

genes (including ATG4, ATG9B, BECLIN1, LC3B, GABARAPL1, ATG16, WIPI, 

UVRAG and p62) by the binding to CLEAR (coordinated lysosomal expression 

and regulation network) sequences in their promoters. These genes are involved 

in autophagosome biogenesis, the autophagosome-lysosome fusion, and 

lysosomal biogenesis (Settembre et al., 2011; Settembre et al., 2012). TFEB 

translocation is regulated by phosphorylation (Martini-Stoica et al., 2016; 

Settembre et al., 2011). Two kinases are known to phosphorylate TFEB: ERK2 (in 

S142) and the autophagy inhibitor mTORC1 (in S211 and S142), and their 

influence retains TFEB in the cytoplasm. Under basal conditions, TFEB interacts 

with Rag GTPases promoting its lysosomal recruitment and phosphorylation by 

mTORC1 (Martina and Puertollano, 2013; Roczniak-Ferguson et al., 2012; 

Settembre et al., 2011). Phosphorylation at S211 and S142 of TFEB leads to its 

binding by 14-3-3 proteins and consequent cytosolic retention (Li et al., 2019b; 

Settembre et al., 2012; Xu et al., 2019). In addition, phosphorylated TFEB is 



Chapter 1. Introduction 

 23 

targeted to the proteasome via the E3-like enzyme, STIP1 homology and U-Box 

containing protein 1 (STUB1), thereby controlling its stability (Sha et al., 2017).  

Under stress conditions (e.g. starvation), ERK2-mediated TFEB 

phosphorylation is inhibited, and mTORC1 concomitantly inactivated (as 

described in the previous section). In addition, calcineurin – activated by lysosomal 

calcium release via mucolipin 1 (MCOLN1) – binds and dephosphorylates TFEB, 

which leads to the dissociation of TFEB from 14-3-3 proteins and TFEB 

translocation to the nucleus (Medina et al., 2015; Raben and Puertollano, 2016; 

Settembre and Ballabio, 2011). Cytoplasmic-nuclear shuttling of TFEB is also 

observed after re-feeding, here modulated via mTORC1 phosphorylation at 

residues close to the nuclear exported signal (NES) (S142 and S138), with 

translocation mediated by exportin 1 (Napolitano et al., 2018).  

 An increase in the phosphorylated form of TFEB and dysregulation of 

autophagy has been correlated with the progression of neurodegenerative 

diseases, including PD (Dehay et al., 2013; Kilpatrick et al., 2015). In addition, 

overexpression of TFEB has been reported to be beneficial in numerous disease 

models via clearance of aggregated protein (e.g. tau in AD, a-synuclein in PD, and 

HTT in HD (Decressac et al., 2013; Polito et al., 2014; Tsunemi et al., 2012)). 

By contrast, the zinc finger with KRAB and SCAN domains 3 (ZKSCAN3) 

plays an opposing role by inhibiting the transcription of several autophagy-related 

genes (e.g. ULK1, DFCP1, LC3B, GABARPL2 and WIPI) and lysosome genes 

under basal conditions (Chauhan et al., 2013). Under starvation or 

pharmacological activation of autophagy, ZKSCAN3 is translocated to the 

cytoplasm to relieve this inhibition (Chauhan et al., 2013). Recently, Lei et al. 

showed that A30P mutant a-synuclein inhibited autophagy by enhancing 

ZKSCAN3 nuclear trafficking (Lei et al., 2019). However, its role in vivo has not 

yet been reported (Pan et al., 2017).  

1.1.2.2. Other important autophagy transcription factors 

 Transcription factors belonging to the Forkhead box O (FOXO) family – 

particularly FOXO1 and FOXO3 – have been identified as autophagy transcription 

factors, regulating the expression of numerous autophagy-related genes (Audesse 

et al., 2019; Yang et al., 2010; Zhao et al., 2007). Under basal conditions, FOXOs 
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are phosphorylated by AKT and retained in the cytosol through binding to 14-3-3 

(Hay, 2011). Under stress conditions, they become activated and can either 

translocate to the nucleus or regulate autophagy in the cytosol – acetylated 

FOXO1 (under oxidative stress conditions) can bind to ATG7 and activate it 

(Cheng, 2019; Zhao et al., 2007; Zhao et al., 2010). Crucially, it was shown 

recently that FOXO3a can be degraded by the autophagy pathway, suggesting a 

negative feedback mechanism for this transcription factor (Fitzwalter et al., 2018). 

 One of the best characterised transcription factors – p53 – has also been 

reported to regulate autophagy gene expression after DNA damage (Kenzelmann 

Broz et al., 2013), and to induce TFEB nuclear translocation (Brady et al., 2018). 

However, cytoplasmic p53 inhibits autophagy via posttranscriptional 

downregulation of LC3A (Scherz-Shouval et al., 2010).  

The master regulators of oxidative stress (nuclear factor, erythroid 2-like 2 

(NRF2)) and O2 homeostasis (hypoxia-inducible factor 1 (HIF-1a), activating 

transcription factor 4 (ATF4)) also regulate autophagy-gene expression (Pajares 

et al., 2016; Pike et al., 2013; Zhang et al., 2008). Particularly, in mild hypoxia, 

HIF-1a activates the transcription of mitophagy genes (e.g. NIX) whereas in 

severe hypoxia, ATF4, regulates the expression of autophagy genes (e.g. ULK1 

and LC3B) (Pike et al., 2013; Zhang et al., 2008). Similarly, NRF2 (activated under 

oxidative stress) induces autophagy via transcriptional control of several 

autophagy genes (e.g. p62, NDP52, ULK1, ATG2B, ATG4, ATG5 and 

GABARAPL1) (Pajares et al., 2016). In addition, p62 binds to the NRF2-inhibitor 

protein KEAP1 (Kelch like ECH associated protein 1), sending it for degradation, 

meanwhile, TFEB represses the NRF2-ubiquitin ligase (DCAF11 (DDB1 and 

CUL4 associated factor 11)), ultimately promoting NRF2 translocation to the 

nucleus (Jiang et al., 2015b; Park et al., 2019) and creating a feed-forward loop. 

Conversely, recent evidence suggests that NRF2 also regulates CMA via LAMP2A 

expression (Pajares et al., 2018). In addition, NRF2 directly regulates HIF-1a 

expression and interacts with ATF4 (Kasai et al., 2019; Lacher et al., 2018). 

Some other transcription factors involved in the regulation of autophagy-

related genes include the pro-inflammatory transcription factor NFkB and the 

activator protein transcription factors c-Jun that can induce or inhibit autophagy 

depending on the context (Moreau et al., 2015; Yogev et al., 2010; Zhang et al., 
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2015); and  the peroxisome proliferator-activated receptors (PPARs) that 

upregulate autophagy (Zhang et al., 2015). 

1.1.2.3. Tissue-specific autophagy transcription factors 

In the previous section, we described how certain ubiquitously expressed 

transcription factors control autophagy gene expression (Fig. 1.3). However, 

different levels of mitophagy and autophagy levels have been recorded depending 

on the organ/tissue in basal levels and in response to stress (Chapin et al., 2015; 

McWilliams et al., 2016), arguing for cell- and tissue-type regulatory differences. 

Recent evidences indeed suggest that autophagy regulation can be tissue/region-

specific, suggesting specificities in quality control in specific cells/tissues 

(Sonawane et al., 2017). 

Consistent with this, recent studies have identified several tissue/cell-

specific transcription factors as autophagy regulators (Fig. 1.3). Mainly expressed 

in liver and intestine, farnesoid X receptor (FXR) is a nuclear receptor involved in 

metabolism (Wang et al., 2008). Under fed conditions in liver, FXR inhibits 

autophagy-gene regulation directly (e.g. ULK1, ATG2, ATG5, ATG7, WIPI, 

GABARAP and TFEB) (Seok et al., 2014). The GATA binding protein 1 (GATA-1) 

is mainly expressed in hematopoietic stem cells (HSCs), where autophagy is 

necessary for HSCs maintenance, maturation, and differentiation (Koschade and 

Brandts, 2020). Kang et al. described that GATA-1 can regulate autophagy gene 

expression directly (e.g. ATG5, LC3A, LC3B, GABARAPL1, GABARAPL2 and 

NIX) and indirectly, via interaction with FOXO3 (Kang et al., 2012). In adipose 

tissue, the adipogenic master regulators, CEBPG (CCAAT enhancer binding 

protein gamma) and PPARG, also regulate autophagy gene expression (Ahmed 

et al., 2019). In Drosophila, the homeodomain transcription factor Cut, mainly 

expressed in neurons, is involved in dendritic arborization and affects the 

expression of autophagy genes (e.g. Atg1, Atg2, Atg5, Atg8a, and Atg18) (Clark 

et al., 2018). In 2015, Laguna et al. described that autophagy function is influenced 

in the mouse midbrain by the key development transcription factor, LIM homeobox 

transcription factor B (LMX1B) – i.e. in the Lmx1b conditional knockout mouse, 

they reported a reduction in the expression of autophagy and lysosomal genes, in 

genes involved in autophagosome transport, and some autophagy transcription 

factors (e.g. Tfeb, Foxo1, Foxo3 and Atf4) (Laguna et al., 2015). Correspondingly, 
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LMX1B overexpression in primary neurons increased the expression of some of 

those genes (Laguna et al., 2015). LMX1B and its paralog, LMX1A, will be 

described in depth in Section 1.3. In this study (Chapter 5), we confirm the direct 

regulation of autophagy gene expression by LMX1A and LMX1B in human 

midbrain dopaminergic neurons. This is important because region-specific 

neuronal autophagy regulation remains very poorly understood, while the effective 

manipulation of autophagy quality control in specific groups of vulnerable neurons 

is desirable.  

1.1.2.4. Epigenetic modifications and miRNAs as autophagy regulators  

Autophagy is also regulated epigenetically and by miRNAs. For example, 

under basal conditions, the chromatin reader protein, bromodomain-containing 

protein 4 (BRD4), recruits the histone lysine methyltransferase G9a (EHMT2) to 

repress the expression of autophagy and lysosomal genes (Sakamaki et al., 

2017). By contrast, Shin et al. demonstrated that histone arginine methylation by 

the co-activator-associated arginine methyltransferase 1 (CARM1) is necessary 

for autophagy activation (Shin et al., 2016). Histone acetylation can also affect 

autophagy gene expression (e.g. acetylation levels of H4K16 by H4 lysine 16 

acetyltransferase (HMOF) are reduced under starvation) (Fullgrabe et al., 2013). 

MiRNAs are small non-coding RNAs that modulate gene expression via 

RNA-silencing. Up to this date, numerous miRNAs have been reported to regulate 

the expression of autophagy genes as activators and suppressors (for a detailed 

review  see (Fullgrabe et al., 2014; Pircs et al., 2018)). Conversely, proteins 

involved in this RNA-silencing process, namely, Dicer and Argonaute 2 (AGO2), 

are degraded via autophagy (Gibbings et al., 2012). As an example, one of the 

most recently identified miRNAs involved in autophagy regulation is mir-83/miR-

29 in C. elegans, which acts as autophagy suppressor targeting the lysosomal 

protein MCOLN1 in different tissues (Zhou et al., 2019b).  

Overall, in this section we have described the nuclear regulation of 

autophagy by transcription factors, with brief mention of epigenetic modifications 

and miRNAs, and how gene expression regulation can be tissue/region specific, 

implying a new cell-specific autophagy regulatory pathway. In the next section, we 

will describe the molecular mechanisms of autophagy in neurons and the 

importance of this mechanism for neuronal survival.   
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Figure 1.3. Regulation of autophagy by transcription factors. As described in the text, 

numerous transcription factors have been identified as autophagy regulators. In this figure we 

gathered some of the most characterised transcription factors and tissue-specific transcription 

factors with some of their targets. Under basal conditions, the lysosomal transcription factor 

TFEB is inactivated by active mTORC1 in the lysosome. TFEB is activated after starvation and 

translocated to the nucleus. By contrast, ZKSCAN3 is translocated to the cytosol in response 

to starvation. The transcription factors FOXOs are activated after starvation and they can induce 

autophagy via interaction with ATG7 or in the nucleus inducing autophagy gene expression. 

During severe hypoxia, autophagy genes are induced by ATF4. Oxidative stress conditions 

regulate NRF2 nuclear shuttling, involved in the regulation of autophagy and CMA. In addition, 

TFEB and p62 can also activate NRF2 via inactivation of the degradation pathways (DCAF11 

and KEAP1, respectively). After DNA damage, P53 can also positively regulate the expression 

of some autophagy genes. In liver, under feeding conditions, FXR is in the nucleus and inhibits 

the expression of autophagy genes. In HSCs, GATA1 directly and indirectly (via interaction with 

FOXO3) regulate autophagy expression. In adipocytes, CEBPG and PPARG are autophagy 

transcription factors. In mDANs, LMX1B is involved in autophagy regulation although it remains 

elusive if this a direct connection.  
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1.1.3.  Autophagy in a specific cell type: neuronal autophagy  

1.1.3.1. Neuronal autophagy: mechanisms and functions 

Autophagy is particularly important in neurons, as these are post-mitotic 

cells that cannot dilute cytoplasmic damage through proliferation/division, required 

to maintain long-term functionality. Although we are going to focus on 

macroautophagy here, it is important to mention that CMA and microautophagy 

are also present in neurons (Lieberman and Sulzer, 2019). In neurons, autophagy 

is needed to degrade neurotoxic factors (e.g. α-synuclein) and damaged 

organelles that are selected by ubiquitination and recognised by the autophagy 

machinery (Lim and Yue, 2015; Walden and Muqit, 2017). Misfolded proteins are 

refolded by chaperones or degraded mainly by the UPS. However, when these 

processes are impaired, misfolded proteins accumulate to form aggregates 

(aggresomes) that require removal by autophagy (aggrephagy) (Hyttinen et al., 

2014). If this process fails to degrade aggresomes, then insoluble inclusions will 

be generated (Sato et al., 2018; Waguri and Komatsu, 2009). These are a defining 

feature of some neurodegenerative diseases, including PD (Pajares et al., 2015).  

In autophagy deficient dopaminergic neurons (mDANs) derived from Atg7 

knockout mice, α-synuclein and p62 accumulate in inclusions within neurites in an 

aging-dependent process that ultimately links to mDAN loss and motor dysfunction 

(Sato et al., 2018).   

Autophagy also contributes to axonal regeneration, declining presynaptic 

function, dendritic spine pruning and synaptic plasticity (Ban et al., 2013; 

Hernandez et al., 2012; Kulkarni et al., 2018; Lieberman et al., 2019; Lieberman 

and Sulzer, 2019). Autophagy dysregulation has been linked to the development 

of neurodegenerative diseases (Chu, 2019; Komatsu et al., 2007; Nixon, 2013), 

and crucially, decreased autophagic activity is a characteristic of aging (Cuervo, 

2008). Suppression of basal autophagy also causes neurodegeneration. Neuron-

specific autophagy deficiency has been linked to neuronal loss and mutations in 

autophagy genes are related to several neurodegenerative disorders  (Chu, 2019; 

Frake et al., 2015; Hara et al., 2006; Komatsu et al., 2006), and several ATG 

proteins have been linked to neuronal survival (Xi et al., 2016; Yazdankhah et al., 

2014). For example, neonatal lethality in Atg5 knockout mice is rescued after 

restoration of neuronal-specific expression of ATG5 (Yoshii et al., 2016), and 
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autophagy induction using a neuronal pharmacophore in an amyotrophic lateral 

sclerosis (ALS) and HD mice models promotes neuronal survival (Barmada et al., 

2014).  

Also, previous work in primary rodent neurons points to unique 

characteristics of autophagosome assembly, maturation and trafficking in these 

cells (see Fig. 1.4 for overview of neuronal autophagy) (Evans and Holzbaur, 

2020; Kulkarni et al., 2018; Maday and Holzbaur, 2016; Stavoe and Holzbaur, 

2018). Importantly, control and substrate targeting appears to differ depending on 

neuronal cell type – e.g. in dorsal root ganglia (DRG) autophagy is triggered almost 

exclusively in the distal tip, whereas in hippocampal primary neurons, it can initiate 

in the cell body, dendrites, and axonal regions proximal to the cell body (Maday 

and Holzbaur, 2014; Maday et al., 2012) – and on cell conditions – e.g. under 

stress conditions, it has been observed than mitophagy can occur locally in the 

axon in a PINK1/Parkin-dependent pathway (Ashrafi et al., 2014). Autophagy 

properties also appears to vary as a function of aging – e.g. accumulation of 

neuromelanin or lipofuscin in autophagosomes is observed during aging (Sulzer 

et al., 2008) and autophagosome biogenesis is declined in aged neurons (Stavoe 

et al., 2019).  

Generally, autophagosome biogenesis is a constitutive process that can 

originate in the soma or be initiated primarily in the distal axon where the ER 

provides a membrane source for autophagosome formation and the autophagy 

machinery is recruited under basal conditions (e.g. ATG9A-contining vesicles are 

transported from the soma to the distal axons via the kinesin family member, 

KIF1A (Stavoe et al., 2016)). In addition, neuron-specific proteins (e.g. ALFY, 

synaptojanin, endophilin A, Basson and Piccolo) have been reported to be 

involved in autophagosome biogenesis and maturation. The presynaptic proteins, 

synaptojanin (mutations in SYNJ1 are associated with PD (Quadri et al., 2013)) 

and endophilin A are involved in the recycling of synaptic vesicles (Schuske et al., 

2003), and they have been found to promote autophagosome maturation – 

synaptojanin (Vanhauwaert et al., 2017) – and to mediate ATG3 recruitment to the 

nascent phagophore – endophilin A (Soukup et al., 2016). Basson and Piccollo 

are two proteins involved in active zone assembly for the release of 

neurotransmitters and they have been found to act as autophagy inhibitors by 

sequestering ATG5 (Okerlund et al., 2017).   
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Once formed, autophagosomes undergo dynein-dependent retrograde 

motility to the lysosome-rich soma, following recruitment of neuronal scaffold 

proteins such as JNK-interacting protein (JIP1) that binds to LC3 (via LIR-type 

interaction), which, in turn, inhibits anterograde transport (Cristofani et al., 2017; 

Fu and Holzbaur, 2014; Lee et al., 2011; Maday et al., 2012). In the axon, 

autophagosomes fuse with late endosomes – this process also promotes the 

recruitment of dynein and the retrograde transport to the soma (Cheng et al., 2015) 

– and autophagosomes mature, displaying progressive acidification (Lee et al., 

2011; Maday et al., 2012). Finally, when autophagosomes reach the soma, they 

fuse with lysosomes (Maday and Holzbaur, 2016; Maday et al., 2012) (Fig. 1.4). 

Crucially, a recent study showed that retrograde transport of autophagosomes 

containing tyrosine receptor kinase B (TrkB) is necessary to prevent 

neurodegeneration and promote arborization, suggesting that retrograde 

autophagosome transport can also act as a signal from the axon to the soma 

(Kononenko et al., 2017). Defects in axonal retrograde transport, a feature of some 

neurodegenerative diseases (e.g. PD or HD), leads to autophagosome 

accumulation and axon degeneration (Maday, 2016). 

Autophagy in the axon is necessary for maintaining the quality of the distal 

proteome. Some of the proteins localized in the distal axon were generated and 

translocated from the soma, so are prone to aging and damage (e.g. a-synuclein) 

(Maday, 2016; Pan et al., 2019). In addition, axonal autophagy is also involved in 

axonal outgrowth (e.g. in primary cortical neurons, autophagy induction inhibits 

axon over-elongation in early stages (Ban et al., 2013)), and axonal regeneration 

(Kulkarni et al., 2018). Evidence implicating autophagy in the regulation of axonal 

regeneration has been found after spinal cord injury, where degradation of 

microtubule destabilizing neuronal growth associated protein (SCG10) via 

autophagy promotes microtubule stabilization and consequently, axonal growth 

(He et al., 2016). On the other hand, pre-synaptic autophagy is also necessary for 

the clearance of synaptic vesicles, therefore controlling neurotransmitter release 

(Binotti et al., 2015; Hernandez et al., 2012). Thus, neuronal autophagy reduces 

synaptic function (e.g. autophagy-deficient mDANs have enlarged presynaptic 

terminals and they release more dopamine after stimulation (Hernandez et al., 

2012)), and regulates the degradation of damaged synaptic vesicles (Hoffmann et 

al., 2019). 



Chapter 1. Introduction 

 31 

Alternatively, autophagosome biogenesis can also occur in dendrites (or 

alternatively, autophagosomes also migrate from soma to the dendrites), and the 

autophagy response increases during synaptic activity (Maday and Holzbaur, 

2014; Shehata et al., 2012) (Fig. 1.4). Unlike the unidirectional retrograde 

transport of autophagosomes from axons to soma, in dendrites, autophagosomes 

exhibit bidirectional motility (Maday and Holzbaur, 2014). Here, autophagy plays 

an important role in the regulation of the post-synaptic activity, degrading 

neurotransmitter receptors (e.g. gamma-aminobutyric acid (GABAA) receptors 

(Rowland et al., 2006) and amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors (Shehata et al., 2012)), promoting dendritic spine pruning 

(Lieberman et al., 2019; Tang et al., 2014), and modulating synaptic plasticity 

(Lieberman et al., 2019; Lieberman and Sulzer, 2019; Nikoletopoulou et al., 2017).  

Memory formation involves changes in the molecular architecture of 

synapses. The formation of memories requires modifications in the strength of 

synaptic transmission and hence in the overall function of the neuronal network, a 

process called synaptic plasticity (Amici et al., 2009; Park et al., 2014). Long-term 

potentiation (LTP) and long-term depression (LTD) are the main forms of synaptic 

plasticity that are thought to underlie the consolidation of memory in the nervous 

system through the increase or decrease in synaptic transmission, respectively 

(Citri and Malenka, 2008). These changes in synaptic transmission involve 

modifications of post-synaptic glutamate receptors, N-methyl-D-aspartate (NMDA) 

and AMPA receptors (AMPAR). Glatigny et al. demonstrated that autophagy 

inhibition impaired LTP (this also was observed in neuronal-specific WIPI4 

knockout mice (Zhao et al., 2015)), and autophagy induction reversed memory 

loss in mice (Glatigny et al., 2019). Meanwhile, Shehata et al. showed that 

NMDAR-dependent autophagy is involved in AMPAR degradation, thereby 

promoting synaptic plasticity (i.e. LTD) (Shehata et al., 2012). In addition, other 

synaptic markers (e.g. postsynaptic density protein 95 (PSD-95)) accumulate in 

the postsynaptic density in autophagy-deficient mice (Nikoletopoulou et al., 2017).  

Despite recent advances in our understanding of neuronal autophagy 

control, its regulation in disease-associated human neurons during stress and 

aging remains poorly understood. Furthermore, and exemplified by the lack of a 

starvation-mediated autophagy response in primary hippocampal neurons, it is 

likely that specific neurons respond differently to distinct autophagy triggers 
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(Maday and Holzbaur, 2016). Clearly much more work is required to understand 

the control of autophagy in different classes of neurons, in normal homeostasis 

and in disease states. 

1.1.3.2. Regulation of neuronal autophagy by glial cells 

Recent studies propose the existence of an unconventional degradation 

pathway in which glial cells modulate neuronal autophagy by intercellular 

regulation and/or direct transfer of cellular garbage, and idea that builds on 

previous data supporting autophagosome secretion in non-neuronal cells 

(Kulkarni et al., 2018; Pfeffer, 2010) (Fig. 1.4). Glial cells – i.e. astrocytes, 

microglia, and oligodendrocytes – represent about 90% of all cells in the brain, 

and are critical for maintaining neuronal homeostasis (e.g. synapse functions, 

metabolism, neurodevelopment, myelination, neuroinflammation, and axonal 

regeneration) and alterations of neuron-glia signalling pathways are associated 

with neurodegenerative diseases, including PD (Booth et al., 2017; Lian and 

Zheng, 2016; Salmina, 2009). A potential intercellular regulation of neuronal 

autophagy by glial cells has been reported in induced pluripotent stem cell (iPSC)-

derived motor neurons using conditioned media from iPSC-derived astrocytes 

from ALS patients (Madill et al., 2017). In addition, overexpression in astrocytes of 

the oxidative stress regulator and autophagy transcription factor Nrf2 promotes a-

synuclein degradation in an a-synuclein mutant (A53T) mouse model (Gan et al., 

2012; Pajares et al., 2016). However, the exact mechanism for the regulation of 

neuronal autophagy by this pathway remains elusive. On the other hand, recent 

studies support a model of direct transfer of cellular garbage from neurons to glial 

cells for their degradation, especially relevant for mitochondria, in a process 

termed “transmitophagy” (Davis et al., 2014). In this study, damaged mitochondria 

in the axons of retinal ganglion cells were engulfed and degraded by neighbouring 

astrocytes (Davis et al., 2014). In addition, in C. elegans, neurons release vesicles 

called exophers in a process that is enhanced during stress or when autophagy is 

inhibited, and these contain protein aggregates and organelles that are 

subsequently engulfed by adjacent cells (Melentijevic et al., 2017).  

It is also important to mention that autophagy in glial cells is key for neuronal 

homeostasis. For example, Schwann cells are involved in myelin degradation after 

axonal injury (Gomez-Sanchez et al., 2015; Jang et al., 2016) and microglia have 
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Figure 1.4. Mechanism of neuronal autophagy. As described in the text, autophagosome 

biogenesis is initiated primarily in the distal axon where they fuse with late endosomes and 

undergo dynein-dependent retrograde motility to the lysosome-rich soma. This process is 

particularly importance for the maintenance of pre-synaptic function (e.g. degradation of 

damaged synaptic vesicles and neurotransmitter release). Autophagosome biogenesis also 

takes place in the soma and dendrites, where autophagosomes present bi-directional motility. 

This process is key for post-synaptic function (e.g. LTD (AMPAR degradation), and synaptic 

pruning). In addition, neurons can also transfer cellular garbage to glial cells for their 

degradation (e.g. transmitophagy or exophers) and glial cells might also regulate neuronal 

autophagy via intercellular crosstalk, although the molecular mechanism involved remains 

elusive. Modified figure from (Kulkarni et al., 2018). Copyright © 2018 Elsevier Ltd. Reproduced 

with permission of the publisher (“Elsevier”) and Dr. Maday (University of Pennsylvania, 

Philadelphia). 
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been found to be involved in the degradation of apoptotic cells, synaptic material, 

and extracellular aggregates such as like amyloid-ß plaques that accumulate in 

AD (Cho et al., 2014; Plaza-Zabala et al., 2017; Ries and Sastre, 2016). In 

addition, autophagy-deficiency in microglia correlates with impaired synaptic 

pruning (Paolicelli et al., 2011), and Atg5 loss impairs astrocyte differentiation in 

mouse (Wang et al., 2014a). 

1.1.3.3. Monitoring neuronal autophagy 

The ability to monitor neuronal autophagy is essential to understand 

neuronal cytoplasmic quality control. In the autophagy field, there are established 

protocols for the monitoring of autophagy and autophagy flux (and indeed 

mitophagy/mitophagy flux) that should be applied as standard when using 

laboratory cell-lines (Klionsky et al., 2016). However, neuronal morphology poses 

certain practical difficulties when monitoring autophagy (see our recent review on 

available/emerging methodologies for human iPSC-derived neurons, (Jimenez-

Moreno et al., 2017)). Particularly, the location of autophagic structures and cargo 

needs to be considered due to the unique characteristics of autophagosome 

assembly, maturation and trafficking in neurons (e.g. fewer autophagosomes in 

the soma might be an indication of disrupted retrograde transport from the distal 

axon) (Maday et al., 2012). 

Up to this date, the main source for understanding neuronal autophagy has 

derived from studies using GFP-LC3 in primary mouse cultures, where autophagy 

flux is assessed after treatment with the application of lysosomal acidification 

inhibitor bafilomycin A (BafA1) (Maday and Holzbaur, 2014). Analysis of 

autophagic flux allows a comprehensive study of the autophagy process, including 

autophagosome maturation and autophagosome-lysosome fusion. Thus, if 

autophagy flux is normal, an increase in autophagosomes in the presence of 

BafA1 is expected but if autophagosome maturation and fusion are blocked, then 

autophagosome numbers will not alter substantially after BafA1 treatment (a very 

common scenario in neurodegenerative diseases (Kiriyama and Nochi, 2015)).  

In addition, to trigger autophagy induction in neurons, pharmacological 

mTORC1 inhibitors (e.g. rapamycin, AZD8055) or mTOR-independent inducers 

(e.g. rotenone or CCCP to induce mitophagy) are often used (Maetzel et al., 2014). 

Unlike non-neuronal cell lines (even astrocytes), nutrient/growth factor starvation 
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appears to have very little effect on the induction of autophagy responses in 

neurons (Kulkarni et al., 2019; Mizushima et al., 2004).  

Generally, the most common autophagy monitoring tools include the 

analysis of LC3B lipidation by immunoblotting (LC3I/LC3II ratio), quantitative real 

time reverse transcription polymerase chain reaction (qRT-PCR, for gene 

expression), immunofluorescence/immunohistochemistry (including the analysis 

of the autophagy cargo p62, the autophagosome assembly site marker WIPI2 and 

lysosomal markers like LAMP1/2 for the monitorization of autolysosomes. Note: 

fixation conditions can be more difficult to optimise when using neuronal cultures 

as, for example, methanol fixation disrupts the integrity of delicate neurites, 

meaning that fewer markers can be considered), electron microscopy (for the 

detection of autophagic vacuoles), and fluorescence live imaging/flow cytometry 

(with GFP-based genetic reporters or vital dyes such as MitoTracker, CytoID, and 

LysoTracker to assess mitophagy or autophagy) (Jimenez-Moreno et al., 2017). 

Importantly, other fluorescence-based genetic reporters for the study of 

autophagic flux (i.e. tandem tag LC3 construct (mCherry-GFP-LC3) (Kimura et al., 

2007)) are not very reliable in neurons due to weak mCherry signals and 

aggregates (Benito-Cuesta et al., 2017)(issues that we have also encountered). 

In Chapter 3, we will report different analyses of autophagy and their potential in 

human iPSC-derived mDANs. 

In the next section we will focus on PD, including the dysregulation of 

autophagy as one of the main hallmarks and the role of autophagy in midbrain 

dopaminergic neurons. 

1.2. Parkinson’s disease (PD) 

PD is one of the most common neurodegenerative disorders – the 2nd after 

AD – affecting 1-3% of the population aged over 60, with no cure (Hirsch et al., 

2016; Mhyre et al., 2012). PD patients present a shorter life expectancy (Ishihara 

et al., 2007) due to an increased risk of developing other diseases including 

infections (pneumonia being the most common cause of death in PD) (Backstrom 

et al., 2018; Caggiu et al., 2019), certain types of cancers (e.g. brain and breast 

cancer) – although generally there is an inverse association between cancer and 

PD (e.g. lung and colorectal cancer) – (Feng et al., 2015),  and cardiovascular 

diseases (Hong et al., 2018). In the UK, the number of PD patients in 2018 
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according to the Parkinson’s UK website (https://www.parkinsons.org.uk) was 

estimated to 145,500, and this is predicted to reach 250,000 by 2065. This 

incidence is affected by age, gender (prevalence was 1.5 higher in older men than 

in women according to the 2018 data), genetics (10-15% of PD cases are familial 

(Verstraeten et al., 2015), and as shown in Table 1.2, there are several known 

PD-associated genes (Del Rey et al., 2018)), and environmental factors (the 

probable underlying cause for sporadic PD, e.g. neurotoxic chemicals) (Ball et al., 

2019). In patients, the main symptoms are motor problems including bradykinesia 

(slowness of movement), hypokinesia (paucity of movements), postural instability 

(balance impairment), rest tremor, muscle rigidity and gait problems (walking 

abnormalities), with mild cognitive impairments, sleep disorders and impulsive 

behaviours also common (Mazzoni et al., 2012; Roheger et al., 2018; Scullin et 

al., 2013).  

At the cellular level, PD is characterised by the loss of midbrain 

dopaminergic neurons (mDANs), initially in the substantia nigra pars compacta 

(SNc). As the condition progresses, defects in serotonergic, noradrenergic, 

cholinergic, GABAergic, and glutamatergic neuronal pathways can also be 

observed (Brichta et al., 2013). Although the exact causes of neuronal loss in PD 

are not known, the hallmarks that characterise this disease include the 

accumulation of α-synuclein in Lewy bodies, increased oxidative stress, 

neuroinflammation, mitochondrial dysfunction and autophagy dysregulation (Maiti 

et al., 2017). Crucially, mDANs appear to be particularly sensitive to autophagy 

deficits, emphasizing the importance of studying this pathway, in these specialized 

cells (Decressac et al., 2013; Friedman et al., 2012; Kett et al., 2015; Sato et al., 

2018). 

1.2.1. Midbrain dopaminergic neurons 

mDANs are localized in the mesencephalon and are characterised by the 

production of the catecholaminergic neurotransmitter, dopamine (Chinta and 

Andersen, 2005).  Dopamine belongs to the monoamine neurotransmitters group 

that also contains serotonergic or 5-hydroxytryptamine (5-HT) and noradrenergic 

neurotransmitters (Purves, 2012). Dopamine biosynthesis occurs by a two-step 

process in the mDAN cytosol: (1) tyrosine is hydroxylated to DOPA by tyrosine 

hydroxylase (TH) – a useful mDAN marker; and (2) DOPA is then decarboxylated 
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AD: Autosomal dominant; AR: Autosomal recessive; RF: Risk factor (Del Rey et al., 

2018). 

Locus Gene Inheritance Function 

PARK1/ 
PARK4 

SNCA AD/RF Synaptic protein (trafficking). Degraded by 

CMA. Main component of Lewy bodies. 

PARK2 Parkin AR E3-like enzyme, mitophagy. 

PARK3 Unknown AD ? 

PARK5 UCLH1 AD Hydrolase. Ubiquitin-proteasome pathway 

(Yasuda et al., 2009). 

PARK6 PINK1 AR Serine/threonine kinase, mitophagy. 

PARK7 DJ-1 AR Mitophagy. Degraded by CMA. 

PARK8 LRRK2 AD/RF Multiple functions. Autophagy. Lysosomes. 

Degraded by CMA. 

PARK9 ATP13A2 AR Lysosomes (cargo sorting). 

PARK10 USP24 RF Ubiquitin peptidase. Negative autophagy 

regulator via ULK1. 

PARK11 GIGYF2 AD Insulin-like growth factors signalling (Lautier 

et al., 2008). 

PARK12 Unknown RF ? 

PARK13 HTRA2 AD Serine protease. Proapoptotic protein. 

Autophagy. 

PARK14 PLA2G6 AR Phospholipase enzyme. Lipid metabolism. 

(Paisan-Ruiz et al., 2009) 

PARK15 FBXO7 AR 

 

E3-like enzyme. Mitophagy. 

PARK16 Unknown RF ? 

PARK17 VPS35 AD Retromer complex. Endosome–Golgi 

trafficking. Autophagy. 

PARK18 EIF4G1 AD Protein translation (Chartier-Harlin et al., 

2011). 

PARK19 DNAJC16 AR Endosomes. Recycling of synaptic vesicles 

(Olgiati et al., 2016). 

PARK20 SYNJ1 AR Autophagy. Recycling of synaptic vesicles. 

PARK21 DNAJC13 AD Endocytic pathway (Vilarino-Guell et al., 2014).  

PARK22 CHCHD2 AD Mitochondrial metabolism (Lee et al., 2018). 

PARK23 VPS13C AR Lipid transporter protein. Mitophagy. 

- GBA AD/AR/RF Lysosomes. Autophagy. 

- MAPT RF Microtubules (Kwok et al., 2004). 

Table 1.2. Genes associated with PD  
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to dopamine by the aromatic amino acid decarboxylase (AADC).  Subsequently, 

dopamine is incorporated into synaptic vesicles via the vesicular monoamine 

transporter 2 (VMAT2). Inside these vesicles, dopamine is stabilized by the acidic 

pH. Ultimately, the neurotransmitter is released into the synapse for signal 

transduction (Meiser et al., 2013). Dopamine receptors include D1-like receptors 

(D1 and D5) and D2-like receptors (D2, D3 and D4), they belong to the G protein-

coupled receptors (GPCR) family and they are involved in neuronal proliferation 

and differentiation (Mishra et al., 2018). Dopamine receptors differ in their 

locations within the brain, their modes of action (D1-like receptors activate 

adenylate cyclase (AC) whereas D2-like receptors inhibit its activation), and their 

functional influences (e.g. locomotion, emotion, appetite, learning, attention, 

reward and memory) (Mishra et al., 2018). On the other hand, dopamine re-uptake 

from the extracellular space into presynaptic neurons is regulated by the dopamine 

transporter (DAT) (Vaughan and Foster, 2013).  

There are three different clusters of mDANs, designated as: (i) A8, those 

originating from the retrorubral field (RRF); (ii) A10, those found in the ventral 

tegmental area (VTA) forming the mesolimbic (to the nucleus accumbens) and 

mesocortic (to the frontal cortex) dopaminergic pathways; and (iii) A9, the cells 

located in the SNc that project to the striatum (Fig. 1.5A). Functionally, mDANs 

involved in emotion-based behavior are found in the A8 and A10 groups, whereas 

those responsible for voluntary movement control are specified as A9 (Luo and 

Huang, 2016). Finally, there is a fourth dopaminergic pathway from the 

hypothalamus to the pituitary gland (tuberoinfundibular pathway) that regulates 

prolactin secretion (Stagkourakis et al., 2016) (Fig. 1.5A).  

1.2.1.1. Development of midbrain dopaminergic neurons 

1.2.1.1.1. Neuronal induction 

After fertilization, the first cell is characterised by its polarization (with an 

animal pole and a vegetal pole) – this process was first characterised in Xenopus 

laevis, although some similarities are shared in mammals (Nahaboo and Migeotte, 

2018). From thereon, cells divide and become compacted to form the morula, and 

as the cells in the animal pole divide faster, they undergo a process called 

cleavage forming the blastocoel and thus, the blastula (Smith et al., 1987). During 
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the gastrulation process, an anterior-to-posterior axis is formed, leading to the 

specification of the three germ layers, the endoderm, ectoderm, and mesoderm 

(del Barco Barrantes et al., 2003). There are two stages in the development of the 

nervous system (NS) (Purves, 2012). The first stage begins with neural induction 

(establishment of the embryonic primordia), and is followed by the regionalisation 

and the establishment of the anterior/posterior (AP) and ventral/dorsal (AV) axes. 

Diversification and cellular specification for the generation of neurons and glia, and 

cellular migration to their appropriate regions follows. The second stage is 

characterised by cell division arrest, with differentiation, axonal growth and 

guidance, synaptogenesis, and neural circuit refinement (including cell death and 

synapse rearrangement) taking place (Breedlove et al., 2013; Purves, 2012). In 

this process, there are numerous factors that affect neurodevelopment: (i) intrinsic 

features (e.g. transcription factors, soluble molecules, cell adhesion molecules); 

and (ii) extrinsic features (external signals, nutrients, sensory stimulation, 

adaptation) (Purves, 2012).  

During the first half of the 20th century, it was recognised that after 

gastrulation, the dorsal ectoderm is committed to generate the NS – cultures from 

the animal pole obtained before gastrulation differentiated into epidermis, whereas 

gastrulation animal pole cells can differentiate into neuronal tissue –  and that the 

mesoderm underlying the dorsal ectoderm was key for neurodevelopment, 

containing the so-called Spemann organiser (Spemann and Mangold, 2001; 

Wilson and Hemmati-Brivanlou, 1997). At the rostral end, part of the ectoderm 

constitutes the future NS (Fig. 1.5B). After gastrulation, specific negative 

regulatory elements, such as Wingless-type MMTV integration site family (WNT) 

inhibitors (e.g. dickkopf 1/DKK1), transforming growth factor (TGF-b) inhibitors 

(e.g. follistatin), and bone morphogenetic protein (BMP) inhibitors (e.g. noggin, 

and via fibroblast growth factor (FGF) signalling), guide to the formation of the 

notochord (by invagination of the mesoderm) and the formation of the neural tube 

and the subsequent segmentation of the neural tube (telencephalon, 

diencephalon, midbrain and hindbrain) for the induction of neural patterning 

(Arenas et al., 2015; del Barco Barrantes et al., 2003; Purves, 2012) (Fig. 1.5B-

C). It is important to mention that autophagy plays a crucial role in 

neurodevelopment, and that mutations in autophagy-related genes are associated 

with childhood neurological disorders (Marsh and Dragich, 2019).  
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In the neural tube, there are two signalling centres: (1) the isthmic organizer 

(IsO), located in the midbrain-hindbrain boundary (MHB) where the major signals 

derive from the expression of two transcription factors, orthodenticle homeobox 2 

(Otx2) and gastrulation brain homeobox 2 (Gbx2), regulating the expression of 

Wnt1 in the midbrain and Fgf8 in the hindbrain (which also requires paired 

homeobox 2, Pax2, expressed in the MHB), respectively; and (2) the floor plate 

(FP) and notochord which regulate dorsoventral patterning, controlled by the 

gradient of expression of the morphogen, sonic-hedgehog (SHH) (Fig. 1.5C). This 

is counterbalanced by the release of WNT and BMP4 from the roof plate (RF), 

leading to neuronal regional specification (Arenas et al., 2015; Hegarty et al., 2013; 

Purves, 2012; Zirra et al., 2016).  

1.2.1.1.2. Differentiation into dopaminergic neurons 

The pathways leading to mDAN differentiation are well understood in 

mouse. mDANs are generated in the region close to the FP in the midbrain. 

Different signals guide the formation of the different neuronal types, and give rise 

to the three clusters of mDANs through the induction of DA fate. mDA 

neuroprogenitors are induced in the ventricular zone (VZ) (Fig. 1.5D), initially 

stimulated by the gradient of morphogens released from the two signalling centres, 

mDA precursors are induced in the neural crest where FGF8 and SHH expression 

meet (Bissonette and Roesch, 2016).   

mDA cell fate is regulated by the expression of different proteins, such as 

the midbrain markers forkhead box protein A2 (FOXA2) and the LIM homeobox 

protein 1A and 1B (LMX1A and LMX1B)) – which will be covered in detail in 

Section 1.3. – and the repression of lateral fates (e.g. inhibition of the midbrain 

basal plate NK homeobox markers (Nkx2-2 and Nkx6-1) in the FP by FOXA2) 

(Fig. 1.5E) (Arenas et al., 2015; Deng et al., 2011; Doucet-Beaupre et al., 2015; 

Levesque and Doucet-Beaupre, 2013). During this process, SHH stimulates the 

expression of Foxa2, which also regulates Lmx1a/b (Nakatani et al., 2010). In 

addition, Foxa2 also positively regulates Shh expression but also attenuates SHH 

signalling by inhibiting the expression of its intracellular transducer Gli 

(Mavromatakis et al., 2011). In a positive feedback loop, Wnt1 activates b-catenin 

nuclear shuttling which directly upregulates Lmx1a and Otx2 and on the other 

hand, Lmx1a/b directly upregulate Wnt1 and muscle segment homeobox homolog 
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1 (Msx1) – supressing the emergence of basal plate fate (i.e. Nkx6-1 inhibition) 

and leading to the activation of genes involved in mDA neurogenesis – and later, 

the post mitotic genes, nuclear receptor related 1 (Nurr1) and pituitary homeobox 

3 (Pitx3) – transcription factors that are also involved in mDAN differentiation – 

and ultimately, Th. (Fig. 1.5E). (Arenas et al., 2015; Chung et al., 2009; Nakatani 

et al., 2010). 

mDA neurogenesis in the VZ (~E10.5) is controlled by the transcription 

factors, neurogenin 2 (Ngn2) and mouse achaete-schute homolog 1 (Mash1), 

which at the same time, are regulated by Msx1, Wnt1, Wnt5a and Foxa2 (Fig. 

1.5E). Another key player in neurogenesis is hairy and enhancer of Split 1 (Hes1), 

activated via Notch signalling and inhibited by Lmx1a/b and Foxa2 via Ferd3l 

(Fer3-like). This inhibits the neuronal phenotype, and induces proliferation and the 

radial glial phenotype (Arenas et al., 2015; Yan et al., 2011). Then (~E11.5), mDA 

precursors migrate ventrally from the VZ to the marginal zone (MZ) – mediated by 

CXCR4 (C-X-C motif chemokine receptor type 4) signalling – via the intermediate 

zone (IZ), following radial glia progenitors – serve as glial and neuronal progenitors 

(Anthony et al., 2004) – which will generate more mDAN precursors via 

asymmetric cell divisions. Then, in the MZ, mDA progenitors migrate tangentially 

to colonise regions destined to become the VTA, RRF and SNc, with lateral 

migration regulated by the L1 cell adhesion molecule (L1CAM) and reelin (RELN) 

(Arenas et al., 2015; Bissonette and Roesch, 2016; Yang et al., 2013) (Fig. 1.5D). 

The next main feature is the differentiation of mDA progenitors in the MZ to 

acquire a mDA identity, as characterised by the expression of TH (~E12) 

(Bissonette and Roesch, 2016). Sustained Th expression is regulated by different 

transcription factors, including Lmx1a/b, engrailed 1/2 (En1/2), Nurr1 and Pitx3 – 

the last two concomitantly being regulated by Lmx1a/b and Foxa2 (Nakatani et al., 

2010; Yan et al., 2011) (Fig. 1.5E). In addition, Nurr1 and Pitx3 regulate the 

expression of Dat (also regulated by Lmx1a (Chung et al., 2012)), Aadc (only by 

Nurr1), Drd2 (D2 receptor) and Vmat2 (also regulated by Lmx1a (Hoekstra et al., 

2013b)) (Arenas et al., 2015; Levesque and Doucet-Beaupre, 2013). Pitx3 seems 

to be key for the development of the mDANs and their subsequent survival, via 

the expression of brain-derived neurotrophic factor (Bdnf) (Peng et al., 2011). 

However, the different mechanisms that lead to the three different mDANs clusters 

remains elusive. 
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Figure 1.5. Dopaminergic pathways and neurodevelopment of mDANs. (A) The four major 

dopaminergic pathways (nigrostriatal, mesocortical, mesolimbic and tuberoinfundibular) and the 

three main clusters of mDANs designated as A8, A9 and A10.  (B) Coronal section of the neural 

tube (formed by invagination of the neuroectoderm after gastrulation) and notochord 

(mesoderm invagination) during neuronal development. Modified figure from (Purves, 2012). 

Copyright © 2004 by Sinauer Associates, Inc. Reproduced with permission of Oxford Publishing 

Limited. (C) Sagittal view showing the expression of transcription factors and morphogens 

released from the IsO or FP for the ventral midbrain differentiation. mDANs are generated in 

the region close to the FP in the midbrain. D, diencephalon; H, hindbrain; IsO, isthmic organizer; 

M, midbrain; T, telencephalon. (D) Schematic representation of the FP ventral section showing 

the migration mechanisms (radial migration (RM) and tangential migration (TM) to the future 

VTA, SNc and RRF) and differentiation status of mDA precursors from the ventricular zone (VZ) 

to the marginal zone (MZ) via the intermediate zone (IZ). Modified figure from (Arenas et al., 

2015). (E) Genetic network involved in mDAN differentiation as described in the text (as not 
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Continuation of Figure 1.5. M, midbrain; T, telencephalon. (D) Schematic representation of 

the FP ventral section showing the migration mechanisms (radial migration (RM) and tangential 

migration (TM) to the future VTA, SNc and RRF) and differentiation status of mDA precursors 

in the ventricular zone (VZ) (radial glia), intermediate zone (IZ) (mDA precursors or 

neuroblasts), and marginal zone (MZ) (differentiated mDANs). (E) Genetic network involved in 

mDA specification – mDA cell fate is regulated by the expression of different proteins and the 

repression of lateral fates (e.g. Gbx2 and Nkx2.2), neurogenesis – mDA neurogenesis in the 

VZ is mainly controlled by the Ngn2 and Mash1 (whose expression is regulated by regulated 

by liver X receptor family Lxra/b, involved in cholesterol metabolism) –  and mDA identity – 

characterised by the expression of TH. C-E: Modified figures taken from (Arenas et al., 2015). 

Copyright © 2015 The Company of Biologists Ltd. Reproduced with permission of the publisher 

“The Company of Biologists” and Dr. Arenas (Karolinska Institutet, Stockholm). 
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The next critical step in mDAN maturation is axonal guidance and 

synaptogenesis (Purves, 2012). In the neuron, the sensory functions required for 

axonal growth are integrated in the distal tip of the axon, in a structure called the 

growth cone (Lowery and Van Vactor, 2009). However, little is known about mDAN 

connectivity during neurodevelopment. For the nigrostriatal pathway, axonal 

guidance is regulated by repulsive SLIT/ROBO (ligand/receptor) signalling and 

attractive DCC/Netrin-1 (ligand/receptor) signalling pathways (Kastenhuber et al., 

2009). In addition, dopamine release activates D1-like and D2-like receptors 

present in spiny neurons in the striatum, modulating synaptogenesis (Goffin et al., 

2010). This nigrostriatal pathway is the one that is lost in PD, and this will be 

described in the following section.  

1.2.1.2. Neurodegeneration of the nigrostriatal pathway in PD 

As A9 SNc mDANs are the first to be lost in PD, it is worth focusing on the 

enhanced vulnerability of these cells. In healthy individuals, voluntary movement 

is controlled in the basal ganglia via a direct (to increase motor activity) and an 

indirect (to decrease motor activity) pathway that conveys signals to the motor 

cortex via the thalamus, and from there, on to the spinal cord (Sgroi and Tonini, 

2018). The basal ganglia consists of a group of subcortical nuclei that includes the 

SNc, SNr (substancia nigra pars reticulata), the striatum, the subthalamic nucleus 

(STN), and the internal and external globus pallidus (Gpi and Gpe) (Lanciego et 

al., 2012). The striatum, GPe/SNr, and GPi populations are composed of 

GABAergic neurons, while the cortex, the STN, and thalamus comprise 

glutamatergic neurons (Fujita and Eidelberg, 2017). Under normal conditions (see 

Fig. 1.6A), mDANs in the SNc receive input signals from the cerebral cortex, and 

mDANs terminals project to the spiny neurons in the striatum (to the caudate 

nucleus and putamen). In the striatum, mDANs target inhibitory striatal neurons 

expressing D1-like and D2-like dopamine receptors. For the activation of the direct 

pathway (cortex stimulation), D1 neurons are excited and send inhibitory signals 

to the inhibitory neurons found in the GPi/SNr, blocking the inhibitory input to the 

thalamus, and thus relaying excitatory connections back to the cortex. On the other 

hand, for inhibition of the indirect pathway (inhibition of the cortex), D2 inhibitory 

neurons are inhibited, thereby preventing the release of inhibitory signals to the 

GPe, which in turn blocks the inhibitory input to the excitatory neurons in the STN 
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that target the GPi/SNr, to again prevent the inhibitory input to the thalamus (Fujita 

and Eidelberg, 2017; Maiti et al., 2017; Pretegiani and Optican, 2017). In PD 

patients (Fig. 1.6B), loss of mDANs correlates with a reduction in dopamine 

release, leading to: (i) underactivation of the direct pathway, resulting in an 

inhibitory input to the thalamus from the GPi/SNr; and (ii) hyperactivation of the 

indirect pathway, resulting in the release of inhibitory signals to the GPe, thereby 

preventing the inhibitory input to the STN, the result being excitatory signalling to 

the GPi, with an overall increase in thalamus inhibition and reduced voluntary 

movement being the net effect  (Galvan et al., 2015; Pretegiani and Optican, 

2017).  

Perhaps the most compelling explanation for the vulnerability of mDANs is 

that their atypical morphology and physiology requires that these cells operate 

close to their energy demand/supply threshold (Dragicevic et al., 2015). A9 

mDANs have very long, unmyelinated axons, with extensive arborisation and 

abundant synapses with unique electrophysiological properties (Bolam and 

Pissadaki, 2012; Grace and Bunney, 1984; Paladini et al., 2003; Tagliaferro and 

Burke, 2016). They display autonomous low-frequency pace-making activity, 

controlled by L-type (Cav1) Ca2+ channels, to provide tonic dopamine release to 

the striatum (Dragicevic et al., 2015). This burdens them with the additional 

challenge of coping with excess cytosolic Ca2+. Unfortunately, SNc mDANs have 

intrinsically low Ca2+ buffering capacity, unlike their counterparts in the 

neighbouring VTA, thus placing an extra reliance on energy dependent Ca2+ efflux 

and Ca2+ sequestration in mitochondria (Foehring et al., 2009; Guzman et al., 

2009; Philippart et al., 2016; Surmeier et al., 2017). Although high mitochondrial 

Ca2+ supports enhanced oxidative phosphorylation (OXPHOS) rates (Denton and 

McCormack, 1980), this comes at the expense of increased mitochondrial 

oxidative stress (Pacelli et al., 2015). The resulting steady decline in mitochondrial 

fitness ultimately leads to apoptosis (Guzman et al., 2009; Surmeier et al., 2017), 

and for this reason, efficient mitochondrial quality control mechanisms are needed 

to maintain a healthy mitochondrial population in these cells. In addition, their 

characteristic neuronal morphology with extensive arborisation and numerous 

axonal terminals creates a high energetic demand to sustain their abundant 

synapses, indicated by the higher density of axonal mitochondria and high 

dependency of the cellular trafficking machinery, unlike the neurons in the VTA 

(Hunn et al., 2015; Pacelli et al., 2015).  
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Figure 1.6. Direct and indirect pathways in basal ganglia controlled by the nigrostriatal 

pathway. (A) In healthy individuals, dopamine release in the striatum from mDANs in the SNc 

excites D1-like spiny neurons (direct pathway) or inhibits D2-like spiny neurons (indirect 

pathway). By the direct pathway, excitation of striatal neurons releases inhibitory signals to the 

GPi/SNr, preventing inhibitory synapsis to the thalamus, which sends excitatory signals back to 

the cortex and from there to the spinal cord to induce voluntary movement. On the other hand, 

the inhibition of the indirect pathway avoids the release of inhibitory signals to the GPe, where 

the inhibitory neurons project to the STN, preventing the inhibitory output to the GPi/SNr and 

thus, activating the thalamus. (B) In PD, mDAN loss, thus a reduction in dopamine release, 

leads to: (i) an underactivity of the direct pathway, resulting in inhibitory signals to the thalamus 

from the GPi/SNr and (ii) hyperactivity of the indirect pathway, leading to the inhibition of the 

neurons in GPe and ultimately, activation of the GPi by the STN neurons. Thus, impairing 

voluntary movement, a common symptom in PD patients.   
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Perhaps tellingly, neurotoxins that target the mitochondria can induce 

selective mDAN cell death. The most characterised neurotoxin used to generate 

PD mouse models is 1-methyl 4-phenyl-1,2,3,6-tetrahydro pyridine (MPTP), which 

inhibits mitochondrial Complex I in ETC, causing reactive oxygen species (ROS) 

damage and mitochondrial dysfunction (Langston et al., 1984). MPTP can cross 

the blood brain barrier (BBB), it is metabolised to MPP+ and transported by the 

DAT into mDANs (Zeng et al., 2018). Another complex I inhibitor is the 

hydrophobic toxin rotenone, that can also cross the BBB and can freely diffuse 

into the cells. Several studies suggest a selective vulnerability of dopaminergic 

neurons by this compound, and it has been widely used as a PD-inducing model 

(Ahmadi et al., 2008; Ahmadi et al., 2003; Alam and Schmidt, 2002; Betarbet et 

al., 2000; Ren et al., 2005). Rotenone acts by inducing an increase in ROS 

production, elevating mitochondria bioenergetics, dysregulating intracellular 

calcium homeostasis, autophagy dysregulation and altering the lipid and 

glutamine metabolism (Pacelli et al., 2015; Tabata et al., 2018; Terron et al., 2018; 

Worth et al., 2014; Wu et al., 2015). Finally, other examples of neurotoxins 

affecting mitochondrial function and widely used as causative factors in PD include 

6-hydroxydopamine (6-OHDA) and paraquat (widely used as a highly toxic 

pesticide but currently banished in the European Union, amongst other countries) 

(Kim et al., 2017a; Zeng et al., 2018). 

Overall, mDANs are characterised by the release of dopamine, and can be 

classified depending on cell body localisation. In addition, we have described the 

different signalling molecules and pathways involved in the development of 

mDANs and the main specific characteristics that might explain their vulnerability 

specifically in the SNc.  

1.2.2. Autophagy dysregulation in PD 

Over the last decade, numerous pieces of evidence have highlighted the 

importance of autophagy in neuronal homeostasis (see Section 1.1.3). In this 

section, we will focus on the dysregulation of this process as one of the main 

hallmarks of PD. Recently, it was described that in the absence of autophagy in 

DA neurons (Atg7 knockout mice), inclusions containing a-synuclein and p62 

accumulated, mainly in neurites, and these increased with age (Sato et al., 2018). 

Autophagy induction has also correlated with neuroprotection in mDANs. For 
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example, Beclin1 gene transfer in a SNCA overexpression mouse model 

ameliorates the synaptic and dendritic pathology (Spencer et al., 2009); TFEB and 

Beclin1 overexpression reduced a-synuclein aggregates and provided protection 

against mDANs loss in a PD mouse model (Decressac et al., 2013); LAMP2A 

overexpression selectively protected against a-synuclein neurotoxicity in mDANs 

(Xilouri et al., 2013), and autophagy induction (via rapamycin, mTORC1 inhibitor) 

in iPSC-derived neurons promotes clearance of a-synuclein aggregates (Gao et 

al., 2019). Conversely, Hunn et al., 2019 showed that impaired macroautophagy 

(Atg7 conditional knockout) in a SNCA mouse model led to dopamine release and 

improving motor movement while aggravating pathology (p62 inclusions and 

neuronal death) (Hunn et al., 2019). In addition, it is known that inefficient 

mitophagy plays an important role in the pathogenesis of PD, an observation that 

correlates with the high vulnerability of SNc mDANs that have high energetic 

demands. PINK1, PRKN/Parkin and FBXO7 mutations – three proteins involved 

in recognition of damaged mitochondria and ubiquitination – are linked to familial 

PD (PARK2, PARK6 and PARK15, Table 1.2), and null mutant flies for Pink1 or 

Prkn – but not in knockout mice – showed mDA neurodegeneration (Evans and 

Holzbaur, 2020). In addition, the loss in zebrafish of Nipsnap1, a mitochondrial 

matrix protein involved in PINK1/Parkin-independent mitophagy and highly 

expressed in mDANs, presented some PD’s hallmarks (Gao et al., 2017; Princely 

Abudu et al., 2019). In the light of these findings, an autophagy inducer, Nilotinib, 

is currently in clinical trial for PD (Pagan et al., 2016; Pagan et al., 2019). 

 Some of the other genes involved in familial PD – including DJ-1, LRRK2, 

ATP13A2, USP24, HTRA2, VPS35, SYNJ1, VPS13C and GBA, (see Table 1.2) –

are also directly and indirectly involved in the modulation of autophagy (Del Rey 

et al., 2018): 

• DJ-1 (protein deglycase, PARK7) overexpression induces mitophagy via the 

activation of ERK in mDANs and protects against rotenone-induced cell death 

(Gao et al., 2012). In addition, DJ-1 mutation inhibits DJ-1 degradation via CMA 

(it contains a KFERQ-like motif), essential for mitochondrial homeostasis 

(Wang et al., 2016a).  

• LRRK2 (leucine-rich repeat kinase 2, PARK8) can also be degraded by CMA, 

and a mutation at G2019S in LRRK2 (the most common mutation) increases 

its kinase activity and disrupts degradation via CMA (Cookson, 2015; Kelly et 
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al., 2018; Orenstein et al., 2013). G2019S LRRK2 can also inhibit CMA activity, 

affecting CMA substrates degradation in general (Orenstein et al., 2013; Sweet 

et al., 2015). In addition, LRRK2 has different domains, thus regulating several 

cellular functions, including neurite outgrowth, vesicle trafficking, nuclear 

organization, mitochondrial homeostasis, and autophagy, via distinct pathways 

(Atashrazm and Dzamko, 2016), e.g.: it activates endophilin A, a neuron-

specific protein involved in recruitment of ATG3 (Soukup et al., 2016); it 

modulates mitophagy via Rab10 and Parkin interactions (Bonello et al., 2019; 

Wauters et al., 2020); it regulates autophagy by activating ERK, MAPK and 

PI3KC3-C1 (Albanese et al., 2019); and it modulates lysosomal pH via 

interactions with the proton pump (Wallings et al., 2019).  

• The ATPase type 13A2 (ATP13A2, PARK9) is a lysosomal transmembrane 

protein highly expressed in SNc mDANs that regulates endo-/lysosomal cargo 

sorting (Demirsoy et al., 2017; Lopes da Fonseca and Outeiro, 2014).  

• PARK10 was recently identified as the ubiquitin specific peptidase 24 (USP24), 

a deubiquitinating enzyme that negatively regulates ULK1 protein stability and 

activity, thus working as an upstream negative regulator of autophagy. USP24 

expression levels are elevated in PD patients (Thayer et al., 2020). 

• The high temperature requirement factor A2 (HTRA2, PARK13) is a 

proapoptotic mitochondrial serine protease that induces autophagy via 

activation of Beclin1 (Li et al., 2010).  

• VPS35 (PARK17), a component of the retromer complex, is involved in 

endosome-to-Golgi trafficking. The D620N VPS35 mutation inhibits autophagy 

by impairing the trafficking of ATG9A (Zavodszky et al., 2014).  

• Synaptojanin 1 (SYNJ1, PARK20) is involved in synaptic endocytosis, and also 

directly promotes autophagosome maturation (George et al., 2016; 

Vanhauwaert et al., 2017). In addition, in R258Q Synj1 mutant flies, autophagy, 

but not endocytosis, is inhibited (Vanhauwaert et al., 2017).  

• Loss of function mutations in VPS13C (PARK23), a lipid transporter protein, 

increased PINK1/Parkin-dependent mitophagy (Lesage et al., 2016). In 

addition, VPS13C (which shares some similarities with ATG2A structure (Yang 

et al., 2016)) binds to the ER, tethering it to late endosomes/lysosomes (Kumar 

et al., 2018). 
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• Finally, iPSC-derived mDANs from PD patients with mutations in the gene 

encoding the lysosomal enzyme, glucocerebrosidase gene (GBA) – in which 

homozygous mutations lead to Gaucher Disease (Hruska et al., 2008) –

showed autophagic and lysosomal defects, with impaired calcium homeostasis 

and mitochondrial dysfunction in mouse and neuroblastoma cells (Li et al., 

2019a; Schondorf et al., 2014). 

Indeed, certain hallmarks of PD are thought to exacerbate the disease 

through the disruption of autophagic flux. For example, in aggregated form, α-

synuclein can block CMA, thereby preventing the degradation of itself and other 

CMA substrates (Martinez-Vicente et al., 2008), and further enhancing α-synuclein 

persistence leading to a compensatory response of increased macroautophagy 

and the accumulation of these aggregates in autophagosomes (Pajares et al., 

2015). Conversely, a-synuclein aggregates impair overall macroautophagy (e.g. 

A30P SNCA mutant impairs macroautophagy via inactivation of c-Jun and 

activation of ZKSCAN3 (Lei et al., 2019)) (Tanik et al., 2013; Winslow et al., 2010). 

Furthermore, cytosolic excess dopamine is oxidized to the metabolite, 

aminochrome, an intermediate in the normal process of dopamine oxidation to 

neuromelanin, a dark polymer pigment which accumulates with age in the SNc 

with a neuroprotective role as metal chelator (Segura-Aguilar et al., 2014). 

Aminochrome is toxic and it has been proposed to play an important role in the 

neurodegenerative process through different mechanisms: (i) the formation and 

stabilisation of neurotoxic protofibrils of a-synuclein aggregates (Norris et al., 

2005); (ii) mitochondrial dysfunction by inhibiting Complex I (Van Laar et al., 2009); 

(iii) cytoskeletal disruption and impairment of axonal transport, with restricted 

autophagosome-lysosome fusion (Paris et al., 2010); and (iv) neuroinflammation 

via the activation of microglia and astrocytes (Santos et al., 2017). Consequently, 

aminochrome plays an important role in the impairment of the autophagy process 

(Munoz et al., 2012). In addition, neuroinflammation – another PD hallmark –is 

also closely related to autophagy dysfunction (e.g. the inflammatory cytokine 

tumor necrosis factor a (TNFa) impairs autophagy flux in microglia via mTORC1 

(Jin et al., 2018)).  

 Finally, it is important to mention the relationship between autophagy and 

aging, as age is considered as a primary risk factor in PD (Van Den Eeden et al., 

2003). Normal hallmarks of aging include cellular senescence, increases in 
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oxidative stress, and autophagy functional decline (Hohn et al., 2017). Crucially, 

reduced CMA activity and altered LAMP2A stability have been observed in several 

cell types and tissue with aging (Kiffin et al., 2007). In addition, a decrease in 

lysosomal activity correlates with healthy aging (Carmona-Gutierrez et al., 2016), 

and several studies suggest that pharmacological enhancement of autophagy can 

increase life span (Rubinsztein et al., 2011); however, the relationship between 

autophagy and the aging brain is still unclear.  

1.2.3. Other PD hallmarks 

 As previously mentioned, apart from the loss of SNc mDANs and 

autophagy dysregulation, another main feature of PD is the presence of fibrillar 

aggregates called Lewy Bodies (LBs). a-synuclein (SNCA, PARK1 and PARK4) 

is a protein involved in vesicular release of dopamine in the presynaptic terminals, 

and it is the major component of LBs, but more than 70 molecules have been 

identified as co-constituents (including DJ1, PINK1, Parkin and LRRK2) 

(Wakabayashi et al., 2007). Mutations in SNCA (e.g. A53T and A30P), post-

translational modifications, oxidation (by increasing ROS levels), and a 

dysfunction in the autophagy process increase the rate of oligomerisation and 

formation of inclusions (Meade et al., 2019; Zhang et al., 2018a). Accumulation of 

a-synuclein in oligomers affects neurotransmitter release, synaptic vesicle 

recycling and trafficking, autophagy – CMA and macroautophagy –, microglial 

activation, and mitochondrial homeostasis (Lashuel et al., 2013; Lei et al., 2019; 

Martinez-Vicente et al., 2008; Miraglia et al., 2018; Valdinocci et al., 2019; Zhang 

et al., 2018a; Zhang et al., 2005). In addition, several studies have highlighted the 

presence of different mechanisms for toxic a-synuclein aggregates to be 

transferred to other cells, including exosomes, direct penetration, endocytosis, 

nanotubes, trans-synaptic junctions, or receptor-mediated internalisation, to 

spread the disease (Lashuel et al., 2013; Recasens and Dehay, 2014). However, 

LBs are not present in all PD cases, and are also found in healthy patients, referred 

as incidental LB disease (Markesbery et al., 2009).  

 Other PD hallmarks include: (i) neuroinflammation, characterised by 

microglial and astrocyte activation and the release of pro-inflammatory cytokines 

(Gelders et al., 2018); and (ii) increased levels of oxidative stress, playing an 

important role in mDAN cell death and a-synuclein aggregation, as previously 
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mentioned, and also being linked to iron metabolism and the formation of toxic 

hydroxyl radicals (Blesa et al., 2015; Funke et al., 2013). 

1.2.4. Therapeutic approaches in PD 

 Currently, there are only symptomatic treatments for PD, and no disease-

modifying therapies have been described. The most commonly used approaches 

to treat motor deficiencies are based on pharmacological stimulation of the 

dopaminergic pathway – e.g. levodopa (L-DOPA, dopamine precursor), dopamine 

agonists (Zhang and Tan, 2016), and non-pharmacological treatments such as 

deep brain stimulation (DBS) of the STN or GPi (Kalia et al., 2013). However, none 

of these are capable of delaying or stopping the progression of the disease.  

 Other promising therapies, some of them yet not tested in humans, have 

been developed over recent years, including stem cell-based approaches, the use 

of neurotrophic factors (e.g. BDNF and GDNF (glial-derived neurotrophic factor)), 

gene therapy (e.g. viral-gene expression of TH, AADC or VMAT2 to induce 

dopamine release, or NURR1 expression which appears to have a neuroprotective 

role), and immunotherapy (e.g. for the clearance of a-synuclein aggregates) 

(Axelsen and Woldbye, 2018; Parmar, 2018; Stoker et al., 2018; Wang et al., 

2019). Particularly, for cell-based approaches, the use of stem cells and induced 

pluripotent stem cells (iPSCs), derived from patients’ fibroblasts, has emerged as 

a powerful tool to obtain a renewable source of dopaminergic neurons that can 

integrate in the brain (Barker et al., 2018; Fan et al., 2020). This will be discussed 

in depth in Section 1.4.  

Another interesting approach is enhancing the autophagy process. The 

most tested autophagy enhancers are the mTORC1 inhibitor, rapamycin, and the 

inositol monophosphatase inhibitor, lithium, which each significantly reduced a-

synuclein aggregates and cell death in PD models (Li et al., 2013; Malagelada et 

al., 2010). However, they are non-selective for autophagy, affecting another 

pathways, and thus treatment with these compounds presented numerous side 

effects (Bove et al., 2011). For that reason, recent strategies have focused on 

specific targeting of autophagy components (e.g. TFEB, Beclin1) (Decressac et 

al., 2013; Kilpatrick et al., 2015; Moors et al., 2017; Savolainen et al., 2014; Scrivo 

et al., 2018; Spencer et al., 2009), or the lysosome, including increase acidification 
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and overexpression of LAMP2A (targeting CMA) (Baltazar et al., 2012; Bourdenx 

et al., 2016; Issa et al., 2018; Moors et al., 2017; Xilouri et al., 2013). 

 In the next section, we describe two transcription factors, LMX1A and 

LMX1B, that are directly involved in the development and survival of mDANs, and 

are also connected with PD.  

1.3. LIM-homeodomain transcription factors LMX1A and 

LMX1B 

LMX1A and LMX1B are evolutionary conserved, closely related (64% 

protein identity) transcription factors belonging to the LMX group of LIM-

homeodomain family, with roles in neural patterning (Hobert and Westphal, 2000; 

Srivastava et al., 2010). They have been implicated cooperatively in the regulation 

of mDAN proliferation, survival, specification and differentiation, as will be 

described next (Doucet-Beaupre et al., 2016; Nakatani et al., 2010) (Fig. 1.7). 

There are two LMX1A isoforms in humans, the isoform 1 with the long canonical 

sequence (383 amino acids), and the small isoform 2, LMX1A-4AB, produced by 

alternative splicing and only expressed in testis (133 amino acids) (Gerhard et al., 

2004). Similarly, there are two LMX1B isoforms produced by alternative splicing: 

isoform 1 is the long canonical sequence (402 amino acids); isoform 2 is referred 

to as the short sequence, and is the predominant transcript (396 amino acids, 

missing amino acids 345-351), but no differences in function or localization have 

been described (Gerhard et al., 2004).  

LMX1A and LMX1B both have a homeodomain – a helix-turn-helix DNA 

binding domain – with 100% amino acid identity, and at the N-terminal, two zinc 

fingers LIM domains (LIMa and LIMb), sharing 65% and 83% identity, respectively 

(Marini et al., 2010). They bind to LMX1A/B binding sites also known as A/T-rich 

(FLAT) sequences with a 5′-TAATT-3′ core motif (Burglin and Affolter, 2016; 

German et al., 1992; Morello et al., 2001). The complete matrix profile for H. 

sapiens LMX1A/B binding sites can be found in the transcription factor database 

Jaspar (http://jaspar.genereg.net) based on previously published chromatin 

immunoprecipation (ChIP) data (Jolma et al., 2013). They share a very similar – 

but not identical – preferential binding recognition site, explaining their overlapping 

functions and common target genes (Doucet-Beaupre et al., 2015; German et al., 
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1992; Mishima et al., 2009; Yan et al., 2011). In addition, particularly for LMX1B, 

ChIP-seq in mouse limbs at E12.5 showed that, although present in promoters, 

LMX1B binding sites were mostly common in intronic and intergenic regions, 

suggesting a more complex regulatory profile (Haro et al., 2017). Similarly, LMX1A 

binding sites have also been identified in intronic regions (e.g. for Cut like 

homeobox 2 (Cux2) (Fregoso et al., 2019)). 

LIM domains work as a protein-binding motif, and they are recognised by a 

number of co-factors, forming transcriptional regulation complexes (e.g. positive 

regulator, LIM-domain-binding factor (LDB1), and negative regulator, LIM-domain 

only (LMO) (Agulnick et al., 1996; Huang et al., 2018; Wang et al., 2016b)). These 

co-factors determine transcriptional activation or repression in a tissue-specific 

manner and might explain the functional divergence of LMX1A/B (Chabrat et al., 

2017; Doucet-Beaupre et al., 2015; Kadrmas and Beckerle, 2004; Matthews and 

Visvader, 2003). Some of the identified partners for LMX1B include: (i) PTB-

associated splicing factor (PSF) – a protein present in the transcriptional 

complexes of PITX3 and NURR1 (Hoekstra et al., 2013a), whose expression is 

regulated by LMX1A/B (Chung et al., 2009; Levesque and Doucet-Beaupre, 

2013), suggesting that they might act together to regulate mDAN development; (ii) 

heat-shock protein (HSP70) – a master regulator in protein degradation – 

(Hoekstra et al., 2013a); (iii) PAX2 – involved in neuronal development by inducing 

expression of Fgf8 and in kidney development (Marini et al., 2005); (iv) the DNA-

binding factor-1 (GRLF1); and (v) the actin-based molecular motor (MYO1C). The 

latter two proteins are involved in axonal growth, suggesting additional roles for 

LMX1A/B in axonal guidance (Hoekstra et al., 2013a; Kania et al., 2000; Krawchuk 

and Kania, 2008). In addition, more putative interactions were found in the 

biological general repository for interaction datasets (BioGRID, 

https://thebiogrid.org/ (Chatr-Aryamontri et al., 2015)), gathering information from 

high-throughput screening using affinity capture mass spectrometry. For 

LMX1A/B, several interactors were found, e.g. for LMX1A, growth factor receptor-

bound protein 2 (GRB2) – involved in signal transduction  (Grossmann et al., 2015) 

– and for LMX1B, the single stranded DNA binding protein (SSBP) family; amyloid 

ß precursor protein (APP) – involved in AD – and rabenosyn, RAB effector (RBSN) 

– involved in membrane trafficking (Huttlin et al., 2017; Olah et al., 2011). 

1.3.1. LMX1A and LMX1B during development 
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LMX1A/B are some of the first markers to identify mDAN precursors during 

development, and their expression persists in the three clusters of mature mDANs 

throughout birth and into adulthood (Fig. 1.7) (Doucet-Beaupre et al., 2015). In 

neural development in the FP, a combination of different signals, including SHH 

and WNT, specify mDA identity, and as a downstream event, mDA progenitors 

acquire a combined transcription factor code, including LMX1A/B, that directly 

regulates the expression of post-mitotic mDAN genes and supresses the 

emergence of basal plate fates (Fig. 1.5 and Fig. 1.7) (Arenas et al., 2015; Chung 

et al., 2009; Hegarty et al., 2013; Yan et al., 2011). It is known that the expression 

of LMX1A/B is regulated by an autoregulatory loop through the WNT/ß-catenin 

pathway during development, necessary for the suppression of alternative cell 

fates and to control mDA progenitor domain size via regulation of miR135a2 by 

LMX1B (Anderegg et al., 2013; Arenas et al., 2015; Chung et al., 2009). In 

addition, LMX1A regulates the expression of Msx1 supressing the emergence of 

basal plate fate and leading to the activation of the regulator of mDAN 

neurogenesis, Ngn2 (Andersson et al., 2006). LMX1A and LMX1B also regulate 

the expression of Pitx3 and Nurr1 – two transcription factors involved in 

dopaminergic differentiation (Chung et al., 2009; Levesque and Doucet-Beaupre, 

2013) – and LMX1A regulates DAT and VMAT2 expression (Chung et al., 2012; 

Hoekstra et al., 2013b) (Fig. 1.5 and 1.7). In Lmx1a mutant mouse (dreher) and 

Lmx1a knockout mouse, a reduction in mDA progenitors and mDANs was 

observed and a similar phenotype was also observed in Lmx1b null mice (Yan et 

al., 2011).  

Some studies have shown that LMX1A – and, to a lesser extent, LMX1B – 

together with other factors, can be used for the reprogramming of stem cells or 

human/mouse fibroblasts into SNc mDANs (Caiazzo et al., 2011; Sanchez-Danes 

et al., 2012a; Tian et al., 2012; Yan et al., 2013). By contrast, the loss of Lmx1a/b 

in conditional knockout mice prevents mDAN progenitors from differentiating (Yan 

et al., 2011). LMX1A/B share similar functions, and for this reason, a level of 

functional redundancy dictates that they can each partially rescue deficiencies in 

the other (Chizhikov and Millen, 2004; Yan et al., 2011). However, further studies 

have highlighted important functional divergence, where LMX1A is required for the 

generation of medial mDANs, whereas LMX1B would be more important for the 

generation of lateral dopamine neurons and other neuronal types in the midbrain 

(Deng et al., 2011; Smidt et al., 2000).  
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Apart from its crucial and direct involvement in the dopaminergic pathway, 

LMX1A/B are non-exclusively required during mDAN differentiation, being 

implicated in other activities during embryonic development, thus exemplifying the 

need to better understand LMX1A/B transcriptional regulation in diverse tissues 

(Doucet-Beaupre et al., 2015). During development, LMX1A expression is 

observed from day E8.5 in mouse (Failli et al., 2002). Studies in dreher mouse 

showed that early LMX1A is expressed in the RP and is involved in the formation 

of the neural tube via modulation of BMP4 signalling (Chizhikov et al., 2019; 

Chizhikov and Millen, 2004). It is also expressed in the notochord, the FP 

(Chizhikov and Millen, 2004; Failli et al., 2002), the cerebellum, the spinal cord for 

the formation of dorsal interneurons, STN neurons, the cortical hem via regulation 

of the expression of Cux2, the inner ear, the cochlea and vestibular system, and 

in pancreatic ß-cells where it regulates the expression of insulin (Failli et al., 2002; 

Fregoso et al., 2019; Kee et al., 2017; Steffes et al., 2012; Wilson et al., 2003). In 

addition, LMX1A function is important during cell cycle withdraw in progenitor cells 

by repressing Hes1 (Chizhikov and Millen, 2004). 

LMX1B is expressed earlier than LMX1A (E7.5), and is also expressed from 

the RP and involved in BMP4 signalling (Chizhikov et al., 2019; Chizhikov and 

Millen, 2004). In addition, LMX1B (E8.5-9.5) is also involved in the maintenance 

of the IsO/MHB via induction of Wnt1 and modulation of Wnt1/Fgf8 (Guo et al., 

2007; McMahon et al., 2009; Mishima et al., 2009). It plays further roles in the 

development of the eye, dorsal limb structures, the skull, serotonergic and 

glutamatergic neurons in the raphe nucleus (also capable of release and produced 

dopamine (Sellnow et al., 2019)) and in the nucleus principalis, respectively during 

development and in the adult brain, and in the kidney (by regulating the expression 

of a(3)IV and a(4)IV collagen (Col4a3 and Col4a4) which are necessary for 

glomerular basement membrane morphogenesis) (Burghardt et al., 2013; Dai et 

al., 2008; Ding et al., 2003; Hilinski et al., 2016; Levesque and Doucet-Beaupre, 

2013; Morello et al., 2001; Nakatani et al., 2010; Xiang et al., 2010). Mutations in 

LMX1B are related to the renal disease, nail patella syndrome (NPS) (Edwards et 

al., 2015; Morello et al., 2001), as will be described later. 

Crucially, a role for LMX1B during axonal growth has been established in 

mouse serotonin axonal projections to the forebrain and the spinal cord, via 

regulation of protocadherin alpha-2 (Pcdha2); and mislocalised axons have been 
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observed in the dorsal spinal cord in dreher mouse (Donovan et al., 2019; Millen 

et al., 2004). In addition, evidence suggests that LMX1A/B might be also be 

involved in mDANs axonal guidance during neurodevelopment. Defects in axonal 

projections of motor neurons are apparent in the limbs of Lmx1b knockout mouse; 

expression of Netrin-1, involved in axonal guidance, is regulated by LMX1B; loss 

of Lmx1a/b in post-mitotic mDANs leads to aberrant nigrostriatal axonal 

projections; and the repression of plexin C1 (Plxnc1) by LMX1A/B is involved in 

the modulation of the striatal dopaminergic circuit (Fig. 1.7) (Chabrat et al., 2017; 

Hoekstra et al., 2013a; Kania et al., 2000; Krawchuk and Kania, 2008). 

1.3.2. LMX1A and LMX1B in the adult brain 

LMX1A/B expression – and similarly, expression of other transcription 

factors such as FOXA2 – persists in the adult brain, suggesting that they might be 

involved in neuronal homeostasis (Fig. 1.7). In this context, it is noteworthy that 

Lmx1a expression declines with age in the mouse brain (Doucet-Beaupre et al., 

2015; Levesque and Doucet-Beaupre, 2013). LMX1B has also been reported to 

be involved in the regulation of inflammatory genes (e.g. interferon beta (IFNb) 

and interleukin 6 (IL-6)), and LMX1A/B both regulate expression of mitochondrial 

genes (e.g. nuclear respiratory factor-1 (Nrf1) and mitochondrial complex IV gene 

(Cox6a)) in mature mDANs (Doucet-Beaupre et al., 2016; Rascle et al., 2009; Yan 

et al., 2013). In addition, conditional knockout of Lmx1a/b in mature mDANs 

resulted in impaired ETC activity, increased oxidative stress, and some PD-

associated features (e.g. a-synuclein aggregation, loss of mDANs), and in the 

conditional knockout Lmx1b mouse in particular, large nerve terminals were 

observed in the striatum that were filled with undegraded autophagic vacuoles and 

could be resolved by treatment with rapamycin, suggesting an 

autophagic/lysosomal pathway impairment (see Section 1.1.2.3) (Doucet-

Beaupre et al., 2016; Laguna et al., 2015). In this project, we will study the 

regulation of autophagy by LMX1A/B in human iPSC-derived mDANs and the 

effect of autophagy in the function of LMX1A/B. 

 Importantly, LMX1B is also required for the maintenance of non-

dopaminergic neurons, including serotonergic and glutamatergic neurons 

(Doucet-Beaupre et al., 2015). For example, in mature serotonergic neurons in the 

raphe nuclei, LMX1B is necessary for the biosynthesis of 5-HT, the expression of  
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Figure 1.7. Role of LMX1A/B in the differentiation and maintenance of mDANs. At the top, 

specific features of the human LMX1A/B proteins, including some of the most frequent identified 

mutations for Nail Patella syndrome. At the bottom, functions of LMX1A/B in mouse during 

development of mDANs and in adult mDAN. In the first panel, Lmx1a and Lmx1b expression 

timeline during mouse embryonic development. In the second panel, it is shown the DAN 

localization and their axonal projections. In the last panels, the cooperative work of LMX1A/B 

for early patterning, neurogenesis, maturation and maintenance of mDANs. MHO, midbrain-

hindbrain organizer; A9, nucleus A9 cells (SNc); A10, nucleus A10 cells (VTA). Modified figure 

from (Doucet-Beaupre et al., 2015) Copyright © 1999-2019 John Wiley & Sons. Reproduced 

with permission of the publisher (“John Wiley and Sons”) and Dr. Levesque (Université Laval, 

Quebec). 
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5-HT receptors and transporters, as well as expression of Aadc and Vmat2 (Song 

et al., 2011). 

 Finally, Lmx1b function is also crucial outside the brain. In the adult kidney, 

differentiated podocytes rely on Lmx1b expression to maintain their structure via 

regulation of the actin cytoskeleton (e.g. expression of actin binding Rho activating 

protein (Abra)) (Burghardt et al., 2013).  

1.3.3. LMX1A and LMX1B in disease 

Interestingly, there is evidence suggesting that loss of LMX1A/B might 

contribute to neuronal loss in PD, including: (i) decreased levels of LMX1B in SNc 

mDANs in PD patient brains (Laguna et al., 2015); (ii) LMX1A/B polymorphisms 

associated with PD – three SNPs in LMX1A and one in LMX1B – (Bergman et al., 

2009); (iii) iPSC-derived mDANs from PD patients with decreased levels of LMX1B 

(Xia et al., 2016); and (iv) loss of mDANs, mitochondrial dysfuntion, and 

accumulation of a-synuclein in Lmx1a/b conditional knockout mice (Doucet-

Beaupre et al., 2016; Laguna et al., 2015).  

 Conversely, LMX1A/B polymorphisms are also linked to other mental 

disorders, including schizophrenia and autism (only for LMX1B (Bergman et al., 

2010; Thanseem et al., 2011)), and LMX1A has been identified as a candidate 

gene for Alzheimer’s disease (Talwar et al., 2014).  

 LMX1B heterozygous loss of function mutations cause the rare autosomal 

dominant disease, NPS (Edwards et al., 2015; Morello et al., 2001). NPS is 

characterised by developmental defects in dorsal limb structures (e.g. 

dermatological and musculoskeletal abnormalities), the kidney (e.g. loss of 

filtration due to defects in glomerular basement membrane), and the eye (e.g. 

glaucoma) (Bongers et al., 2005). In addition, peripheral neurological symptoms 

(e.g. numbness of the distal limb) are found in 25% of NPS patients, suggesting a 

defect in migration of the neurons within the dorsal spinal cord  (Dunston et al., 

2005).  Generally, LMX1B mutations in NPS are found in the homeodomain – the 

most frequently mutations being R198X, R200Q, R208X, A213P, and R223X – 

suggesting defects in DNA-binding. However, mutations in the LIM domains have 

also been described (Bongers et al., 2005; Dunston et al., 2004; Marini et al., 

2010).  
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 Finally, LMX1A and LMX1B are also linked to cancer. For example, LMX1A 

has been identified as a metastasis suppressor in cervical, colon, ovarian and 

gastric cancers (particularly for gastric cancer, LMX1A seems to inhibit metastasis 

via negative regulation of b-catenin) (Feng et al., 2016; Wang et al., 2014c). On 

the other hand, LMX1B has been associated with breast cancer, and recently, with 

esophageal cancer with possible roles in radioresistance, proliferation, cell 

migration and apoptosis (Wang et al., 2014c; Zang et al., 2019).  

Overall, in this section, we have described the transcription factors 

LMX1A/B, which are essential determinants of mDAN differentiation and 

maintenance. In the next section, we will introduce the iPSC technology as a 

powerful tool for the generation of human mDANs. 

1.4. Induced pluripotent stem cell (iPSC) reprogramming 

to mDANs 

To date, primary rodent neurons have been the main resource for neuronal 

study in vitro. They can be obtained from specific brain regions (e.g. hippocampus) 

and re-establish synaptic contact and they can be maintained long term in culture 

due to the presence of support cells (e.g. astrocytes); however, regulatory 

mechanisms may differ in human neurons. The study of human neurons was 

previously restricted mainly to post-mortem studies (Lake et al., 2016) or the use 

of human cell-lines with neuronal characteristics (e.g. SH-SY5Y – a bone marrow-

derived neuroblastoma cell-line that displays some properties of dopaminergic 

neurons (thus, it has been widely used for PD research (Xicoy et al., 2017)), but 

can be driven towards other neuronal sub-types by the application of specific 

factors (Kovalevich and Langford, 2013)). Primary human cultures (including 

human foetal cultures (Ray et al., 2014)) are problematic due to low availability 

and obvious ethical objections. Biopsies of olfactory epithelium as a non-invasive 

approach have been used for a few studies (e.g. oxidative stress in Alzheimer’s 

disease patient “neurons”, although these cells were not sufficiently characterised 

(Ghanbari et al., 2004); recently, different approaches for improving neuronal 

purity have been reported (Lavoie et al., 2017)), while tissue obtained from surgical 

procedures has been used for single cell transcriptomics either directly (Darmanis 
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et al., 2015), or following prolonged culture in vitro (Spaethling et al., 2017) (Fig. 

1.8A).  

In this context, human stem cell technology represents a powerful tool to 

study disease mechanisms, for drug screening, biomarker discovery and for 

replacement therapy (Kimbrel and Lanza, 2020; Shi et al., 2016). Stem cells have 

two main capacities: self-renewal, and the potential to generate different cell-

types. Particularly, embryonic-pluripotent stem (ES) cells have the ability to 

become any cell from each of the three embryonic germ layers, including neurons; 

however, their use is ethically and politically controversial (Fig. 1.8B) (Lo and 

Parham, 2009). Even without such barriers, there remains the problem of allogenic 

immune rejection for the transplantation of hES-derived cells by the recipient, as 

derived cells are not genetically tailored to the patient (Liu et al., 2017). The 

generation of ES by somatic cell nuclear transfer (SNTC), also used for 

reproductive cloning purposes, bypasses this problem by nuclear donation of 

patient somatic cells into the cytoplasm of enucleated human oocytes, ES cells 

are collected from the blastocysts of nuclear transfected embryos (Matoba and 

Zhang, 2018); however, this does not entirely avoid ethical controversies and 

reprogramming is not very efficient due to the epigenetic barriers. In this respect, 

patient-derived iPSC technology overcomes these concerns and provides a 

source of cells for mechanistic research (Ardhanareeswaran et al., 2017; 

Hamazaki et al., 2017; Li and Izpisua Belmonte, 2016; Shi et al., 2017) (Fig. 1.8B).  

iPSC lines can be generated from patient somatic cells, fibroblasts being 

the most common used cell type as they are easily cultured and maintained in 

vitro, but other somatic cells have also been used (e.g. pancreatic beta cells, 

keratinocytes or myeloid cells) (Raab et al., 2014). In addition, iPSCs can be gene 

edited in vitro to provide a source of isogenic differentiated cells to re-introduce 

into the patient and avoid immune rejection – or alternatively, iPSCs can be 

generated from human leukocyte antigen (HLA)-matched donor fibroblasts – 

(Chang et al., 2018; Parmar, 2018). By this technique, iPSCs are generated 

through the introduction of pluripotency genes – Yamanaka’s factors (octamer-

binding transcription factor 4 (OCT3/4), SRY-related HMG-box (SOX2), kruppel 

like factor 4 (KLF4) and Myc proto-oncogene protein (c-MYC) – into human 

somatic cells (e.g. fibroblasts) that will induce the reprogramming of human 

somatic cells to pluripotent stem cells and they will sustain “stemness” (Li and 
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kkk(Li and Izpisua Belmonte, 2016; Shi et al., 2017; Takahashi and Yamanaka, 

2006). iPSC reprogramming can be divided into 3 different phases: initiation, 

maturation and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. iPSCs for the study of human neurons. (A)  Comparison of the different sources 

for the generation of pluripotent stem cells (blastocysts, SCNT and iPSC) and their applications. 

(B) Advantages (green) and disadvantages (red) for various systems for study of human 

neurons. Modified figure from (Jimenez-Moreno et al., 2017). Copyright © 2017 by the authors; 

licensee MDPI AG.  
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Izpisua Belmonte, 2016; Shi et al., 2017; Takahashi and Yamanaka, 2006). iPSC 

reprogramming can be divided into 3 different phases: initiation, maturation and 

stabilization; during the first stochastic stage, which is key to loss the somatic 

background, cells suffer an intense cell adjustment including a metabolic switch 

(glycolysis) and undergo an intense cell reshaping (mesenchymal-epithelial 

transition); during the maturation stage, pluripotency genes become activated (e.g. 

SOX2, OCT4, Nanog) and iPSCs start becoming transgene independent; finally 

in the stabilization stage, iPSCs acquire the full pluripotency signature (e.g. 

pluripotency markers, epigenetic remodelling, telomeres elongation (David and 

Polo, 2014)). Significantly, several publications have reported that freshly derived 

iPSCs retain certain epigenetic memory from the parental cells, but loss of 

epigenetic signature occurs after continuous passaging (Polo et al., 2010). 

Consistent with this, similar epigenetic signature has been observed in neurons 

derived from iPSCs and those derived from hESC, suggesting an epigenetic loss 

during reprogramming; however, a comparison with native brain neurons was not 

carried out (de Boni et al., 2018). However, independently of the reprogramming 

procedure, long term culture of stem cells might be associated with karyotypic 

abnormalities that could affect cell function (Taapken et al., 2011) – this genomic 

instability has also been widely described in stable cell lines like HeLa cells 

(Frattini et al., 2015)– , thus, a routinely monitorization of the genome integrity for 

evaluation of the karyotype should be performed (Assou et al., 2018).  

After the reprogramming of iPSCs, the application of specific growth and 

patterning factors will guide the differentiation and will enable the generation of 

tissue-specific and also region-specific cell-types. Consequently, iPSC technology 

has allowed the generation of a wide range of different neuronal cell types 

(Jimenez-Moreno et al., 2017). In addition, previous publications have highlighted 

the functionality of iPSC-derived neurons (e.g. they can be integrated in the mouse 

brain and maintain physiological properties in vivo (Espuny-Camacho et al., 2018; 

Hartlaub et al., 2019)) and the similarities between primary neurons and iPSC-

derived neurons (e.g. similar pharmacological profiling (Moakley et al., 2019)). 

However, it still remains elusive if stem cell derived neurons represent a true 

version of endogenous adult mature neurons (e.g. iPSC-derived neurons are 

considered to be more immature and heterogenous) (Burke et al., 2020; 

Chinchalongporn et al., 2015). 
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1.4.1. Protocols for the generation of iPSC-derived mDANs 

Particularly, the differentiation of iPSCs to mDANs is based on the 

recapitulation of the neuralization process in the neural development (see Section 

1.2.1.1) (Arenas et al., 2015). A specific combination of different factors – such as 

SHH and WNT – guides cell differentiation towards neural progenitors, leading to 

the generation of mDANs. Several iPSCs lines have been used for mDAN 

differentiation and some of them can be found in iPSC banks (Huang et al., 2019). 

To be characterised as mDANs, cells need to express certain markers, i.e. 

neuronal (e.g. b-tubulin III (TUJ1)), dopaminergic (e.g. TH) and midbrain markers 

(e.g. LMX1A/B, FOXA2)); release dopamine; present electrophysiological 

properties; and ultimately, these cells need to have the potential to be implanted 

and integrated in the brain circuitry (Kikuchi et al., 2017). There are two main 

approaches to derive neural progenitors: embryoid bodies (EB) – based on the 

generation of 3D neurospheres – and adherent “monolayers”.  

1.4.1.1. Embryoid-body based differentiation 

Embryoid bodies (EBs) from iPSCs or embryonic pluripotent stem cells 

(derived from foetal tissue) are formed in suspension cultures after PSC colonies 

are  enzymatic and mechanically detached (Son et al., 2011). By this method, EBs 

– and later neurospheres –  are thought to offer a microenvironment that promote 

cell survival in vitro (Pampaloni et al., 2007). EBs are directed to neuroectoderm-

type lineage by suppression of mesodermal fates (e.g. TGF-b and BMP4 

inhibitors), thus forming neurospheres (Crompton et al., 2013). Then, neuronal 

progenitors are patterned by a mixture of different factors that promote the 

differentiation to mDA progenitors (e.g. SHH, FGF8), with final differentiation 

achieved after neurosphere attachment and addition of growth factors (e.g. BDNF 

(activator of tyrosine kinase receptor B and p75 receptor, promoting cell survival 

and dopamine release and uptake (Baquet et al., 2005; Neal et al., 2003)), and 

GDNF (activator of receptor tyrosine kinase RET, supporting cell survival (Kramer 

and Liss, 2015; Saarenpaa et al., 2017)) (Dhara and Stice, 2008; Salimi et al., 

2014; Sanchez-Danes et al., 2012b; Stathakos, 2017; Velasco et al., 2014; Yan et 

al., 2005). Following this differentiation method, Yan et al. reported ~30% TH+ 

cells (Yan et al., 2005); Friling et al. included a LMX1A overexpression step 

together with SHH and FGF8, and reported ~50% TH+ neurons, some of them 
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expressing LMX1B, NURR1 and PITX3 (Friling et al., 2009); similarly, 

overexpression of LMX1A by Sanchez-Danes et al. before neuronal induction 

resulted in ~20% TH+/FOXA2+ neurons (Sanchez-Danes et al., 2012b). 

Previously in our lab, stem cells were differentiated following an embryoid-body 

based differentiation protocol, including a first selection step with TGFβ signaling 

inhibitor (SB431542), followed by an expansion step with FGF8 and ascorbic acid 

(AA, an antioxidant that promotes mDANs survival and differentiation (Bagga et 

al., 2008)), and final maturation was achieved by the addition of BDNF, GDNF, 

dibutyryl cAMP (db-cAMP, increases TH activity and promotes mature 

differentiation to dopaminergic neurons (Kim et al., 2011a; Mena et al., 1995)) and 

DAPT (Notch inhibitor, thus, proliferation inhibitor and promoting terminal 

differentiation (Trujillo-Paredes et al., 2016)). With this protocol Dr. Petros 

Stathakos reported ~30% TH+/FOXA2+ neurons (Stathakos, 2017). However, the 

formation of embryoid bodies/neurospheres is a slow process (~6 months), and 

their structure generally precludes the identification and characterization of 

isolated neurons in this setting (neurosphere cell dissociation is first required 

(Stathakos, 2017)). 

1.4.1.2. Adherent monolayer-based differentiation 

Adherent monolayer protocols define differentiation approaches where 

iPSCs are differentiated into neuronal progenitors in a 2D culture, thus remaining 

attached over an artificial substrate (e.g. laminin) (D'Aiuto et al., 2014; Kriks et al., 

2011). Similar to EBs, TGF-b and/or BMP4 inhibitors are commonly used to induce 

neuronal fate; and patterning to mDA progenitors is achieved using a mixture of 

different factors that promote differentiation (e.g. WNT and SHH) – crucially, 

mDAN differentiation requires concentration- and time- dependent action of these 

factors (i.e. low WNT concentration induces forebrain neuron differentiation and 

very high concentrations leads to hindbrain neuron differentiation (Brodski et al., 

2019). mDAN survival and maturation is usually achieved by the addition of 

neurotrophic and maturation factors (e.g. GDNF, BDNF, AA, db-cAMP, DAPT) 

(Arenas et al., 2015).  

Up to 2019, more than 70 protocols have been reported for deriving mDANs 

from iPSC with subtle modifications aimed at optimising mDAN differentiation, and 

most of them have not been used in subsequent studies (commonly due to the low 
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numbers of TH+ neurons reported, and the lack of neuronal characterization) 

(Marton and Ioannidis, 2019). Significantly, differentiation protocols are highly 

variable depending on the source of the iPSC –  iPSC phenotype is highly variable 

due to molecular heterogeneity among individuals (Kilpinen et al., 2017) –  

although some protocols are emerging to overcome these concerns (Mahajani et 

al., 2019). The most successful adherent monolayer protocols for the 

differentiation of mDANs have been described by Studer’s and Parmar’s groups 

(Kirkeby et al., 2012; Kriks et al., 2011)). Kriks et al. (Studer’s group) used TGF-b 

and BMP4 inhibitors for 11 days, SHH/FGF8 for the first 7 days and a WNT analog 

from day 3 onwards, with maturation achieved using BDNF, GDNF, AA and db-

cAMP. They reported cultures with 75% TH+ cells and 80% FOXA2+ cells that 

could be engrafted in parkinsonian monkeys (Kriks et al., 2011). On the other 

hand, Kirkeby et al. (Parmar’s group) used a combination of monolayer adherent 

and embryoid-body based differentiation protocols. EBs were cultured with TGF-

b inhibitors for 11 days, and cells were dissociated into a monolayer. Patterning 

was achieved with SHH (200-500ng/mL, the absence of SHH led to the expression 

of RP markers) and WNT activators (0.6-0.8µM GSK3-inhibitor for midbrain 

differentiation; lower concentrations led to the expression of telencepahlic markers 

and higher concentration led to caudal expression), mDAN maturation was 

achieved with BDNF, GDNF, AA, db-cAMP and/or DAPT. This protocol produced 

correctly specified and functional mDAN capable of long-term survival and 

improving motor behavior when engrafted in a PD rat model (Grealish et al., 2014; 

Kirkeby et al., 2012).  

In our lab, we described an improved monolayer-based protocol for the 

generation of DANs based on published protocols (Kirkeby et al., 2012; Nistor et 

al., 2015; Torper et al., 2013), (see Chapter 2, Fig. 2.2 (Stathakos et al., 2019)). 

With this new protocol, we obtain differentiated neurons faster (around 3 weeks), 

in a format that enables cells to be studied individually (e.g. for autophagy studies, 

see Chapter 3 or mitochondrial dynamics studies (Stathakos, 2017; Stathakos et 

al., 2020)). As described in (Stathakos, 2017), two different ratios were tested in 

our lab, 300ng/mL:0.6µM (SHH:WNT) and 200ng/mL:0.8µM (as a control, cortical 

neurons were also produced without the addition of patterning factors or dopamine 

maturation factors as described in (Nistor et al., 2015)). The first concentration 

gave high number of TH neurons (up to 70%, in keeping with the best published 
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neuralization protocols (Kirkeby et al., 2012; Kriks et al., 2011), and the second 

condition produced ~45% TH+ neurons, with cells expressing midbrain markers in 

both cases (e.g. LMX1A/B, FOXA2, see Chapter 3). Using the 300:0.6 ratio, cells 

displayed electrophysiological characteristics with the capacity to fire action 

potentials, and expressed the synaptic marker, PSD95 (Stathakos, 2017); 

however neuralization tended to be more challenging at this concentration, with 

worse neuralization success rates than the 200:0.8 ratio (approaching 100%). The 

300:0.6 ratio is also more expensive, and cells struggle to survive passages at late 

differentiation stages (D>45), probably because of limited numbers of non-

neuronal cells in culture (e.g. astrocytes) that are likely to provide neuronal support 

in culture. Overall, monolayer differentiation protocols produce cultures that are 

more homogenous, and facilitate studies in isolated neurons.  

In recent years, a novel technique of direct reprogramming from somatic 

cells (e.g. fibroblasts) to neurons (termed iNeurons, or iNs) has been 

demonstrated by the addition of the transcription factors achaete-scute family 

BHLH transcription factor 1 (ASCL1), POU domain transcription factor (BNR2) and 

myelin transcription factor 1 like (MYT1L), thus skipping the reprogramming 

(pluripotency) step (Vierbuchen et al., 2010). This is a much faster approach and 

has great potential for studies in the laboratory and in the clinic (Fig. 1.8A). 

Dopaminergic-directed iNs (imDANs) express dopaminergic and midbrain 

markers, display electrophysiological properties, and can be engrafted in mice 

(Kim et al., 2011d). Crucially, iNs retain age-specific characteristics (unlike iPSC-

derived neurons) allowing the analysis of aging-related disease parameters 

(Mertens et al., 2015). However, the differentiation efficiency is much lower than 

using iPSCs, and due to direct reprogramming, early progenitors are not present 

for culture expansion. For example, a combination of the previous transcription 

factors with mDA specific factors (e.g. FOXA2, NURR1, LMX1A/B) induced the 

generation of imDANs, but efficiency was significantly lower than in iPSC-derived 

mDANs (conversion rates typically being 10-20% (Arenas et al., 2015; Caiazzo et 

al., 2011; El Wazan et al., 2019; Jiang et al., 2015a; Kim et al., 2011c; Kim et al., 

2017b; Rivetti di Val Cervo et al., 2017; Treutlein et al., 2016)).  

1.4.2. Study of autophagy in iPSC-derived mDANs 
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Previous publications have demonstrated that iPSC-derived neurons are a 

flexible system to study the autophagy process (Fernandes et al., 2016; Sanchez-

Danes et al., 2012b; Schondorf et al., 2014). Autophagy is needed for stem cell 

replication, survival and differentiation (Jimenez-Moreno et al., 2017). Whereas 

differentiation into non-neuronal cells is supported by a decrease in autophagy 

levels, the differentiation towards neurons require an increase in autophagy levels 

(Jimenez-Moreno et al., 2017).  

As described in Section 1.1.3.3, the ability to monitor neuronal autophagy 

is essential to understand neuronal function. There are several common 

autophagy monitoring tools; however, studying autophagy in neurons presents 

some additional, specific challenges (e.g. morphology and sample availability). Up 

to this date, different autophagy studies have been performed in iPSC-derived 

neurons for different neurodegenerative diseases (e.g. AD, tauopathy, PD, 

frontotemporal dementia, HD, Gaucher disease or ocular diseases; for a full 

description see (Jimenez-Moreno et al., 2017)). In addition, gene editing 

technologies can be used to introduce/correct multiple mutations, allowing a more 

complete characterization (Ben Jehuda et al., 2018). As described in (Jimenez-

Moreno et al., 2017), several studies have reported a defect in autophagy in iPSC-

derived mDANs. For example, iPSC-derived mDANs (using EB-based protocol, 

~50% TH+ neurons) from PD patients (LRRK2 mutation G2019S) showed over 

long-time culture a reduction in the number and length of neurites – a phenomenon 

that has been previously associated with impaired autophagy (Chu et al., 2009) – 

as well as accumulation of autophagic vacuoles and defective autophagy flux 

(Sanchez-Danes et al., 2012b). Similarly, Orenstein et al. showed that iPSC-

derived mDANs expressing G2019S LRRK2 had a deficient CMA degradation 

pathway (i.e. accumulation of a-synuclein and co-localization with LAMP2A) 

(Orenstein et al., 2013). In addition, iPSC-derived neurons from PD patients 

carrying PINK1 mutations (differentiation using Studer’s protocol, but with lower 

number of TH+ neurons obtained, i.e. ~20%), showed impaired recruitment of 

Parkin after mitochondrial depolarization (although mitophagy assays were not 

performed) (Seibler et al., 2011). Fernandes et al. reported an increase in 

autophagosome numbers (associated with elevated Beclin1 and p62 levels) and 

lysosomal markers in iPSC-derived mDANs (using a modification of Studer’s 

protocol, with up to 40% TH+ neurons) from PD patients with mutations in GBA 
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(N370S), thus indicating impaired lysosomal flux (Fernandes et al., 2016). 

Similarly, Schondorf et al. generated iPSC-derived mDANs (up to 20% TH+ cells) 

from PD patients with GBA mutations, and showed defects in the 

autophagic/lysosomal system and impaired calcium homeostasis (Schondorf et 

al., 2014). Finally, iPSC-derived neurons (EB-based protocol, no characterization 

of dopaminergic marker) from PD patients with R258Q SYNJ1 showed an 

increase in WIPI2 puncta within presynaptic terminals, suggesting a disruption in 

autophagosome assembly (Vanhauwaert et al., 2017). 

Most recently, Monzio-Compagnoni et al. reported impaired autophagy 

along with mitochondrial dysfunction in iPSC-derived mDANs (modified protocol 

from Studer’s group with 55% TH+ neurons) from patients diagnosed with Multiple 

system atrophy (MSA), a neurodegenerative disease related to PD (Monzio 

Compagnoni et al., 2018). In addition, Thayer et al. proposed USP24 as the 

PARK10 gene and showed that it negatively regulates autophagy in iPSC-derived 

mDANs, and long-term loss of USP24 increases neurite length (although no 

characterisation of these neurons was carried out) (Thayer et al., 2020).  

Overall, iPSC-derived mDANs have been used as a powerful tool to study 

autophagy process in PD. We believe that the characterization of the autophagy 

process and its regulation in human iPSC-derived mDANs will provide new 

information that will be useful at the level of new therapeutic targets. 

1.5. Research objectives 

Autophagy is an intracellular process required for the maintenance of 

cellular homeostasis. Although well characterised in unspecialised mammalian 

cells, autophagy regulation in neurons remains poorly understood. In particular, 

and given the importance of this process in neurodegenerative disease, little is 

known about the regulation of autophagy with respect to region-specific neuronal 

specialisation. In this context, the LIM homeodomain transcription factors 

LMX1A/B are essential determinants of mDAN differentiation and maintenance 

(Doucet-Beaupre et al., 2015) and recent data in mouse midbrain links LMX1A/B 

with the autophagy system (Laguna et al., 2015). 

The purpose of this PhD study was to fully characterise autophagy 

regulation by LMX1A/B in human mDANs. We hypothesised that mDANs possess 
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an alternative autophagy regulatory pathway, centred on the expression of 

LMX1A/B, and that the vulnerability of these cells in PD relates to changes in 

autophagy regulation as a consequence of stress and aging. The specific aims 

were: 

• To characterise and functionally describe the autophagy process in 

human iPSC-derived mDANs, with consideration of different analysis 

methods to study autophagy in these specialised cells (Chapter 3).  

• To analyse the overall roles of LMX1A/B in human mDANs, how loss of 

LMX1A/B can influence mDANs, including neuronal differentiation, 

mitochondrial function, axonal growth and neuronal survival (Chapter 4).  

• To assess LMX1A/B as regulators of the macroautophagy pathway, 

including an evaluation of the expression of autophagy-related genes by 

LMX1A/B in human kidney lines and mDANs (Chapter 5). 

• To analyse the effect of autophagy on LMX1B location and degradation 

(Chapter 6). 

• To characterise how LIR-type interactions between LMX1A/B and the 

ATG8 family influence autophagy transcriptional activity and neuronal 

protection (Chapter 6).  

 

 

 

 

 

 

 

 

 

Some text in Section 1.4 has been used from my previous publication (Jimenez-Moreno et al., 2017). 

Copyright © 2017 by the authors. 
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Chapter 2. Materials and Methods 

2.1. Chemical reagents 

A list of chemical reagents used in this study can be found in Table 2.1. 

Reagents used for the different methods will be specified in the corresponding 

sections. All common chemicals were purchased from Sigma, unless stated 

otherwise. 

 

 

2.2. Cell culture 

A list of reagents and materials used for cell culture can be found in Table 

2.2 and Table 2.3. Aliquots were thawed at room temperature (RT), after thawing, 

aliquots were kept at 4°C for approximately 3 weeks, and were not refrozen. Media 

was warmed at 37°C in a bead bath (Lab Armor™ Beads (Thermo Fisher)). E8 

media was warmed at RT. 

2.2.1. Culture of induced plripotent stem cells 

In our experiments, we used the wild type α-synuclein 2 (NAS2) iPSC line, 

a non-pathogenic control line derived from human dermal fibroblasts by retroviral 

reprogramming at passages 40-70. Cells were kindly provided by Dr. Tilo Kunath 

(University of Edinburgh, United Kingdom (Devine et al., 2011)). A detailed step 

by step protocol can be found (Stathakos et al., 2019). 

Chemicals Source Final concentration 

AZD8055 Stratech, S1555  1µM 

Bafilomycin A1 

(BafA1) 

Enzo, BML-CM110 20nM 

CCCP Sigma, C2759 10µM 

Cycloheximide TOKU-E, C084 50µg/mL 

CytoID® Enzo, ENZ-51031-0050 2µl/mL for 30min (live) 

Doxycycline Clontech, 631311 500ng/mL 

MG132 Sigma, M7449 10µM 

MitoSOX Thermo Fisher, M36008 5µM for 20 min (live) 

Red Lysotracker Thermo Fisher, L7528 0.5µM for 20 min (live) 

Rotenone Sigma, R8875 15µM 

Table 2.1. List of chemicals used in this study 
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Reagents Provider and 

cat. number 

Storage Final 

concentration 

b-

mercaptoethanol 

Thermo Fisher, 

31350-010 

Store at 4°C. 75µM 

Accutase  Thermo Fisher, 

A11105-01 

Store at 4°C. - 

Ascorbic acid 

(AA) 

Sigma, A5960 0.2M stock (in H2O). Store 

50μl aliquots at -80°C. 

0.2mM (1/1000) 

B27 Thermo Fisher, 

17504-044 

Store 0.5mL aliquots at -

20°C. 

1% 

BSA Sigma, A0281 10% stock (in PBS). Store 

at 4°C 

0.1% 

cAMP dibutyryl 

(db-cAMP) 

Sigma, D0627 250mM stock (in H2O). 

Store 100μl aliquots at -

20°C. 

500µM (1/500) 

DMSO Sigma, D8418 Store at 4°C. - 

CHIR99021 Axon Medchem, 

1386 

600mM stock (in DMSO). 

Store 50μl aliquots at -

20°C. 

0.8mM 

CryoStor CS10 Stem Cell 

Technologies, 

07930 

Store 5mL aliquots at 4°C. 0.5mL/cryovial. 

DAPT  Tocris, 2634 10mM stock (in DMSO). 

Store 50μl aliquots at -

20°C. 

10µM (1/1000) 

DMEM, no 

phenol red 

Thermo Fisher, 

21063029 

Store at 4°C. - 

DMEM/F-12 + 

Glutamax 

Thermo Fisher, 

31331-028 

Store at 4°C. 48% 

Doxycycline Clontech, 

631311 

1mg/mL stock (in H2O). 

Store 100µl at -80°C. 

100 or 500ng/mL 

EDTA Thermo Fisher, 

15575-020 

Store at RT. 0.5mM (1/1000 

in PBS). 

Essential 8 flex 

medium + E8 

supplement 

Thermo Fisher, 

A2858501 

Media: store 49mL 

aliquots at 4°C. E8 

supplement: store 1mL 

aliquots at -20°C.  

Mix before use 

(store at 4°C for 

up to 2 weeks). 

Fetal Bovine 

Serum (FBS) 

Thermo Fisher, 

10270106 

Filter-sterilise. Store 50mL 

aliquots at -20°C. 

10% 

G418 Invivo-Gen, ant-

gn-1 

Store at -20°C. 200 or 

800µg/mL 

Glutamax Thermo Fisher, 

35050-038 

Store at 4°C. 1mM 

H2O Sigma, W3500 Store at RT. - 

High glucose 

DMEM 

Sigma, D5796 Store at 4°C.  - 

Table 2.2. List of reagents used for cell culture 
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Human insulin  Sigma, I9278 Store at 4°C. 5µg/ml (1/2000) 

Human 

recombinant 

BDNF  

PeproTech 450-

02 

20μg/mL stock (in PBS, 

with 0.1% BSA). Store 

50μl aliquots at -20°C. 

20ng/mL 

(1/1000) 

Laminin  Sigma, L2020 Store 50μl aliquots at -

20°C.  

10µg/mL (1/100 

in PBS) 

LDN193189 Sigma, 

SML0559 

1mM stock (in H2O). Store 

10μl aliquots at -80°C.   

100nM 

(1/10,000) 

Lipofectamine 

2000 

Thermo Fisher, 

11668027 

Store at 4°C. - 

N2 Thermo Fisher, 

17502-048 

Store 250μl aliquots in -

20°C. 

0.5% 

Non-essential 

amino acids 

(NEAA) 

Thermo Fisher, 

11140-035 

Store at 4°C. 1% 

Neurobasal Thermo Fisher, 

21103-049 

Store at 4°C. 48% 

Opti-MEM Thermo Fisher, 

31985047 

Store at 4°C. - 

PBS Thermo Fisher, 

14190-144 

Store at RT. - 

PEI Sigma, 408727 1mg/mL stock (in H2O, pH 

7.5). Filter-sterilise and 

store 1mL aliquots at -

20°C. 

15µg/mL  

Pen/Strep Sigma, P4333 Store at 4°C. 1% 

Polyornithine  Sigma, P4957 Store at 4°C. 0.01% 

Puromycin Thermo Fisher, 

A1113803 

Store in 20µl aliquots at -

20°C. 

1µg/mL 

Recombinant 

human GDNF 

PeproTech 450-

10  

20μg/mL stock (in PBS, 

with 0.1% BSA). Store 

50μl aliquots at -20°C. 

20ng/mL 

(1/1000) 

Recombinant 

human SHH 

C24II 

R&D Systems, 

1845SH025 

100μg/mL stock (in PBS, 

supplemented with 0.1% 

BSA). Store 40μl aliquots 

at -20°C. 

200ng/mL 

(1/500) 

 

RevitaCell Thermo Fisher, 

A26445 

Store 0.5mL aliquots at -

20°C.  

1/100 

SB431542 Tocris, 1614 10mM stock (in DMSO). 

Store 50μl aliquots at -

80°C. 

10µM (1/1000) 

Trypsin Thermo Fisher, 

25300-062  

Store at 4°C. - 

Vitronectin Thermo Fisher, 

A1413301 

Store 30µl aliquots at -

80°C.  

5µg/mL (1/100 in 

PBS) 

Y-27632 

dihydrochloride 

Tocris, 1254 10µM stock (in H2O). 

Store 50µl aliquots at -

20°C.  

10nM (1/1000) 
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2.2.1.1. Cryopreservation and thawing 

iPSC cells were kept in the liquid nitrogen (-198°C) for long term 

maintenance. Before thawing, culture dishes were coated at RT for 1h with 

vitronectin (5µg/mL; 1mL/well of 6 well plate or 2mL/60mm dish). Cryovials were 

thawed in a 37°C bead bath (Lab Armor™ Beads). Before complete thawing, pre-

warmed E8 complete medium (with E8 supplement) was added to the cryovials at 

a ratio 1:1 to increase cell survival. Then, cells were collected in 3mL E8 complete 

media, centrifuged (100g 3min) and resuspended by gentle pipetting with 2mL E8 

complete media supplemented with RevitaCell or Y-27632 (10nM). Cells were 

plated on to vitronectin-coated plates (final volume of 2mL/well of a 6 well plate or 

4mL/60mm dish) at different ratios for expansion (usually 1:2, 1:4 and 1:6) with E8 

complete media supplemented with RevitaCell or Y-27632 to promote survival (Li 

et al., 2008) before media was changed (after 24h).  

2.2.1.2. Maintenance and passaging 

NAS2 cells were maintained in E8 complete media at 37°C and 5% CO2. 

After plating, media was replaced after 24h and after 72h with E8 complete media, 

and cells were passaged at day 4 when colonies had become large and dense 

(approximately 80% confluency). Cells were then passaged according to E8 cell 

culturing manufacturer’s protocol (Fig. 2.1): 

Reagents Provider and cat. number 

100mm dishes Corning, 430167 

60mm dishes Corning, 43016  

4 well plates Thermo Fisher, 176740 

6 well plates Thermo Fisher, 10119831 

12 well plates Thermo Fisher, 10098870 

24 well plates Corning, 3524 

96 well plates Thermo Fisher, 167008 

CELLSTAR® 96-well white plates Greiner Bio-one, 655083 

Live imaging dishes MatTek, P35G-0-14-C 

Grid imaging dishes Ibidi, 81148 

Glass coverslips VWR, 6310149 

Table 2.3. List of materials used for cell culture 
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Figure 2.1. iPSC colony morphology in cell culture. (A) Day 1 after initial plating (Day 0). 

Small and few colonies with uneven margins and where cells remain loosely connected. Cells 

are fed with E8 complete media. (B) Day 2; colonies are bigger, and density has increased but 

still sharp edges. (C) Day 3; cells keep proliferating, colonies are become tighter and edges are 

smoother. Cells are fed with E8 complete media. (D) Day 4; colonies are significantly larger, 

denser and with smooth margins. The colonies are now ready to be passaged. (E) Enzymatic 

detachment; cells are treated with the chelating agent EDTA for 5 min at RT. Consequently, 

cells in the colonies start to dissociate and round up. (F) Cells are then collected in E8 complete 

media and triturated (gently with a 1ml pipette tip) and re-seeded in vitronectin-coated plates 

(Day 0). Scale bars: 200μm. Image taken from (Stathakos et al., 2019). © Springer 

Science+Business Media, LLC, part of Springer Nature 2019. Reproduced with permission of 

the publisher (“Springer Nature”) and Dr. Lane (University of Bristol). 
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1. Media was removed, and cells were washed once for 10s with 

ethylenediaminetetraacetic acid (EDTA, 0.5mM), then incubated with EDTA 

for 5min at RT (1mL/well 6 well plate) to dissociate cells.  

2. EDTA was removed and cells were washed rapidly with E8 complete media 

to neutralize and remove EDTA.  

3. Cells were collected in 2mL E8 complete media. RevitaCell or Y-27632 (10nM) 

were included during the first few passages after thawing to increase cell 

survival, with the concentration of either being reduced (1/2) until after ~3 

passages, the supplement was omitted. At this point, cells could be 

cryopreserved; cells were harvested by centrifugation (100g, 3min) and 

resuspended in 500µl CryoStor, and vials were kept in a cryovial container (Mr 

FrostyTM; Thermo Fisher) for 1 day before transferring to liquid nitrogen. 

4. Cells were plated into vitronectin-coated plates (5µg/mL, 1h) at a ratio of 1:5 

(corresponding to 40,000-50,000 cells/cm2) or 1:6-1:8 for neuralization.  

2.2.1.3. iPSC nucleofector transfection 

Transfection was carried out using Amaxa 4D-Nucleofector X Unit (Lonza), 

programme CB-150. This method is an electroporation-based transfection 

commonly used in iPSCs. NAS2 iPSCs were transfected in suspension as 

previously described in (Byrne et al., 2014). Cells were pretreated with RevitaCell 

for 1h prior to the transfection. Then, cells were washed with PBS and EDTA was 

used as a cell dissociation agent. Then, cells were resuspended in 50µl P3 

Primary Cell Nucleofector Solution (with supplement) from the P3 Primary Cell 

4D-Nucleofector kit (Lonza, #V4XP-3024). For each nucleofection reaction, 5µg 

DNA was diluted in 50µl of P3 Primary Cell Nucleofector Solution (with 

supplement) and combined with 0.5-1x106 suspension cells in 100µl 

nucleocuvettes. The mix was spared in vitronectin-coated coverslips for 2 days 

in E8 complete media with RevitaCell. The efficacy of transfection was checked 

through confocal microscopy. Different concentrations of plasmid DNA and 

number of cells were tested to optimize the best conditions (data not shown).   

2.2.2. Culture of iPSC-derived mDANs 
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Based on the information from previous publications (Nistor et al., 2015; 

Torper et al., 2013), we used an improved “monolayer” protocol generated in our 

laboratory (Stathakos et al., 2019). The protocol is shown in Fig. 2.2. A detailed 

step by step protocol can be found in (Stathakos et al., 2019). 

2.2.2.1. Culture media and buffers 

N2B27 neurobasal media 

Neurobasal media (48%), DMEM/F-12 with Glutamax (48%), supplemented with: 

N2 (1/200), B27 (1/100), 1 mM Glutamax, 5µg/ml human insulin, NEAA (1/100), 

Penicillin/Streptomycin (1/100), 75µM ß-mercaptoethanol. 

N2B27 neural differentiation media 

Neurobasal media (48%), DMEM/F-12 with Glutamax (48%), supplemented with: 

N2 (1/200), B27 (1/100), 1 mM Glutamax, 5µg/ml human insulin, NEAA (1/100), 

Penicillin/Streptomycin (1/100), 75µM ß-mercaptoethanol, 100nM LDN, 10μM SB, 

200ng/mL SHH and 0.8μM CHIR. 

N2B27 complete media 

Neurobasal media (48%), DMEM/F-12 with Glutamax (48%), supplemented with: 

N2 (1/200), B27 (1/100), 1 mM Glutamax, 5µg/ml human insulin, NEAA (1/100), 

Penicillin/Streptomycin (1/100), 75µM ß-mercaptoethanol, 20ng/ml BDNF, 

20ng/ml GDNF, 0.2mM AA. 

N2B27 maturation media 

Neurobasal media (48%), DMEM/F-12 with Glutamax (48%), supplemented with: 

N2 (1/200), B27 (1/100), 1 mM Glutamax, 5µg/ml human insulin, NEAA (1/100), 

Penicillin/Streptomycin (1/100), 75µM ß-mercaptoethanol, 20ng/ml BDNF, 

20ng/ml GDNF, 0.2mM AA, 500μM db-cAMP and 10μM DAPT. 

2.2.2.2. Neuronal differentiation of human iPSCs 

mDAN differentiation was achieved by the addition of specific neural fate 

inducing and patterning factors. As neural fate inducing factors, BMP4 inhibitor 

(LDN193189) prevents BMP from internalization which blocks induction of 

neuralization, and TGF-b inhibitor (SB431542) prevents signaling and activation 

of the transcription factors SMAD proteins. Pattering is controlled by the factors 
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WNT (CHIR99021, WNT agonist and GSK3 inhibitor) and SHH (C24II). In 

neurodevelopment, WNT is released at the MHB, and it is implicated in 

differentiation towards midbrain neurons. In contrast, SHH is released from the 

notochord, and is implicated in dorso-ventral differentiation towards a 

dopaminergic phenotype (Arenas et al., 2015).  

Prior to neuralization, the formation of small-sized dense colonies of iPSCs 

was required, commonly three days after initial plating: 

1. At day 0, cells were washed twice with N2B27 neurobasal media and the spent 

media replaced with N2B27 neural differentiation media (2mL/well of 6 well 

plate or 4mL/60mm dish).  

2. From day 1 to 9, neural progenitors were fed every day with N2B27 neural 

differentiation media. Usually every 3-4 days, neural progenitors were 

passaged after forming a full monolayer. For neuronal culture, dishes were 

coated with poly-L-ornithine (0.01%) and laminin (10µg/mL) (2h incubation for 

each reagent with 1mL/well of 6 well plate or 2mL/60mm dish at 37ºC and 5% 

CO2). For cell passaging, media was removed, cells were washed with PBS 

then detached chemically with accutase for 3 min at RT. Then, the cells were 

collected, centrifuged (100g, 3min) and resuspended by gentle pipetting with 

neural differentiation media supplemented with RevitaCell (1/100) or Y-27632 

(10nM) into new coated dishes. Cells were plated depending on the initial plate 

cell density (usually 1:3, corresponding to 40,000 cells/cm2). Cells were 

maintained at 37ºC and 5% CO2.   

3. From day 9, induction and patterning factors were removed, and established 

progenitors allowed to continue growing in neurobasal media for another 2 

days for recovery.  

2.2.2.3. Maintenance and final maturation 

After the next passage (usually at day 11), cells were maintained in N2B27 

complete media (N2B27 neurobasal media supplemented with the neurotrophic 

factors GDNF, BDNF and AA) for progenitor support and expansion, with the 

addition of RevitaCell (1/200) to increase cell survival. Cells were fed at least once 

every 3 days, or more often depending on confluency. When a full monolayer was 

formed, progenitors were passaged as previously described. For 
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cryopreservation, progenitors were harvested after centrifugation (100g, 3min) 

and resuspended in 500µl CryoStor, and vials were kept in the cryovial container 

 

 

 

 

 

 

 

 

 

Figure 2.2. Protocol for the generation of iPSC-derived human mDANs. Stems cells were 

cultured in E8 medium until reaching 70% confluency (days -4 to 0). At day 0 the neuralization 

began with the changing of media into N2B27 supplemented with neural fate inducing (SB and 

LDN) and patterning (SHH and Chir) factors (N2B27 neuronal differentiation media). Days 3 

and 7 were the usual passaging days, when a full monolayer was observed. At day 9, all the 

factors were removed, and the cells were maintained for another 2 days in basal media 

(N2B27), until they were passaged again at day 11 into N2B27 supplemented with neurotrophic 

factors. From that point, the cells were passaged when their confluency reached the 80-85%. 

For terminal differentiation, from day 15 and onwards, the cells were administrated with db-

cAMP and DAPT for 7-14 days (Stathakos et al., 2019). Image created by Dr. Petros Stathakos 

(permission granted for use in this thesis). 
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cryopreservation, progenitors were harvested after centrifugation (100g, 3min) 

and resuspended in 500µl CryoStor, and vials were kept in the cryovial container 

“Mr FrostyTM” for 1 day before transferring to liquid nitrogen.  

When terminal differentiation/maturation was required to conduct 

experiments (e.g. qRT-PCR; immunoprecipitation; immunoblotting; electron 

microscopy; immunocytochemistry; live imaging; viral transduction), cells were 

induced to undergo terminal differentiation immediately after the final passage. 

Significantly, the day of the neuralization when terminal maturation was induced 

in neuronal progenitors was considered the differentiation day. If cells were 

brought up from liquid nitrogen, they were first passaged twice before terminal 

differentiation was induced. Depending on the experiment, cells were passaged 

on coverslips, live imaging dishes, 96-well plates, 24-well plates, 12-well plates, 

6-well plate, 60mm dishes or 100mm dishes (previously coated with Poly-L-

ornithine and laminin [for coverslips or live imaging dishes coating was with 50-

100μl droplets]). Cells were detached with accutase, collected, centrifuged (100g, 

3min) and resuspended in N2B27 maturation media (N2B27 complete media 

supplemented with factors that induced terminal differentiation and maturation: db-

cAMP (0.5mM) and N-N-(3,5-difluorophenacetyl)-1-alanyl-S-phenylglycine t-butyl 

ester (DAPT; 5μM)). Cells were plated depending on the initial plate cell density 

and the required usage (usually 1:4 - 1:6), and were allowed to mature for 7-14 

days depending on the experiment (i.e. ~7 days for live imaging experiments and 

~14 days for non-live imaging experiments) at 37ºC in 5% CO2.  

2.2.3. Immortalized cell lines 

A list of all the cell lines used in this thesis can be found in Table 2.4. Cells 

were maintained in culture at 37ºC in 5% CO2. Cells were used at low passage 

numbers (<25) and at least two passages after recovery from liquid nitrogen. For 

passaging, cells were washed with PBS, and then incubated with trypsin for 3min 

at 37°C in 5% CO2, cells were then plated depending on the initial plate cell density 

in DMEM cell culture media. To maintain stocks, cells were frozen in DMEM cell 

culture media supplemented with 10% DMSO and they were stored in the liquid 

nitrogen. 

2.2.3.1. Culture media and buffers 
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Reagents Source Notes 

HEK293 Provided by Dr. 

Jon Hanley 

This cell line was used to make Tet-On stable 

cell lines (i.e. G148 required for selection). 

HEK293 Tet-On 

GFP-LMX1A 

Stable cell line Lentiviral transduction (puromycin (1µg/mL) 

and G418 (800µg/mL) selection). GFP-LMX1A 

expression induced with doxycycline 

(500ng/mL, 1day). 

HEK293 Tet-On 

GFP-LMX1B 

Stable cell line  Lentiviral transduction (puromycin (1µg/mL) 

and G418 (800µg/mL) selection). GFP-LMX1B 

expression induced with doxycycline 

(500ng/mL, 1day). 

HEK293 Tet-On 

LMX1A 

Stable cell line Lentiviral transduction (puromycin (1µg/mL) 

and G418 (800µg/mL) selection). LMX1A 

expression induced with doxycycline 

(500ng/mL, 1day). 

HEK293 Tet-On 

LMX1B 

Stable cell line Lentiviral transduction (puromycin (1µg/mL) 

and G418 (800µg/mL) selection). LMX1A 

expression induced with doxycycline 

(500ng/mL, 1day). 

HEK293 Tet-On 

mCherry-

LMX1B 

Stable cell line  Lentiviral transduction (puromycin (1µg/mL) 

and G418 (800µg/mL) selection). mCherry-

LMX1B expression induced with doxycycline 

(500ng/mL, 1day). 

HEK293 Tet-On 

TRE-empty 

Stable cell line Lentiviral transduction (puromycin (1µg/mL) 

and G418 (800µg/mL) selection). Control 

empty vector, expression induced with 

doxycycline (500ng/mL, 1day). 

HEK293T 

(Human 

embryonic 

kidney) 

Provided by Dr. 

Ash Toye  

This cell line was used to make stable cell 

lines. 

HEK293T GFP-

LC3B 

Stable cell line 

previously 

generated in the 

lab (Betin et al., 

2013)  

- 

HEK293T 

LMX1B-FLAG 

Stable cell line Lentiviral transduction (puromycin (1µg/mL)). 

HeLa Tet-Off 

LMX1B-SG  

Human cervical 

adenocarcinoma. 

Kindly donated by 

Prof. Ralph 

Witzgall (Rascle 

et al., 2009) 

Cells were maintained in DMEM media 

supplemented with puromycin (1µg/mL), G418 

(200µg/mL) and doxycycline (100ng/mL). 

LMX1B fusion protein with streptavidin binding 

protein and protein G expression induced after 

removal of doxycycline. 

RPE1 (Human 

retinal pigment 

epithelial cells) 

ATCC® - 

Table 2.4. List of immortalized cell lines 
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Dulbecco’s Modified Eagle’s Medium (DMEM) cell culture media 

This is the standard media used for immortalized cell lines. High glucose DMEM 

(with 4500 mg/L glucose, L-glutamine, and sodium bicarbonate) was 

supplemented with 10% filtered-sterilised Fetal Bovine Serum (FBS).  

Luciferase media (DMEM no phenol red) 

This was the media used to grow HEK293T for luciferase assay (see Section 2.7). 

DMEM media with no phenol red (with 4500 mg/L glucose, L-glutamine and 

sodium bicarbonate) was supplemented with 10% filtered-sterilised Fetal Bovine 

Serum (FBS).  

Opti-MEM 

This is a reduced serum medium, with no phenol red. Opti-MEM was used for 

transfection in immortalized cell lines.  

“Autophagy magic” media (Starvation media, in H2O) (Axe et al., 2008) 

140mM NaCl (Sigma), 1mM CaCl2 (Sigma), 1mM MgCl2 (Sigma), 5mM glucose 

(Sigma) and 20mM HEPES (Sigma), pH 7.4. Media was supplemented with 1% 

BSA before use. Cell culture media was removed, and cells were washed twice 

with PBS before incubation with starvation media. 

2.2.3.2. Transient transfection 

Generally, transient transfections in small plates (i.e. < 60mm dishes) were 

performed using Lipofectamine 2000 (see Table 2.5). Cells were plated the day 

before the transfection, with confluency at around 50-80%. The mixture of DNA 

and lipofectamine was prepared in reduced serum media, Opti-MEM. The ratio 

was 1:2.5 (DNA (µg): Lipofectamine (µl)) unless indicated. Mixture was incubated 

for 20min before added to the cells. Cells were incubated at 37°C in 5% CO2 for 

24h. Although siRNA transfection was also performed with Lipofectamine 2000, 

the process was different, and it will be described in detail in the next section. 

For transient transfections in larger plates (i.e. 100mm dishes), polycation 

polyethylenimine (PEI) was used (see Table 2.5). Cells were plated the day before 

transfection, with confluency at around 70-90%. DNA was diluted in Opti-MEM 

(12µg in 600µl of Opti-MEM for 100mm dish) and PEI was added in a ratio 1:6 (i.e. 

72µl for 100mm dish), and the mixture was vortexed 15 times in 1s bursts and 
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incubated for 20min. Subsequently, DMEM cell culture media was added to the 

mixture (4mL for 100mm dish) and the transfection mix was added to the cells 

(after removal of previous growth media). Media was topped up to 10mL after 3h. 

Cells were incubated at 37°C in 5% CO2 for 24h. 

For co-transfections (>1 plasmids), the overall total DNA concentration was 

maintained, but the amount of each plasmid was reduced (e.g. 12µg DNA or 

6µg/each plasmid for 2 plasmids in 100mm dishes). 

 

 

 

2.2.3.3. Short interfering RNAs (siRNA) transfection  

The siRNAs used for this study are listed on Table 2.6.  

In HEK293T cells, siRNA transfection was carried out through reverse 

transfection protocol with Lipofectamine 2000 in 6-well plates. 3µl of 20µM siRNAs 

were mixed with 2µl lipofectamine in Opti-MEM reduced-serum media for 20 min 

and then the mixture was combined with 310x103 cells per well in 6-well plate 

(275x103 for imaging-based experiments, i.e. immunocytochemistry). Cells were 

plated overnight on Opti-MEM media. The following day, media was replaced with 

DMEM cell culture media. Subsequently, a second forward transfection step was 

carried out as described above. Samples were collected 48h after the second 

transfection. Conversely, for siRNA transfection in luciferase assays, 24h after the 

second forward transfection, cells were submitted to another reverse transfection 

with the corresponding luciferase plasmids (0.1µg/plasmid and 0.45µl 

 96-well 

plate 

12-well 

plate 

6-well 

plate 

60 mm 

dish 

100mm 

dish 

Opti-MEM 20µl 100µl 200µl 300µl 600µl 

DNA (µg) 0.1µg/ 

plasmid 

0.5µg 1µg 6µg 12µg 

Transfection 

reagent 

(Lipofectamin

e or PEI (µl)) 

0.45µl 

Lipofectam. 

1.25µl 

Lipofectam. 

2.5µl 

Lipofectam. 

36µl PEI 

(15µg/mL) 

72µl PEI 

(15µg/mL) 

DMEM culture 

media 

- - - 1.8mL 4mL 

Top-up with 

DMEM culture 

media 

- - - 3mL 6mL 

Table 2.5. Transient transfection  
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Lipofectamine 2000, see Table 2.5) diluted in Opti-MEM reduced-serum media for 

20 min. Mixture was then combined with 25,000 cells per well in 96-well plate in 

DMEM no phenol red media for 24h and samples were collected.  

For rescue experiments, the LMX1B cDNA was synthesised codon 

optimized for H. sapiens, so that the siRNA would not recognize the targeting 

sequence (Eurofins Genomics). This was cloned into the pLVX plasmid (empty 

pLVX plasmid was used as a control). Plasmids were co-transfected with the 

siRNA for the reverse and forward transfections. 

 

 

2.3. Bioinformatic analysis 

Putative LMX1A/B sites were predicted using MatInspector (Genomatix) 

(https://omictools.com/matinspector-tool) (Cartharius et al., 2005). This program 

identifies transcription factor binding sites using frequency matrices (i.e. PSSMs 

(Position Specific Scoring Matrix)) based on a published collection of experimental 

data. Each matrix has an associated random expectation value, indicating how 

well a matrix is defined (being 0.08% and 0.01% for LMX1A and LMX1B, 

respectively). To identify potential regulatory sequences containing LMX1A/B 

binding sites in more than 40 autophagy-related genes (TFEB, ZKSCAN3, NRF1, 

NRF2, NDP52, ULK1, ULK2, ATG2A, ATG2B, ATG3, ATG4A, ATG4B, ATG4C, 

ATG4D, ATG5, BECLIN1, ATG7, GABARAP, GABARAPL1, GABARAPL2, 

ATG10, ATG13, ATG14, ATG16L1, ATG16L2, ATG17, WIPI2, ATG101, mTOR, 

AMBRA1, CALCOCO1, P62, NBR1, PIK3C3, PIK3R4, LC3A, LC3B, LC3C, 

LAMP1, LAMP2, UVRAG, PARKIN, OPTINEURIN, PINK1, BNIP3L1, FUNDC1 

siRNA Source Sequence 

siControl (GL2; 

siLuciferase)  

Eurofins CGUACGCGGAAUACUUCGAUU 

siLMX1B 

SMARTpool 

Dharmacon, L-012586 CCGAAAGGUCCGAGAGACA 

GCAAACAAGACUACCAACA 

CGACAGCGAUACCUCCUUA 

GCAGAUCGUGGCCAUGGAA 

MISSION® 

esiRNA targeting 

human 

MAP1LC3B 

Sigma, EHU002651 Pool of hundreds of siRNAs 

 

Table 2.6. List of oligonucleotides: siRNAs 
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and TAX1BP1) and mitochondrial genes (NDUFA2, NDUFA3, NDUFA4, NDUFV1, 

UQCRQ and COX1), the corresponding 23 nucleotide-long matrices were 

compared to the promoters of these genes in the H. sapiens database. Some 

previously reported LMX1A/B-regulated genes were used as positive controls 

(NURR1, PITX3, TH, ABRA, IFNB and COL4A3), and GAPDH was used as 

negative control. Only promoters from coding transcripts were analyzed. This 

process assigns a maximum score, i.e. probability index, for each putative 

LMX1A/B binding site found. A sequence was considered as a putative binding 

site when the relative score was higher than 80% - a commonly used threshold for 

TFBS (computational framework for transcription factor binding site) analyses 

using PSSMs.  

To identify putative LMX1A/B LC3-interacting regions (LIR motifs), we used 

the iLIR Autophagy database (https://ilir.warwick.ac.uk) (Jacomin et al., 2016) 

applying ANCHOR software to predict the presence of subsequences flanking 

regions predicted to stabilize the putative binding. In this database, proteins with 

at least one putative functional LIR motif are collected from different model 

organisms, including H. sapiens. In addition, through this program, the PSSM 

derived from the consensus LIR motif is compared to our protein of interest to 

identify novel putative binding sites. Possible bindings were tested by 

coimmunoprecipitation (coIP). 

To identify the nuclear localization sequence (NLS) in LMX1A and LMX1B, 

we used the cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/), specific to the 

importin αβ pathway and based on amino acid replacement analysis on yeast, 

(Kosugi et al., 2009) which predicted the NLS sequence with a score of 7 and 10, 

respectively. 

2.4. Phylogenetic tree 

LMX1A/B orthologs were identified using protein-basic local alignment 

search tool and comparing to H. sapiens proteins (P-BLAST, NCBI). Regions of 

low compositional complexity were masked to avoid misleading results and an e-

value threshold of 10-80 was used. Representative organisms from every 

phylum/family were selected: house mouse (Mus musculus, mammal); Carolina 

anole (Anolis carolinensis, reptile); red junglefowl (Gallus gallus, bird); African 

clawed frog (Xenopus laevis, amphibian); African coelacanth (Latimera 
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chalumnae, coelacanth); Zebrafish (Danio rerio, teleostei); purple sea urchin 

(Strongylocentrotus purpuratus, echinoderm); acorn worm (Saccoglossus 

kowalevskii, hemichordata); acroporid coral (Acropora digitifera, cnidaria); 

polychaete worm (Capitella teleta, annelid); nematode worm (Caenorhabditis 

elegans, nematode); Great Barrier Reef sponge (Amphimedon queenslandica, 

porifera); cyclophyllid tapeworm (Echinococcus multilocularis, platyhelminthes); 

sea squirt (Ciona intestinalis, urochordata) and common fruit fly (Drosophila 

melanogaster, arthropod). Whenever one protein possessed more than one 

transcript, only the longest transcript was used in the analysis.  

 Protein sequences were aligned using MUSCLE software (EMBL) (Edgar, 

2004). To generate the LMX1A/B phylogenetic tree, Molecular Evolutionary 

Genetics Analysis 7.0 (MEGA) software (Pennsylvania) was used (Kumar et al., 

2016). For the phylogenetic reconstruction, we used the maximum likelihood (ML) 

method (find the tree [topology and branch lengths] that makes the observed data 

most likely (Felsenstein and Sinauer, 2007)) and Jones-Taylor-Thornton (JTT) 

substitution model was applied – the best-fit substitution model found for our 

alignments – with a discrete Gamma distribution to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 0.6637)). Positions 

containing gaps were eliminated. Initial tree supplied for ML was inferred using 

Neighbour Joning (NJ) and BioNJ algorithms. At the end, only the tree with the 

highest log likelihood is shown where branch lengths represent number of 

substitutions per sequence site (evolutionary distance). The bootstrap consensus 

tree was inferred with 2000 replicates (to estimate confidence intervals by 

resampling analysis), for our data, only branches that appeared in more than 50% 

bootstrap replicates are shown.  

2.5. Molecular cloning 

Reagents used for this protocol are listed in Table 2.7. 
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2.5.1. Buffers 

5X Phusion DNA polymerase reaction buffer 

Composition: proprietary. It contains 7.5mM MgCl2. 

10X Pfu DNA polymerase reaction buffer 

200mM Tris-HCl (pH 8.8 at 25°C), 100mM KCl, 100mM (NH4)2SO4, 20mM MgSO4, 

1.0% Triton® X-100 and 1mg/ml nuclease-free BSA. 

50X TAE buffer (in double distilled water, ddH2O) 

2M Tris-HCl, 50mM EDTA (pH 8.0), 1M acetic acid.  

Reagents and kits Source 

10X CutSmart Buffer Biolabs, B7204S 

Agarose Bioline, BIO-41026 

Ampicillin Sigma, A0166 

Antarctic Phosphatase Biolabs, M0289 

BL21(DE3) Competent E. coli Biolabs, C2527 

Dam-/dcm- Competent E. coli Biolabs, C2925 

dNTPs Biolabs, N0447 

DpnI Biolabs, R0176 

Ethidium Bromide Sigma, E1510 

Gel Loading Dye Biolabs, B7024S 

GeneRuler 1kb Plus DNA ladder Thermo Fisher, SM1333 

HiSpeed Plasmid Midi Kit Qiagen, 12643 

Kanamycin Sigma, K1637 

Klenow DNA polymerase Biolabs, M0210 

NEB® 5-alpha Competent Biolabs, C2987 

NEBuilder® HiFi DNA Assembly Master Mix Biolabs, E2621 

Pfu DNA polymerase Agilent, 600380 

Phusion DNA polymerase  Biolabs, M0530 

QIAprep Spin Miniprep Kit Qiagen, 27104 

QIAquick Gel Extraction Kit Qiagen, 28115 

SOC Outgrowth medium Biolabs, B9020S 

T4 DNA Ligase Sigma, 10481220001 

T4 PNK Biolabs, M0201 

Table 2.7. List of reagents and kits used for bacterial work 
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6X Gel Loading Dye, Purple  

Composition: proprietary. It contains a combination of two dyes: Dye 1 (pink/red) 

and Dye 2 (blue), SDS (for sharper bands), EDTA (to chelate magnesium) and 

Ficoll (for brighter and tighter bands). 

QG buffer (from gel extraction Kit) 

5.5M guanidine thiocyanate (GuSCN) and 20mM TrisHCl pH 6.6 for gel 

solubilization or cleanup reactions. 

PE buffer (from gel extraction and miniprep Kit) 

Composition: proprietary. It contains 80% EtOH. 

10X CutSmart buffer 

50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM Magnesium Acetate, 100 

µg/ml BSA, pH 7.9. 

10X Antarctic Phosphatase Reaction Buffer 

500mM Bis-Tris-Propane HCl, 10mM MgCl2, 1mM ZnCl2, pH 6.0. 

10X T4 Ligase Reaction Buffer 

660mM TrisHCl, 50mM MgCl2, 50mM DTT, 10mM ATP, pH 7.5. 

2X NEBuilder® HiFi DNA Assembly Master Mix 

Composition: proprietary. It contains different enzymes including: 3'-5' 

exonuclease, DNA polymerase to fill-in gaps and DNA ligase. 

SOC Outgrowth medium 

2% Vegetable Peptone, 0.5% Yeast Extract, 10mM NaCl, 2.5mM KCl, 10mM 

MgCl2, 10mM MgSO4, 20mM Glucose. 

Luria-Bertani (LB) Broth (in ddH2O) 

1% Tryptone, 0.5% yeast extract, 1% NaCl, pH 7.4. 

LB agar (in ddH2O) 

LB broth with 1.5% bacteriological agar. 

P1 Buffer (miniprep and midiprep kit) 
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50mM TrisHCl, pH 8.0, 10mM EDTA, 100 µg/ml RNase A, 1:1000 LyseBlue 

(colour pH indicator, i.e. after addition of P2 Buffer it changes to blue colour and 

then after P3 addition it goes white).  

P2 Buffer (miniprep and midiprep kit) 

200mM NaOH, 1% SDS (w/v) 

P3 Buffer (miniprep kit) 

3M potassium acetate, pH 5.5 

N3 buffer (midiprep kit) 

4.2M guanidinium hydrochloride, 0.9M potassium acetate, pH 4.8. 

QBT buffer (midiprep kit) 

750mM NaCl, 50mM MOPS, pH 7.0, 15% isopropanol, 0.15% TritonX-100. 

QC buffer (midiprep kit) 

1M NaCl, 50mM MOPS, pH 7.0, 15% isopropanol. 

QF buffer (midiprep kit) 

1.25M NaCl, 50mM TrisHCl, pH 8.5, 15% isopropanol. 

2.5.2. Plasmids 

 A list of plasmids used in this study can be found in Table 2.8. All complete 

and partial sequences (sequenced by MWG Eurofins) for the plasmids can be 

found in Appendix-A. DNA concentration was measured using a Nanodrop 

(Thermo Fisher). 

To overexpress LMX1A/B, either the Tet-On 3G inducible system 

(Clontech), LMX1B-FLAG in pcDNA3.1 (Genscript), or pLVX-puro plasmids were 

used. The Tet-on 3G system is based on two plasmids: (i) the CMV-Tet plasmid 

expressing the Tet-On transactivator protein, and (ii) TRE3G promoter controlling 

the expression of a gene of interest, in this case, LMX1A (NM_001174069.1) and 

LMX1B (NM_001174147.1) – empty plasmid was used as a control. cDNAs were 

synthetized de novo optimized for H. sapiens (Eurofins Genomics). Doxycycline 

(500ng/mL) was added for 24-72h and samples were collected. Different variants 
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from these plasmids were made to append GFP or mCherry to the N-terminus. 

Knockdown experiments to reduce LMX1A/B levels were carried out using 

plasmids expressing short hairpin RNA (shRNAs; Sigma). The plasmids used 

were for LMX1A: TRCN0000017215 and TRCN0000017217, where 

TRCN0000017215 was found to be the most efficient; and for LMX1B: 

TRCN0000017514 and TRCN0000017517, where TRCN0000017517 was found 

to be the most efficient. As a control, Mission PLKO.1-puro Non-Target shRNA 

(Sigma) was used. 

For immunoprecipitation experiments, pEGFPC1 plasmids with the ATG8 

proteins, GABARAP, GABARAPL1, GABARAPL2, LC3A, LC3B and LC3C were 

used (kindly provided by Dr. David McEwan (University of Dundee)). And for pull-

down experiments, His-tag versions for these proteins were used. 

In addition, when applied to iPSC-derived neurons, alternative promoters 

were used as these cells are not permissive for cytomegalovirus (CMV)-driven 

transcription (D'Aiuto et al., 2012). Alternatives including elongation factor (eF1a) 

- pLVX-puro plasmid, human synapsin promoter (hsyn) in pRRL plasmid (kindly 

provided by Prof. James Uney), and SFFV (silencing-prone spleen focus forming 

virus) promoter in pXGL3 plasmid were used for molecular cloning of GFP-

autophagy markers and Tet-On activator protein. In addition, shRNA cloning was 

carried out to generate the following construct for use in iPSC-derived neurons: 

hSyn-GFP-U6-shRNA in pRRL plasmid.  

For the different mutations in LMX1A, LMX1B and LC3B, site-directed 

mutagenesis (see Section 2.5.11), was carried out with the exception of 

LC3BK49Q/K51Q, LC3BK49R/K51R and LMX1B308[A10]317 which were synthesized by 

MWG Eurofins.  

2.5.3. Polymerase chain reaction (PCR) 

To amplify DNA inserts, we used Polymerase Chain Reaction (PCR, see 

Table 2.8). PCR using Phusion DNA polymerase was carried out according to 

manufacturer’s protocol. The reaction was carried out as follows (in ddH2O): 1X 

Phusion Reaction Buffer, 0.2mM dNTPs (deoxynucleoside triphosphate), 100ng 

DNA template, 0.5µM forward and reverse primers, 2% DMSO and 1 unit of 

Phusion DNA polymerase (per 50µl reaction). Primers were designed to be 20-40 
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Plasmid Backbone Source Original construct Cloning strategy 
GFP eF1a-pLVX 

(Clontech) 
Cloned in this study eGFP-N1 EcoRI/NotI digestion 

GFP-ATG5 eF1a-pLVX 
(Clontech) 

Cloned in this study ATG5 in GFP-C1 
(previously cloned by 
Dr. Kiren Baines) 

AfeI/BamHI digestion (GFP-ATG5) 
EcoRI/BamHI digestion + Klenow ( eF1a-pLVX) 

GFP eGFP-C1 Clontech - - 

GFP-GABARAP eGFP-C1 Dr D. McEwan lab - - 

GFP-GABARAPL1 eGFP-C1 Dr D. McEwan lab - - 

GFP-GABARAPL2 eGFP-C1 Dr D. McEwan lab - - 

GFP-LC3A eGFP-C1 Dr D. McEwan lab - - 

GFP-LC3B eGFP-C1 Dr D. McEwan lab - - 

GFP-LC3C eGFP-C1 Dr D. McEwan lab - - 

GFP-LC3BF52A/L53A eGFP-C1 Cloned in this study GFP-LC3B SDM: 
GTTCTGGATAAAACAAAGGCCGCTGTACCTGACC 
ATGTC / GACATGGTCAGGTACAGCGGCCTTTGTT 
TTATCCAGAAC 

GFP-LC3BG120A eGFP-C1 Previously cloned by 
Dr. Lilith Mannack 

- - 

GFP-LC3BK49Q/K51Q eGFP-C1 Cloned in this study pEX-A128-LC3B 
K49Q/K51Q 
(Eurofins) 

XhoI/EcoRI digestion 

GFP-LC3BK49R/K51R eGFP-C1 Cloned in this study pEX-A128-LC3B 
K49R/K51R (Eurofins) 

XhoI/EcoRI digestion 

Table 2.8. List of plasmids used in this study 

 

Table to be continued on next page 
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pMDG2 Lentiviral 
pMD2.G 

Addgene - - 

pPAX2 Lentiviral 
psPAX2 

Addgene - - 

pcDNA 3.1 pcDNA 3.1 
FLAG-myc 

Thermo Fisher - - 

LMX1B-FLAG pcDNA 3.1 Genscript, 
OHu22532D 

- - 

LMX1B DNLS-FLAG pcDNA 3.1 Cloned in this study LMX1B-FLAG PCR (Pfu): 
CTCACCACGCAGCAGCGAAG/ 
CTTCCCGTCATCCCCGCTG 

LMX1BY309A/L312A-FLAG pcDNA 3.1 Cloned in this study LMX1B-FLAG SDM:  
CATGATGGCTTCCGCCACGCCGGCGGCCCCACCA 
CAG / CTGTGGTGGGGCCGCCGGCGTGGCGGAAG 
CCATCATG 

LMX1B ATG4B-LIR-FLAG 
chimera 

pcDNA 3.1 Cloned in this study LMX1B-FLAG PCR and HiFi: 
CCGCATGGAGGGCATGATGGCTACCTACGACAC 
TCTCCGGTTTGCTG / GCTCTGTTCCATGGCCACG 
ATCTGAAACTCAGCAAACCGGAGAGTGT 

LMX1B Y107A/L110A -
FLAG 

pcDNA 3.1 Cloned in this study LMX1B-FLAG SDM: 
ACTGTACTGCAAACAAGACGCCCAACAGGCCTTC 
GCGGCCAAGTGCAG / CTGCACTTGGCCGCGAAG 
GCCTGTTGGGCGTCTTGTTTGCAGTACAGT 

LMX1B Y107A/L110A/Y309A/ 

L312A -FLAG 
pcDNA 3.1 Coned in this study LMX1B Y309A/L312A- 

FLAG 
SDM: 
ACTGTACTGCAAACAAGACGCCCAACAGGCCTTC 
GCGGCCAAGTGCAG / CTGCACTTGGCCGCGAAG 
GCCTGTTGGGCGTCTTGTTTGCAGTACAGT 

LMX1B Y309A/L312A/Q316A -
FLAG 

pcDNA 3.1 Cloned in this study LMX1B Y309A/L312A- 
FLAG 
 

SDM: 
CACGCCGGCGGCCCCACCAGCGCAGCAGATCGT 
GGCCATG / CATGGCCACGATCTGCTGCGCTGGT 
GGGGCCGCCGGCGTG 

Continuation of Table 2.8 

 

Table to be continued on next page 
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LMX1BΔ308-317-FLAG pcDNA 3.1 Cloned in this study LMX1B-FLAG PCR (Pfu): 
CAGATCGTGGCCATGGAACAG/ 
AGCCATCATGCCCTCCATGC 

LMX1B308[A10]317 - 
FLAG  

pcDNA 3.1 
LMX1B-FLAG 

Cloned in this study pEX-A128-LMX1B 
[A10] partial (Eurofins) 

EcoRI/BbvCI digestion 

Insulin FLAT 
pLightSwitch 

pLightSwitch 
(Active motif) 

Cloned in this study FLAT insulin (see 
Section 2.7) 

NheI/XhoI digestion (plasmid) 

NURR1 FLAT 
pLightSwitch 

pLightSwitch 
(Active motif) 

Cloned in this study FLAT NURR1 (see 
Section 2.7) 

NheI/XhoI digestion (plasmid) 

Scramble 
pLightSwitch 

pLightSwitch 
(Active motif) 

Cloned in this study Scramble (see 
Section 2.7)  

NheI/XhoI digestion (plasmid) 

TFEB FLAT 
pLightSwitch 

pLightSwitch 
(Active motif) 

Cloned in this study FLAT TFEB (see 
Section 2.7) 

NheI/XhoI digestion (plasmid) 

ULK1 FLAT 
pLightSwitch 

pLightSwitch 
(Active motif) 

Cloned in this study FLAT ULK1 (see  
Section 2.7) 

NheI/XhoI digestion (plasmid) 

shcontrol pLKO.1  Sigma, SHC002 - - 

shLMX1A#1 pLKO.1 Sigma, 
TRCN0000017217 

- - 

shLMX1A#2 pLKO.1 Sigma, 
TRCN0000017215 

- - 

shLMX1B#1 pLKO.1 Sigma, 
TRCN0000017514 

- - 

shLMX1B#2 pLKO.1 Sigma, 
TRCN0000017517 

- - 

pLVX pLVX Clontech - - 

CMV-TET3G pLVX Clontech - - 

Table to be continued on next page 
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hsyn-TET3G pLVX-TET3G 
(Clontech) 

Cloned in this study hsyn-GFP (kindly 
provided by Prof. 
James Uney) 

ClaI/EcoRI digestion 

LMX1A construct pLVX Cloned in this study pEX-K4-LMX1A 
(Eurofins) 

XhoI/EcoRI digestion 

LMX1AY290A/L293A pLVX Cloned in this study LMX1A in pLVX SDM: 
GGAAGGTATCATGAATCCGGCTACAGCGGCGCCA 
ACACCACAGCAGTTGC /  GCAACTGCTGTGGTGTT 
GGCGCCGCTGTAGCCGGATTCATGATACCTTCC 

LMX1B construct pLVX Cloned in this study pEX-K4-LMX1B 
(Eurofins) 

XhoI/EcoRI digestion 

LMX1B-FLAG (for 
stable HEK293T) 

pLVX Cloned in this study LMX1B-FLAG  PCR: 
GATCGGATCCGCCACCATGGATATAGC /  GATCT 
CTAGATTATCACTTATCGTCGTCATCCTTG 
BamHI/XbaI digestion 

LMX1BY309A/L312A 
construct 

pLVX Cloned in this study LMX1B construct SDM: 
GAATGATGGCATCCGCCACCCCACTTGCACCGCC 
ACAACAGC / GCTGTTGTGGCGGTGCAAGTGGGGT 
GGCGGATGCCATCATTC 

LMX1BΔ308-317 

construct 
pLVX Cloned in this study LMX1B construct PCR (Pfu): 

CAGATTGTGGCCATGGAGCAGTCACCGTA/ 
TGCCATCATTCCCTCCATTCTAGAGGACAGG 

TRE- LMX1BΔ308-317 pLVX-TRE3G  Cloned in this study LMX1BΔ308-317 

construct 
AfeI/MluI digestion (LMX1BΔ308-317 construct) 
BamHI/MluI digestion + Klenow (pLVX-TRE3G) 

TRE- LMX1BY309A/L312A pLVX-TRE3G Cloned in this study LMX1B construct PCR (Pfu): 
CAGATTGTGGCCATGGAGCAGTCACCGTA/ 
TGCCATCATTCCCTCCATTCTAGAGGACAGG 

TRE-LMX1A pLVX-TRE3G Cloned in this study pEX-K4-LMX1A 
(Eurofins) 

MluI/EcoRI digestion 

Continuation of Table 2.8 
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TRE-LMX1B pLVX-TRE3G  Cloned in this study pEX-K4-LMX1B 
(Eurofins) 

MluI/EcoRI digestion 

TRE-GFP-LMX1A pLVX-TRE3G Cloned in this study TRE-LMX1A PCR GFP from eGFP-C1:  
GATCGGATCCATGGTGAGCAAGGGCGAGGA/ 
GATCACGCGTCTTGTACAGCTCGTCCATGC 
And BamHI/MluI digestion 

TRE-GFP-LMX1B pLVX-TRE3G   Cloned in this study TRE-LMX1B PCR GFP from eGFP-C1:  
GATCGGATCCATGGTGAGCAAGGGCGAGGA/ 
GATCACGCGTCTTGTACAGCTCGTCCATGC 
And BamHI/MluI digestion 

TRE-LMX1B-FLAG pLVX-TRE3G Cloned in this study LMX1B-FLAG in 
pLVX 

BamHI/XbaI digestion + Klenow (insert) 
BamHI/EcoRI digestion + Klenow (plasmid) 

TRE-mCherry-LMX1B pLVX-TRE3G  Cloned in this study TRE-LMX1B PCR mCherry from mCherry-C1: 
GATCGGATCCATGGTGAGCAAGGGCGAGGA/ 
GATCACGCGTCTTGTACAGCTCGTCCATGC 
And BamHI/MluI digestion 

hsyn-GFP-U6- 
shControl 

pRRL Cloned in this study shControl  PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

hsyn-GFP-U6- 
shLMX1A#1 

pRRL Cloned in this study shLMX1A#1 PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

hsyn-GFP-U6- 
shLMX1A#2 

pRRL Cloned in this study shLMX1A#2  PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

hsyn-GFP-U6-
shLMX1B#1 

pRRL Cloned in this study shLMX1B#1  PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

Continuation of Table 2.8 
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hsyn-GFP-U6-
shLMX1B#2 

pRRL Cloned in this study shLMX1B#2 PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

hsyn-LMX1B-FLAG pRRL Cloned in this study LMX1B-FLAG PCR: 
GATCGGATCCGCCACCATGGATATAGC /GATCTG 
TACATTATCACTTATCGTCGTCATCCTTG 
BamHI/BsrGI digestion 

hsyn-mCherry-U6-
shControl 

pRRL Cloned in this study shControl and hsyn-
mCherry (cloned from 
hsyn-GFP with AgeI/ 
BsrGI digestion) 

PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

hsyn-mCherry-U6-
shLMX1A#2 

pRRL Cloned in this study shLMX1A#2 and 
hsyn-mCherry 

PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

hsyn-mCherry-U6-
shLMX1B#2 

pRRL Cloned in this study shLMX1B#2 and 
hsyn-mCherry  

PCR: 
GATCTGTACAATCGATCACGAGACTAGCCTCGAGC 
/GATCTGTACACTGCTGTCCCTGTAATAAACCCGAA 
BsrGI digestion 

His-GABARAP pTrcHis C Cloned in this study GFP-GABARAP XhoI/KpnI digestion 

His-GABARAPL1 pTrcHis C Cloned in this study GFP-GABARAPL1 XhoI/KpnI digestion 

His-GABARAPL2 pTrcHis C Cloned in this study GFP-GABARAPL2 XhoI/KpnI digestion 

His-LC3A pTrcHis C Cloned in this study GFP-LC3A XhoI/KpnI digestion 

His-LC3B pTrcHis C Cloned in this study GFP-LC3B XhoI/KpnI digestion 

His-LC3C pTrcHis C Cloned in this study GFP-LC3C XhoI/KpnI digestion 

GFP-LC3B in pXLG3 pXLG3  Previously cloned in 
the lab (Betin et al., 
2013) 

- - 

Continuation of Table 2.8 
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nucleotides long, with a melting temperature (Tm) between 60-75°C. In addition, 

primers included the restrinction site chosen for the cloning and 4 base pairs were 

added to sequence for efficent cleavage. The PCR reaction was performed in a 

thermocycler (Bio-Rad) with heated lid at 105°C: 

- Initial Denaturation – 5min at 98°C 

- 35 cycles: 1) Denaturation: 10s at 98°C, 2) Annealing: 30s at Tm°C, 3) 

Elongation: 30s per kb at 72°C 

- Final extension – 8min at 72°C 

PCR samples were then resolved in 1% agarose gel to check for 

amplification. When PCR was used for the amplification of a big insert (PCR-

mediated plasmid DNA deletion method, e.g. LMX1BDNLS-FLAG and 

LMX1BD308-317-FLAG), the amplification was carried out with the high-fidelity 

Pfu DNA polymerase. The reaction was carried out as follows (in ddH2O): 1X Pfu 

Reaction Buffer, 0.2mM dNTPs, 50-100ng DNA template, 0.2µM forward and 

reverse primers, 2% DMSO and 1 unit of Pfu DNA polymerase (per 50µl reaction). 

Primers were designed to be 20-30 nucleotides long, with a Tm between 60-72°C. 

The PCR reaction was performed in a thermocycler with heated lid at 105°C: 

- Initial Denaturation – 1min at 95°C 

- 18 cycles: 1) Denaturation: 50s at 95°C, 2) Annealing: 50s at 60°C, 3) 

Elongation: 2min per kb at 68°C 

- Final extension – 7min at 68°C 

PCR samples were then digested with DpnI (to eliminate the parent 

plasmid, see Section 2.5.5.1) and resolved in 1% agarose gels.  

2.5.4. Agarose gel electrophoresis 

DNA is negatively charged due to the phosphodiester bond. Thus, DNA 

fragments can be separated by agarose gel electrophoresis, with DNA migrating 

towards the positively charged electrode, and fragments arranged by size (bp). 

1% agarose gels are recommended for DNA fragments from 400-8,000pb. 1% 

agarose was dissolved in 1X TAE buffer by microwave (1-3min). Agarose was 

then poured into a gel mould with removable combs, and 0.25µg/mL ethidium 

bromide (EtBr) was added to allow DNA visualization. Set gels were placed in an 

Agarose Gel Electrophoresis System (Bio-Rad) filled with 1X TAE buffer. DNA 
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samples were prepared by mixing 1-2µg of DNA (if DNA concentration in PCR 

sample was low, the whole sample was added) with 1X Gel loading dye (20-50µl 

total volume) and loaded on the agarose gel with a DNA ladder included. 

Electrophoresis was carried out at 100V for 30min. DNA bands were visualized 

under UV light with a UV transilluminator and images acquired with an Olympus 

Camedia C-5060 digital camera. 

2.5.4.1. DNA gel extraction 

 DNA fragments (PCR product or digested DNA) were excise from the 

agarose gel and purified using QIAquick Gel Extraction Kit, according to 

manufacturer’s instructions. The same protocol was used for clean-up reactions – 

i.e. to remove salts or small DNA fragments and primer-dimers (e.g. digestion of 

a PCR product). 3 volumes of QG Buffer were added for every DNA volume and 

incubated at 50°C for 15 min until completely dissolved. Samples were then placed 

into a QIAquick column (for purification of small fragments, i.e. <500pb, 1 volume 

of isopropanol was added to the sample), centrifuged (13,000g, 1min) and the flow 

through was discarded. DNA was then washed with 750µl PE Buffer and finally 

eluted with 20µl of H2O.  

2.5.5. Restriction enzyme digestion 

Digestion was performed with the corresponding restriction enzymes 

(Biolabs) as shown in Table 2.8. Purified PCR products or 2µg of total plasmids 

were digested depending on the restriction site available. The reaction was carried 

out with 1X compatible buffer (for double digestions we typically used CutSmart 

Buffer when High-Fidelity versions of the restriction enzymes were available) and 

1µl of the restriction enzyme(s) at 37°C for 2h. When no compatible buffer was 

available, digestion was carried out in two steps. This process creates cohesive 

or blunt ends (depending on the restriction enzyme) with terminal modifications 5' 

phosphate and 3' hydroxyl, necessary for efficient ligation. 

2.5.5.1. DpnI 

 DpnI is a restriction enzyme that cleaves methylated DNA (GmA/TC). It can 

be used after site-directed mutagenesis (SDM) or following PCR-mediated 
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plasmid DNA deletion method (i.e. poor size differentiation from the DNA 

template). Reactions were carried out in 50µl total volume in 1X CutSmart Buffer 

with 1µl of DpnI at 37°C for 2h.  

2.5.6. Klenow DNA polymerase  

Klenow is a modified DNA polymerase I used to fill-in 5’overhangs to create 

blunt ends when same restriction sites were not available (see Table 2.8). For the 

reaction, DNA plasmids were first digested, then the corresponding restriction 

enzyme was heat inactivated (usually 65°C for 20min) or DNA was purified by gel 

extration or with QIAquick columns. The Klenow reaction was carried out at 25°C 

for 20min as follows (in ddH2O): 1XCutSmart Buffer, 0.2mM dNTPs, all digested 

DNA and 1 unit of Klenow (per 50µl reaction). To stop the reaction, DNA 

polymerase was heat inactivated with 10mM EDTA at 75°C for 20min. Then, DNA 

was purified with QIAquick columns and the next digestion was performed. 

2.5.7. Antarctic phosphatase (AnP) 

 AnP is an alkaline phosphatase that catalyzes the dephosphorylation of 5′-

phosphate groups from DNA. This step increases cloning efficiency for single-

digested plasmid as it prevents recircularization of the DNA vectors. The reaction 

was carried out after digestion with 1X AnP Reaction Buffer and 5 units of AnP (in 

a 20µl reaction) at 37°C for 30min. AnP can be removed (QIAquick columns) or 

heat inactivated (80°C for 20min) prior ligation. 

2.5.8. T4 polynucleotide kinase (T4 PNK) 

Following PCR-mediated plasmid DNA deletion method and after DpnI 

digestion, (e.g. for a deletion: LMX1BDNLS-FLAG and LMX1BD308-317-FLAG), 

5’ phosphorylation of the insert was done with T4 PNK. The reaction was carried 

out after DpnI digestion with 1X T4 Ligase Buffer (with ATP) and 10 units of T4 

PNK (in a 50µl reaction in ddH2O) at 37°C for 30min. T4 PNK was removed 

(QIAquick columns) or heat inactivated (65°C for 20min) prior ligation. 

2.5.9. Ligation with T4 DNA Ligase 
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Ligation refers to the assembly of recombinant DNA by connecting insert 

DNA (fragment of interest produced by restriction digest) into a compatibly 

linearised (i.e. digested and dephosphorylated) plasmid vector. Ligation was 

performed with T4 DNA Ligase. For PCR-mediated plasmid DNA deletion method, 

blunt ended ligation was carried out with 40-60ng of the amplified phosphorylated 

insert. For the ligation of two DNA fragments, the ratio of vector:insert ranged 

between 1:2-1:4. Low ratios will decrease ligation efficiency and large ratios could 

lead to the insertion of more than one insert per vector. To calculate the amount 

of insert (ng) needed for the reaction, the following formula was used: 
!"#$%&	()*)	,	-./"	%0	.)-"&$	(12)

-./"	%0	!"#$%&	(12) 	3	 .)-"&$!"#$%& 45678.	The reaction was carried out as follows 

(in ddH2O): 1X T4 DNA Ligase Buffer, 20-50ng of vector, insert and 1 unit of T4 

DNA Ligase. The mix was incubated overnight at 16°C.  

2.5.10. HiFi DNA assembly 

 When no restriction sites were available (e.g. for the cloning of 

LMX1BATG4LIR-FLAG chimera), HiFi Gibson assembly system was used. This 

system improves the efficiency and precision of DNA assembly. For the cloning of 

the LMX1BATG4BLIR-FLAG chimera, two PCR amplifications were carried out: i) 

PCR-mediated plasmid DNA deletion method (with the Pfu polymerase) to obtain 

the LMX1BΔ308-317-FLAG vector and ii) PCR amplification of the designed primers 

to obtain the insert (see Table 2.8, primers included the ATG4B-LIR and 

overlapping sequences to the plasmid). Finally, HiFi assembly was carried out with 

1X NEB Builder HiFi Master Mix and in a 1:2 (vector:insert) ratio (with a total of 

0.2pmoles) at 50°C for 15min.  

2.5.11. Site-directed mutagenesis (SDM) 

To generate point mutations of the LIR domains of LMX1B, or LC3B 

docking site mutants, site-directed mutagenesis (SDM) was performed. The 

plasmid was amplified by PCR using the Pfu enzyme and primers containing the 

corresponding mutations (see Table 2.8). Primers were designed to be 35-50 

nucleotides long, with the desired mutation(s) in the centre, with a Tm higher than 

78°C, and with at least one C or G on both ends to increase efficiency. PCR 
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amplification was carried out as previously described (see Section 2.5.2). The 

template was then digested using Dpn1 (See Section 2.5.5.1).  

2.5.12. Bacterial transformation 

2.5.12.1. Bacterial strains 

NEB® 5-alpha Competent (DH5a): used for all transformations unless otherwise 

stated. Genotype: fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 

recA1 relA1 endA1 thi-1 hsdR17. 

Dam-/dcm- Competent E. coli: used when it was necessary to digest plasmid using 

an unmethylated restriction sites (e.g. ClaI). Genotype: ara-14 leuB6 fhuA31 lacY1 

tsx78 glnV44 galK2 galT22 mcrA dcm-6 hisG4 rfbD1 R(zgb210::Tn10) TetS 

endA1 rspL136 (StrR) dam13::Tn9 (CamR) xylA-5 mtl-1 thi-1 mcrB1 hsdR2. 

BL21(DE3) Competent E. coli: used for expression of recombinant proteins 

(transformation of His-tag ATG8s, see Section 2.8.5.1). Genotype: fhuA2 (lon) 

ompT gal (λ DE3) [dcm] ∆hsdS. λ DE3 = λ sBamHIo ∆EcoRI-B 

int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5. 

2.5.12.2. Bacterial transformation by heat-shock 

Bacterial transformation is a process by which competent bacteria 

incorporate foreign plasmids from their surroundings. Recombinant DNA (purified 

DNA or resulted from ligation, HiFi assembly or SDM) was incubated with 

competent DH5a on ice for 20min. Then, heat-shock was applied by placing the 

DNA/bacteria mix in a water bath at 42°C for 40sec. This process creates pores 

in the plasma membrane allowing the plasmid to enter. The DNA/bacteria mix was 

then incubated on ice for 5min for recover/repair. Bacteria were then allowed to 

grow in SOC medium for 1h at 37°C. During this time, if transformation was 

successful, bacteria will express antibiotic resistance encoded by the plasmid 

backbone. Then, part of the transformation mix was plated on to agar plates 

containing ampicillin (100µg/mL) or kanamycin (50µg/mL) (depending on the 

antibiotic resistance of the plasmid), and allowed to grow overnight at 37°C. The 

following day, around 5 colonies were picked to grow in LB broth (3mL) with 
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antibiotics overnight at 37°C to check for positive colonies. The next day, a glycerol 

stock (50%) was kept from every colony and DNA was purified and sequenced.  

2.5.13. DNA purification 

Plasmid DNA was purified on a small scale (from a 3mL LB broth culture) 

using the QIAprep Spin Miniprep Kit according to manufacturer’s instructions. 

Bacterial pellets were obtained by centrifugation of bacterial cultures at 13,000g 

for 5min. Pellets were resuspended in 250µl of P1 buffer and lysed in 250µl of P2 

lysis buffer for 3 min. The reaction was neutralized with 350µl of P3 neutralization 

buffer. Cell debris was removed by centrifugation at 13,000g for 10min. The 

supernatant was transferred to a silica membrane column (QIAquick columns), 

centrifuged at 13,000g for 1min, and the flow-through was discarded. The 

membrane was washed with 750µl of PE buffer and DNA was eluted in 30µl H2O. 

DNA was then quantified (Nanodrop) and sent for sequencing (MWG Eurofins). 

For large scale purifications and to produce purer DNA stocks from 

successful cloning procedures, bacteria were grown in 100mL LB broth cultures 

and DNA was extracted using a HiSpeed Plasmid Midi Kit, according to 

manufacturer’s instructions. Here, the same principles are applied, but at a larger 

scale. DNA was finally eluted in 500µl H2O. 

2.6. Viruses, transduction and stable cell lines 

2.6.1. Lentiviral production 

Lentiviruses were produced by co-transfecting 80-90% confluent HEK293T 

cells in 100mm dishes using the PEI reagent. 27µg of the construct of interest 

(cloned in a lentiviral vector) was transfected together with 20.4µg pAX2 and 6.8µg 

pMGD2 packing plasmids with PEI (15µg/mL) in 7mL Opti-MEM reduced-serum 

media. The transfection mix was added to the cells (after removal of previous 

growth media). After 6h, mixture was replaced by 10mL of DMEM cell culture 

media (cells were incubated at 37°C in 5% CO2 for 48h). Viruses were harvested 

48h after transfection: media was collected and centrifuged at 1,500g for 5min, 

then filtered through a 0.45µm filter cassette to remove cells and debris. Then, 

viruses were concentrated using the Lenti-X Concentrator (Clontech, #631232). 
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One volume of Lenti-X Concentrator was combined with three volumes of clarified 

supernatant. The mixture was incubated 1h at 4°C, then centrifuged at 1,500g for 

45 minutes at 4°C, and the pellet was resuspended in 100µl of N2B27 maturation 

media or DMEM media (if viruses were used for iPSC-derived neurons or 

immortalized cell lines, respectively). Thus, by this method, viruses were 

concentrated 10 times and crucially, they were dissolved in the same media the 

cells were maintained. Viral stocks were aliquoted and stored at -80°C. 

2.6.2. Viral transduction  

Transfection in neurons is not highly efficient (Karra and Dahm, 2010). 

Thus, for our experiments, we used viral transduction to delivery recombinant DNA 

into the cells. For viral transduction, neural progenitors were plated on coverslips, 

live imaging dishes, 96-well plates, 12-well plates, 6-well plates or 60mm dishes 

(previously coated with Poly-L-ornithine and laminin), depending on the 

experiment. 2-4 days after plating, cells were infected for 3 days with 3µl viruses/ml 

of media (i.e. 1.5µl for coverslips, 6µl for live imaging dishes, 0.8µl for 96-well 

plates, 3µl for 12-well plates, 6µl for 6-well plates and 10µl for 60mm dishes) and 

then media was removed and replaced with N2B27 maturation media for another 

2-4 days (if necessary for protein induction, doxycycline (500ng/mL) was added at 

this stage). The efficacy of transduction was checked by fluorescence microscopy.  

2.6.3. Production of stable cell lines 

Viral transduction of immortalized cell lines was used for the production of 

stable cell lines. HEK239T cells overexpressing LMX1B-FLAG, and HEK293 cells 

overexpressing TRE-empty, LMX1A, LMX1B and mcherry-LMX1B in a Tet-On 3G 

system were generated as follows: cells were plated in 60mm dishes and 

transduced when 80% confluent with 10µl of the corresponding lentiviruses in the 

presence of 10µg/ml polybrene (Sigma, #TR-1003) to increase transduction 

efficiency. After two days, cells were fed with media supplemented with 1µg/ml 

puromycin – for non-inducible expression – together with 800µg/ml G418 – for the 

Tet-On 3G system (transduced cells encode puromycin/G418 resistance). These 

concentrations were carefully chosen after developing a titration kill curve in 

HEK293 and HEK293T (data not shown). Cells were fed every 3 days. After 5 

passages, cells were maintained in DMEM cell culture media without antibiotics. 
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For Tet-On 3G stable cell lines, prior to the experiment, 500ng/mL doxycycline 

was added to the media for 24-72h to induce the expression of the gene of interest. 

2.7. Luciferase assay 

For luciferase assays, the LightSwitch™ Vector (Active Motif, # 32021) was 

digested with NheI and XhoI to enable cloning of the promoters of interest (see 

Table 2.8). 3X tandem repeats of the putative FLAT elements for pro-insulin 

(German et al., 1992), NURR1, TFEB or ULK1 (found by bioinformatic analysis) 

connected by linker regions with a BamHI site were cloned in the digested 

promoter (a scrambled sequence was used as a control (Pajares et al., 2016)). 

Sequences are listed in Table 2.9.  

 

 

HEK293T cells were seeded on CELLSTAR® 96-well white plates in 100µl 

DMEM phenol-red free medium at a density of 60-70%. The following day, cells 

were transfected with the LightSwitch™ Vector with a FLAT-containing promoter 

—or a scrambled sequence as control — together with pcDNA3.1 LMX1B-FLAG, 

LMX1BY309A/L312A-FLAG or LMX1BΔ308-317-FLAG — or pcDNA 3.1 as 

Construct Forward primer Reverse primer 
Insulin FLAT 5’- CTAGTTTAATAATCTAATTA 

CGGATCCTTAATAATCTAATTA 
CACGTGATTAATAATCTAATTA
CC -3’ 

5’- TCGAGGTAATTAGATTATT 
AATCACGTGTAATTAGATTAT 
TAAGGATCCGTAATTAGATTA
TTAAA-3’ 

NURR1 FLAT 5’-CTAGTAAAATAATAACTGCG 
GATCCAAAATAATAACTGCAC 
GTGAAAAATAATAACTGCC-3’ 

5’-TCGAGGCAGTTATTATTTTT 
CACGTGCAGTTATTATTTTGG 
ATCCGCAGTTATTATTTTA -3’ 

TFEB FLAT 5’- CTAGTGTGCAGGTTAATTA 
CTGCCCAGGATCCGTGCAGG 
TTAATTACTGCCCAACGTGAG
TGCAGGTTAATTACTGCCCAC 
-3’ 

5’- TCGAGTGGGCAGTAATTAA 
CCTGCACTCACGTTGGGCAG 
TAATTAACCTGCACGGATCCT 
GGGCAGTAATTAACCTGCACA 
-3’ 

ULK1 FLAT 5’- CTAGTGATTATAATTAAGTA 
GGATCCGATTATAATTAAGTA 
ACGTGAGATTATAATTAAGTA 
C -3’ 

5’- TCGAGTACTTAATTATAATC 
TCACGTTACTTAATTATAATCG 
GATCCTACTTAATTATAATCA -
3’ 

Scramble 5’- CTAGTTCAGATTCACGGGA 
TCCTCAGATTCACGGTCGACT 
CAGATTCACGC -3’ 

5’- TCGAGCGTGAATCTGAGTC 
GACCGTGAATCTGAGGATCC 
CGTGAATCTGAA -3’ 

Table 2.9. List of luciferase reporter primers 
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control. If cells had previously been transfected with siLC3B or siControl, 

transfection with the LightSwitch vector was carried out as a reverse transfection 

after cells had been plated (see Section 2.2.3.3). 

After 24h, plates were frozen at -80°C to increase the luciferase signal. To 

measure luciferase, the LightSwitch Luciferase Assay Reagent assay (Active 

Motif, #32031) was used according to manufacturer’s instructions. Plates were 

thawed at RT and 100µl of Luciferase Assay Solution consisting of luciferase 

substrate and buffer (1:100) was added. Samples were then incubated for 30min 

at RT before luciferase levels were measured in a Fusion Universal microplate 

reader (PerkinElmer) with a Photomultiplier tubes (PMT) voltage of 1100 and each 

well was read for 2secs. Relative luciferase levels were normalized to the 

luciferase control signal (pcDNA 3.1 condition). 

2.8. Analysis of protein-protein interactions 

2.8.1. Buffers 

IP lysis buffer (in ddH2O) 

50mM TrisHCl pH7.5, 150mM NaCl, 0.5% Triton X-100, supplemented with 

protease inhibitors (Roche, #11697498001). 

IP wash buffer (in ddH2O) 

50mM TrisHCl pH7.5, 150mM NaCl, 0.1% Triton X-100, supplemented with 

protease inhibitors. 

4X Laemmli loading buffer (in ddH2O) 

40% glycerol, 8% SDS, 250mM TrisHCl, pH6.8, 0.005% Bromophenol Blue, 8% 

b-mercaptoethanol. 

GFP-TRAP lysis buffer (in ddH2O) 

50mM TrisHCl pH7.5, 0.5% NP40, 1mM PMSF, 200µM Na3VO4, supplemented 

with protease inhibitors.  

GFP-TRAP wash buffer I (in ddH2O) 
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50mM TrisHCl pH7.5, 0.25% NP40, 1mM PMSF, 200µM Na3VO4, supplemented 

with protease inhibitors.  

GFP-TRAP wash buffer II (in ddH2O) 

50mM TrisHCl pH7.5, 1mM PMSF, 200µM Na3VO4, supplemented with protease 

inhibitors.  

Radioimmunoprecipitation assay (RIPA) buffer (in ddH2O) 

50mM TrisHCl, pH7.4, 1% Triton-X-100, 0.5% sodium doexycholate, 150mM 

NaCl, 0.1% SDS, supplemented with protease inhibitors. 

Homogenization buffer (in ddH2O) 

25mM TrisHCl pH7.5, 1% Triton X-100, 250mM NaCl and 20mM Imidazole. Low 

imidazole concentrations increasing purity by minimizing the binding of untagged, 

histidine rich contaminating proteins. 

Homogenization buffer no imidazol (in ddH2O) 

25mM TrisHCl pH7.5, 1% Triton X-100, 250mM NaCl. 

Elution buffer (in ddH2O) 

20mM TrisHCl pH7.5, 1M NaCl, 100mM EDTA and 200mM Imidizole. 

Coupling buffer (in ddH2O) 

100mM NaHCO3 and 500mM NaCl. 

High pH wash buffer (in ddH2O) 

100mM TrisHCl pH8.0 and 500mM NaCl. 

Low pH wash buffer (in ddH2O) 

100mM NaOAc and 500mM NaCl. 

CNBr IP wash buffer (in ddH2O) 

50 mM TrisHCl pH7.5, 150mM NaCl, 1mM EDTA, supplemented with protease 

inhibitors.  

2.8.2. Co-Immunoprecipitation (CoIP) 
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To isolate proteins of interest (except for GFP-tagged proteins, see Section 
2.8.4) from stable HEK293 cells, HEK293T or iPSC-derived mDANs, standard 

antibody-based immunoprecipitation was carried out. HEK293(T) were plated on 

60mm (90% confluency was required). Crucially, for Tet-On 3G GFP-LMX1A or 

GFP-LMX1B stable HEK293 cells, prior the collection of the samples, doxycycline 

(500ng/mL) was added for 24h. iPSC-derived mDANs were plated on 60mm 

dishes previously coated with poly-L-ornithine and laminin, and they were allowed 

to mature for 7-10 days. The CoIP assay was carried out as follows: 

1. Cells were washed with ice-cold PBS and lysed in 300µl of IP lysis buffer (for 

IP of endogenous protein, samples from different dishes were pooled). 

2. Samples were incubated on ice for 10min and were slowly forced through a 

20G needle to help break the nuclei (this is an alternative approach to using 

detergents (e.g. SDS) to disrupt the nuclear envelope, during which some 

protein-protein interactions are not retained). 

3. Samples were cleared by centrifugation at 13,000g for 10min at 4°C, and the 

supernatants were collected as soluble fractions.  

4. 5% of the sample was kept as total lysate sample and 2X loading buffer was 

added.  

5. A total of 200µg was used for each coIP (sample protein concentration was 

measured using nanodrop A280) and sample was diluted in IP wash buffer 

(400µl total volume) with 3µg of antibody – or IgG as a control – and incubated 

in a rotating wheel at 4°C for 3h. The antibodies used for CoIP in this study 

can be found in Table 2.10.  

6. Immunocomplexes were recovered by incubation on a rotating wheel at 4°C 

for 2h with 30µl protein A sepharose (Abcam, #ab193256) – if the primary 

antibody was raised in rabbit – or protein G sepharose (GE HealthCare, 

#17061801) – if the antibody was raised in mouse.  Beads were previously 

washed three times with IP wash buffer, collecting after each step by 

centrifugation at 100g for 2 min. 

7. Beads were washed four times with IP wash buffer with centrifugations at 100g 

for 2min at 4°C. 

8. At this point, beads were either sent for tandem tag mass proteomics (TMT, 

see Section 2.8.3) or they were resuspended in 30µl 2X loading buffer and 

analysed by immunoblotting. 
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2.8.3. Tandem tag mass proteomics (TMT) 

 In this study, TMT was performed by Dr. Kate Heesom (University of Bristol, 

UK). iPSC-derived mDANs were plated on 60mm dishes (previously coated with 

poly-L-ornithine and laminin) in N2B27 maturation medium, and allowed to mature 

for 7-10 days. After coIP of endogenous LMX1A, LMX1B and/or LC3B, beads were 

resuspended in 10µl IP wash buffer and sent to the Proteomics Facility (University 

of Bristol) for TMT (analysis as a single LCMS (liquid chromatography) run). 

Samples were run into an SDS-PAGE gel for approximately 1cm and each gel 

lane cut as a single slice of gel. Each slice was subjected to in-gel tryptic digestion 

using a DigestPro automated digestion unit (Intavis) and the resulting peptides 

were labelled with TMT six plex reagents according to the manufacturer’s protocol 

(Thermo Fisher, # 90061). The labelled samples were pooled and then evaporated 

to dryness, resuspended in 5% formic acid and then desalted using SepPak 

cartridges according to the manufacturer’s instructions (Waters, #WAT054945). 

The eluate from the SepPak cartridge was again evaporated to dryness and 

resuspended in 1% formic acid prior to analysis by nano- LC/MS using an Orbitrap 

Fusion Tribrid Mass Spectrometer. Nano-LC mass spectrometry and the data 

analysis were carried out as previously described in (Kittivorapart et al., 2018). 

The raw data files were processed and quantified using Proteome Discoverer 

software v2.1 (Thermo Fisher) and searched against the UniProt Human database 

(downloaded 14/09/17: 140000 entries). The reverse database search option was 

enabled and the data was filtered to satisfy false discovery rate (FDR) of 5%.  

Single peptide identities were excluded. 

Antigen Host specie Supplier Cat no. 
FLAG Mouse GenScript A00187 
LC3B Rabbit Sigma L7543 

LMX1A Rabbit Millipore AB10533 
LMX1A Rabbit ProSci 7087 
LMX1B Rabbit Proteintech 18278 
LMX1B Rabbit Prof. Ralph 

Witzgall 
- 

Mouse IgG Mouse Millipore 12-371 
Rabbit IgG Rabbit Cell Signalling 2729 

Table 2.10. List of antibodies used for coIP 
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For protein analysis, proteins with enrichment of >2 fold were classified 

according to molecular function and biological process using the online software 

Panther (http://pantherdb.org). 

2.8.4. GFP-TRAP immunoprecipitation 

To immunoprecipitate GFP-tagged proteins, we used commercial anti-GFP 

Nanobodies coupled to agarose beads (GFP-TRAP, Chromotek, #gta-20). 

Stable or wild type HEK293 cells were plated on 100mm dishes co-

transfected with the corresponding GFP-tagged constructs with LMX1B-FLAG (or 

the LIR mutated versions), or with the Tet-On 3G GFP-LMX1B construct. Prior to 

the collection of the samples, doxycycline was added for 24h as necessary. iPSC-

derived mDANs were plated on 60mm dishes previously coated with poly-L-

ornithine and laminin, and then cells were transduced with the corresponding 

constructs as described in Section 2.6.2. 

Cells were washed with ice-cold PBS and they were lysed in 500µl of GFP-

TRAP lysis buffer (for cellular fractionation see Section 2.9). Samples were 

incubated on ice for 10min and then lysates were slowly forced through a 20G 

needle to help break the nuclei. Soluble fractions were obtained by centrifugation 

at 13,000g for 10min at 4°C. 5% of the sample was kept as total lysate sample 

and 2X loading buffer was added. The rest of the samples were then incubated 

with 20µl of pre-washed GFP-TRAP beads in a rotating wheel for precipitation for 

2h at 4°C. Then, beads were washed three times with GFP-TRAP wash buffer I 

with centrifugations at 100g for 2min at 4°C, with a last wash with GFP-TRAP wash 

buffer II to remove NP40. Beads were then resuspended in 30µl 2X loading buffer 

and analysed by immunoblot. 

2.8.5. In vitro binding assays 

A list of reagents and materials used for this protocol can be found in Table 
2.11. 
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2.8.5.1. Recombinant protein purification 

Proteins of interest (ATG8 family: LC3A, LC3B, LC3C, GABARAP, 

GABARAPL1 and GABARAPL2) were cloned in a His-tag plasmid (ptrHisC) (see 

Table 2.8) and E. coli BL21 (DE3) bacteria were used for the transformation. An 

inoculate of 20ml from an overnight growth culture was diluted in 200mL of media 

(with ampicillin (100µg/mL)) and left it to grow until reaching an OD600 of 0.4-0.6, 

(measured with a spectrophotometer) – 1mL of culture was kept as 0h where 

lysate was obtained by centrifugation at 900g for 5min and resuspended in 50µl 

RIPA buffer with 4X loading buffer. To induce expression, 0.5mM IPTG was added 

for 3h – 1mL of culture was kept at the 3h timepoint as above. 0h and 3h samples 

were resolved by SDS-PAGE and protein expression was confirmed by 

Coomassie Blue staining (see Section 2.11.4).  

To purify the overexpressed recombinant proteins, the following protocol 

was followed: 

1. The rest of the IPTG-induced culture was centrifuged at 1,500g for 10 min at 

4°C. The pellet was resuspended in 13mL homogenization buffer and the 

sample was lysed by sonication on ice using a sequence of 10sec on / 20sec 

off for 5min using a probe ultrasonic sonicator (Misonix) with micro-tip and 

power setting at 5.  

2. The soluble fraction was harvested after centrifugation at 3,000g for 30min at 

4°C (insoluble proteins remain in the pellet). 100µl of sample was retained for 

analysis. 

3. The fraction was incubated with 1mL Nickel-Chelating Resin previously 

washed twice with homogenization buffer (1mL resin/10 mL buffer) for 1h at 

4°C.  

Reagents and materials Source 
CNBr sepharose 4 Fast Flow GE Healthcare, 17098101 
Imidazole Sigma, 56750 
Isopropyl β- d-1-thiogalactopyranoside (IPTG) Sigma, I6758 
Poly-Prep® Chromatography Columns Bio-Rad, 7311550 
ProBond™ Nickel-Chelating Resin Thermo Fisher, R80101 
Slide-A-Lyzer™ cassettes  Thermo Fisher, 2160728 

Table 2.11. List of reagents and materials used for in vitro binding assays 
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4. Poly-Prep® Chromatography Columns were used to pack the resin before 

elution. 100µl of sample was retained for analysis (flow through sample).  

5. Then, the column was washed 8 times with homogenization buffer without 

imidazol  comprising. 100µl of sample was kept  (wash sample).  

6. Finally, the sample was eluted using 500µl elution buffer. Different elution 

fractions (up to 5) were collected in 500µl volumes to check which contained 

the most protein. 20µl of each elution sample was retained (elution fraction 

sample).  

To verify purification, loading buffer was added to the samples collected 

during the purification process. 20µl of each samples were resolved in acrylamide 

gels electrophoresis and expression of our protein was confirmed by Coomassie 

blue staining (see Section 2.11.4). Elution samples with lower protein 

concentrations were discarded. 

2.8.5.2. Coupling to cyanogen bromide-activated sepharose (CNBr 
sepharose) 

Recombinant proteins were coupled to cyanogen bromide-activated 

sepharose 4 Fast Flow, as described in (Kavran and Leahy, 2014).  

1. First, the recombinant proteins were dialyzed using Slide-A-Lyzer™ cassettes 

into cold coupling buffer (TrisHCl reacts with the sepharose and inactivates it). 

2. To activate the resin, 0.25g of resin was incubated with 5 volumes of 1mM HCl 

for 2h at 4°C in a rotating wheel, producing 1mL of hydrated resin after 

centrifugation at 1000g for 5min at 4°C.  

3. Resin was washed with coupling buffer, then 2mg of recombinant protein 

(measured using nanodrop A280) was coupled to 1mL of hydated resin 

overnight at 4°C in a rotating wheel. As a negative control, blank resin without 

recombinant protein was prepared to test for unspecific binding.  

4. The supernatant was removed by centrifugation at 1000g for 5min at 4°C and 

was incubated with coupling buffer for 30min at 4°C in a rotating wheel. 

Coupling efficiency was calculated by dividing the amount of non-binding 

protein in the supernatant after overnight incubation by the total amount of 

protein added to the resin before incubation. Coupling efficiency was higher 

than 70%.  
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5. The reaction was quenched by incubation with 100mM TrisHCl pH 7.5 for 3h 

4°C in a rotating wheel.  

6. Uncoupled proteins were removed by washing three times in alternating high 

pH and low pH wash buffers with centrifugations at 1000g for 5min at 4°C.  

7. Coupled resin was stored at 4°C in 1 volume of PBS. 

2.8.5.3. In vitro binding 

For in vitro binding, stable HEK293T LMX1B-FLAG cells were plated on 

100mm dishes to reach 80-90% confluency. They were initially washed with ice-

cold PBS, before lysis with 500µl of RIPA buffer. The samples were incubated on 

ice for 10min and then lysates were diluted 1:2 with CNBr IP wash buffer to dilute 

SDS. Samples were slowly forced through a 20G needle to help break the nuclei. 

The homogenates were cleared by centrifugation at 12,000g for 15min at 4°C. 5% 

of the sample was kept as total lysate sample and 2X loading buffer was added. 

Prior to the incubation, resin was washed in the CNBr IP wash buffer. For the 

binding, 250µl of the cleared lysate diluted with 150µl of CNBr IP wash buffer was 

incubated with 30µl of the coupled resin overnight at 4°C in a rotating wheel. Then, 

beads were washed three times with CNBr IP wash buffer with centrifugations at 

1000g for 5min at 4°C. Beads were then resuspended in 40µl 2X loading buffer 

and analysed by immunoblot. 

2.9. Cell fractionation 

2.9.1. Buffers 

Fractionation Buffer A (in ddH2O) 

20mM HEPES pH 7.0, 0.15mM EDTA, 0.015mM EGTA, 10mM KCl, 1% NP-40, 

supplemented with protease inhibitors.  

Fractionation Buffer B (in ddH2O) 

10mM HEPES pH 8.0, 25% glycerol, 0.1M NaCl, 0.1mM EDTA, supplemented 

with protease inhibitors. 

Fractionation Buffer C (in ddH2O) 
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10mM HEPES pH 8.0, 25% glycerol, 0.4M NaCl and 0.1mM EDTA, supplemented 

with protease inhibitors. 

2.9.2. Cell fractionation assay 

Stable or wild type HEK293 cells were plated on 100mm dishes (80-90% 

confluency was required) and (co-)transfected with the LMX1B-FLAG or 

LMX1BD308-317-FLAG pcDNA3.1 constructs (and the GFP-ATG8s constructs if 

carrying out GFP-trap experiments) for 24h.  

Cell fractionation was conducted based on previously published protocols 

(Garcia-Yague et al., 2013): 

1. First, cells were briefly washed with ice-cold PBS, then collected in 5mL of ice-

cold PBS. Cells were harvested by centrifugation at 100g for 5min at 4°C.  

2. The cell pellet was lysed with 400µl of Fractionation Buffer A – hypo-osmotic 

lysis buffer – and incubated on ice for 30min. 100µl of sample was kept as a 

total lysate sample (60µl if GFP-TRAP). 

3. The homogenate was centrifuged at 1400g for 5min at 4°C. The supernatant 

comprised the cytosolic fraction (for GFP-TRAP 100µl of this fraction was kept 

as total cytosolic fraction and the rest of the fraction was diluted up to 600µl 

with GFP-TRAP wash buffer for the incubation with the GFP-trap beads, see 

Section 2.8.4).  

4. The nuclear pellet was washed in 500µl Fractionation Buffer B.  

5. a. The nuclear pellet was incubated with DNaseI (Thermo Fisher, #18047019) 

in 100µl of Fractionation Buffer A for 20 min and then 4X loading buffer was 

added to the sample. Samples were analysed by immunoblot. 

    b. Alternatively, nuclear proteins were collected by high-salt extraction when 

nuclear fraction was required for GFP-TRAP. After washing with Fractionation 

Buffer B, the pellet was resuspended in 300µl of Fractionation Buffer C – high-

salt extraction buffer – in a rotating wheel for 30min at 4°C. Then, samples 

were centrifuged at 4500g for 20min at 4°C, with soluble nuclear proteins 

distributing to the supernatant. 120µl of this fraction was kept as total nuclear 

fraction and the rest of the fraction was diluted up to 600µl with GFP-TRAP 

wash buffer for the incubation with GFP-TRAP beads (see Section 2.8.4).  
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2.10. LMX1A/B turnover 

Stable or wild type HEK293 cells were plated on 6-well plates at 70-90% 

confluency. If necessary, cells were transfected with LMX1B LIR mutant(s) or 

LMX1A for 24h prior the treatment. To analyse LMX1A/B turnover, cells were 

treated for 16h with the protein synthesis inhibitor cycloheximide (50µg/mL) 

together with BafA1 (lysosomal inhibitor; 20nM) or MG132 (proteasomal inhibitor; 

10µM). Alternatively, stable LMX1B-FLAG HEK293T were treated with 

cycloheximide (50µg/mL) in starvation media for 6h (or DMEM cell culture media 

as a control) in the presence or absence of BafA1 (20nM). 

After treatment, cells were washed with ice-cold PBS and lysed in 250µl of 

RIPA buffer and then cleared by centrifugation at 12,000g for 10 min at 4°C, the 

supernatants were collected as soluble fractions (concentration was measured 

with Nanodrop A280) and 4X loading buffer was added. An amount of 15µg from 

each sample was loaded on acrylamide gels. 

2.11. SDS polyacrylamide gel electrophoresis (SDS-
PAGE) and protein analysis 

Reagents used for this protocol are listed in Table 2.12. 

 

 

2.11.1. Buffers 

Reagents and materials Source 
Acrylamide/Bisacrylamide Severn Biotech, 20-2100-10 
Ammonium persulphate (APS) Sigma, A3678 
ECL Chemiluminescence solutions Geneflow, K1-0170 
Foam pad Bio-Rad, 1703933 
Hyperfilm ECL GE Healtchare, GE28-9068-37 
Nitrocellulose membrane  GE Healthcare, 15209804 
Page Ruler protein ladder Thermo Fisher, 26616 
Tetramethylethylenediamine (TEMED) Bio-Rad, 1610800EDU 
Turbo semi-dry transfer Bio-rad, 1704150 
Turbo Transfer Buffer Bio-Rad, 1704270 

Table 2.12. Reagents used for SDS-PAGE and protein analysis 
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Radioimmunoprecipitation assay (RIPA) buffer (in ddH2O) 

50mM TrisHCl, pH7.4, 1% Triton-X-100, 0.5% sodium doexycholate, 150mM 

NaCl, 0.1% SDS, supplemented with protease inhibitors. 

4X Laemmli loading buffer (in ddH2O) 

40% glycerol, 8% SDS, 250mM TrisHCl, pH6.8, 0.005% Bromophenol Blue, 8% 

b-mercaptoethanol. 

Lower buffer (in ddH2O) 

1.5M TrisHCl, 0.4% SDS, pH8.8. This is the component for the resolving gel. 

Upper buffer (in ddH2O) 

0.5M TrisHCl, 0.4% SDS, pH6.8. This is the component for the stacking gel. 

Running buffer (in ddH2O) 

25mM TrisHCl, 190mM glycine, 0.1% SDS, pH 8.3. 

Coomassie staining solution (in ddH2O) 

0.2% Coomassie Brilliant Blue, 50% methanol and 10% acetic acid. 

Coomassie destaining solution (in ddH2O) 

50% methanol and 10% acetic acid. 

Turbo transfer buffer 

Composition: proprietary. For transfer, 5X Turbo transfer buffer was diluted in 

ddH2O and 20% ethanol. 

Transfer buffer (in ddH2O) 

25mM TrisHCl, 190mM glycine, 20% methanol, 0.02% SDS. 

Panceau S Red (in ddH2O) 

0.1% Ponceau stain and 1% acetic acid 

Tris Buffered Saline (TBS, in ddH2O) 

20mM TrisHCl, 150mM NaCl, pH7.7 

Tris Buffered Saline + Tween (TBS-T, in ddH2O) 
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20mM TrisHCl, 150mM NaCl, pH7.7, 1% Triton X-100. 

2.11.2. Protein lysates 

Stable or wild type HEK293 cells, stable HeLa cells or iPSC-derived 

mDANs were plated on 6-well plates (previously coated with poly-L-ornithine and 

laminin for mDANs). HEK293T cells were transfected with siRNAs (see Section 
2.2.3.3) or shRNAs for 24h. Stable HEK293 were treated with doxycycline 

(500ng/mL) for 2 and 4 days prior the collection of the samples. LMX1B-SG stable 

HeLa cells were treated with or without doxycycline (100ng/mL) for 2 and 4 days.  

iPSC-derived mDANs were allowed to mature for 7-14 days in N2B27 maturation 

media. If necessary, mDANs were transduced with the corresponding constructs 

as described in Section 2.6.2. Depending on the experiment, before lysis, drug 

treatments were added (e.g. AZD8055 (1µM) and BafA1 (20nM)). Cells were 

initially washed with ice-cold PBS, then lysed with 100-300µl/well of RIPA buffer 

supplemented with 4X loading buffer. This method allowed the detection of LC3B-

II (lipidated form). Samples were analysed by immunoblot. 

2.11.3. SDS-PAGE 

 SDS-PAGE is an electrophoresis method to separate proteins based on 

their molecular weight in an acrylamide gel (smaller proteins run further). Treating 

proteins with the anionic detergent SDS contributes to their denaturation (assisted 

by boiling and the presence of b-mercaptoethanol) and gives them a negative 

charge, so they migrate towards the positive electrode. 

 Acrylamide gels have two layers: a resolving layer, and a stacking layer. 

The resolving gel was prepared first, and it contained different concentrations of 

acrylamide/bisacrylamide depending on the molecular weight of the proteins to be 

resolved (see Table 2.13: here, 10% (for proteins 50-120KDa), 12% (for proteins 

30-100KDa), 15% (for proteins 10-60KDa)). In addition, the resolving gel was 

prepared with the Tris SDS-based buffer ‘Lower Buffer’ at pH8.8, and the reaction 

was triggered by addition of 0.085% TEMED and 0.025% APS. On the other hand, 

the stacking gel contained a fixed amount of acrylamide-bisacrylamide (4%) and 

was prepared in Tris SDS-based buffer ‘Upper Buffer’ at pH6.8 (final concentration 

0.15M TrisHCl pH6.8 and 0.12% SDS). The different pH is crucial for proteins to 
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be concentrated in the stacking gel before entering the resolving gel and being 

separated by size. As before, the reaction was triggered by addition of 0.25% 

TEMED and 0.085% APS. Gels were set between glass plates for 30 min/layer. 

Gels were run using the MiniPROTEAN system (Bio-Rad). The tank was filled with 

Running buffer.  

An amount of 15-20µg protein from each sample with loading buffer was 

loaded on acrylamide gels for SDS-PAGE as follows: 15µl for the IP samples and 

cell fractionation samples; 8µl for the total cell lysates; 18µl for the cytosolic 

fraction; and 8µl for the nuclear fraction. Samples were boiled at 95°C for 5 min 

before loading. Then, samples  – and Page Ruler protein ladder – were loaded 

into the gel. Electrophoresis was carried out at 30mA/gel for approximately 1h (or 

100V for 2h for small proteins) until bromophenol blue dye front reached the 

bottom of the gel. 

 

 

2.11.4. Coomassie blue staining 

SDS-PAGE gels were incubated in Coomassie staining solution (to fix the 

gel and to stain proteins with Coomassie dye) for 30min-1h. The gels were then 

washed twice quickly with water before addition of Coomassie destaining solution 

for 2h (to remove excess dye from the background), replenishing the solution 

every 30min. Protein bands were observed in visible light. Images were acquired 

with an Olympus Camedia C-5060 digital camera in the UV transilluminator. 

2.11.5. Immunoblotting 

Gel (%) 10% 12% 15% 
Lower buffer 3mL 3mL 3mL 
Acrylamide/ 

bisacrylamide (30%) 
4mL 4.8mL 6mL 

H2O 5mL 4.2mL 3mL 
APS (10%) 30µl 30µl 30µl 

TEMED 10µl 10µl 10µl 

Table 2.13. SDS-PAGE resolving gel composition (for 2 gels/12mL) 
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Prior to immunoblotting, proteins were transferred to 0.45µm nitrocellulose 

membranes by semi-dry transfer, or by wet-transfer if the molecular weight of the 

proteins was more than 60 KDa.  

Turbo semi-dry transfer was carried out according to manufacturer’s 

instructions. Briefly, SDS-PAGE gels, 6x thick (0.8mm) filter paper, and 

nitrocellulose membranes were incubated in Turbo Transfer Buffer. Then, the 

‘blotting sandwich’ was assembled as follows (from the bottom of the cassette): 3x 

filter paper – membrane – gel – 3x filter paper. The ‘blotting sandwich’ was placed 

on the Turbo Transfer device and the transfer was set to 2.5A for 7min. 

For the wet-transfer, a Mini-PROTEAN® Mini Trans-Blot system was used 

(Bio-Rad). Transfer is performed in ice-cold Transfer Buffer (with freshly added 

methanol and SDS) in gel cassettes. The ‘blotting sandwich’ was assembled in 

the cassette as follows: (+) foam pad – 3x thick filter paper – membrane – gel – 

3x thick filter paper – foam pad (-). Then, the gel cassette was placed so (+) was 

facing the positive electrode. Transfer was carried out at 100V for 70min. 

After transfer, nitrocellulose membranes were stained with Ponceau S red 

for 5min followed by washes with ddH2O to assess the quality of transfer. 

For immunoblotting, 5% non-fat dried milk (in T-TBS buffer) was used as 

blocking solution for 2h, except for the GFP and LMX1B antibodies where 5% BSA 

(in T-TBS buffer) was used. Membranes were then incubated with primary 

antibody diluted in 2.5% milk/2.5% BSA in T-TBS buffer for 2h/overnight. The 

primary antibodies used are listed in Table 2.14. Membranes were then washed 

three times with T-TBS buffer for 10min and they were incubated with HRP 

conjugated secondary antibody (1/10,000), prepared as the primary antibody, for 

1h. The secondary antibodies used are listed in Table 2.14. Membranes were then 

washed three times prior to incubation with ECL Chemiluminescence reagents, 

freshly made with 1:1 ratio of solution A (luminol and enhancer) and B (stable 

peroxide solution) for 2 min. Membranes were then placed in an autoradiography 

cassette and bands detected by exposure to films, which were developed using 

an AGFA Curix 60 film processor. Densitometry was performed using ImageJ (Gel 

analyzer plugin) (National Institutes of Health, Bethesda, USA). 
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Antigen Host specie Supplier Cat no. Dilution 
Primary antibody 

ATG16L1 Rabbit MBL PM040 1:1000 
ATG3 Mouse MBL M1333 1:1000 
ATG7 Rabbit Cell Signalling 2631 1:1000 
FLAG Mouse GenScript A00187 1:1500 

GAPDH Mouse Sigma G8796 1:2000 
GFP Mouse Covance MMS-118R 1:2000 BSA 

LaminB Goat Santa Cruz sc-6216 1:500 
LC3B Rabbit Sigma L8918 1:1000 

LMX1A Rabbit Millipore AB10533 1:1000 
LMX1A Rabbit ProSci 7087 1:1000 
LMX1B Rabbit Proteintech 18278 1:1000 BSA 
LMX1B Rabbit R. Witzgall - 1:2000 

P62 Mouse Abnova H00008878 1:1000 
mCherry Rabbit Novus 25157 1:1000 

TH Rabbit Millipore AB152 1:1000 
ULK1 Rabbit Cell Signalling 8054 1:1000 
ULK1-

P(S757) 
Rabbit Cell Signalling 6888 1:1000 

Secondary antibody 
anti-mouse 

HRP 
Goat Stratech G32-62G-SGC 1:10000 

anti-rabbit 
HRP 

Goat Stratech G33-62G-SGC 1:10000 

anti-goat 
HRP 

Chicken Stratech G34-62DC-SGC 1:10000 

Table 2.14. List of primary and secondary antibodies used for immunoblotting 
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2.12. Chromatin immunoprecipitation (ChIP) assay 

Reagents used for this protocol are listed in Table 2.15. 

 

2.12.1. Buffers 

ChIP lysis buffer (in ddH2O) 

1% SDS, 10mM EDTA and 50mM TrisHCl pH 8.1, supplemented with protease 

inhibitors. 

ChIP dilution buffer (in ddH2O) 

0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7mM TrisHCl pH 8.1 and 

167mM NaCl, supplemented with protease inhibitors. 

ChIP low salt buffer (in ddH2O) 

0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM TrisHCl pH 8.1 and 150mM NaCl. 

ChIP high salt buffer (in ddH2O) 

0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM TrisHCl pH 8.1 and 500mM NaCl. 

ChIP lithium buffer (in ddH2O) 

1% Igepal, 1mM EDTA, 10mM TrisHCl pH 8.1, 250mM LiCl and 1% sodium 

deoxycholate. 

TE wash buffer (in ddH2O) 

Reagents Source Final concentration 
Formaldehyde Thermo Fisher, 28908 1% 
Glycine Sigma, G7126 125mM 
Proteinase K Thermo Fisher, EO0491 80µg/mL 
RNase A Sigma, EN0531 200µg/mL 
Protein A agarose Millipore,16-157 - 
Phenol:chloroform:isoamyl 
alcohol 

Thermo Fisher, 15593 - 

Glycogen Thermo Fisher, 10814010 0.05µg/mL 
LiCl Sigma, 203637 250mM 
NaHCO3 Sigma, S6014 0.1M 
IGEPAL Sigma, I8896 1% 

Table 2.15. Reagents used for ChIP 
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10mM TrisHCl pH 8 and 1mM EDTA. 

ChIP elution buffer (in ddH2O) 

0.1M NaHCO3 and 1% SDS. 

2.12.2. ChIP assay protocol 

HEK293T cells or iPSC-derived mDANs were plated on 10cm dishes (80-

90% confluency was required). ChIP assays were conducted based on a 

previously published protocol (Pescador et al., 2005).  

1. First, cells were fixed with 625µl 16% formaldehyde (1% final concentration), 

added to the cell culture media on ice for 12min. 
2. The crosslinking reaction was stopped with 125mM glycine for 5min on ice.  
3. Cells were washed twice with ice-cold PBS supplemented with protease 

inhibitors and harvested by centrifugation at 200g for 5min at 4°C.  
4. The cell pellet was lysed with 200µl ChIP lysis buffer and incubated on ice for 

10min.  
5. Samples from different dishes were pooled for sonication on ice using a probe 

ultrasonic sonicator (Misonix) with micro-tip and power setting at 5, with a 

sequence of 15sec on / 15sec off for 8min total/plate to obtain an adequate 

fragment size of DNA (800-200bp).  
6. The homogenates were cleared by centrifugation at 12,000g for 10min at 4°C, 

and the supernatants collected as soluble fractions.  
7. Samples were then diluted in 10 volumes of ChIP dilution buffer (i.e. 

2mL/plate). 50µl of sample was kept to check DNA shearing. To that sample, 

2µl of 5M NaCl (0.2M final concentration) was added for 1h at 85°C to reverse 

crosslinking. Then, 1µl of proteinase K (20mg/mL), 1µl RNase (10mg/mL), 1µl 

EDTA (0.5M) and 2µl Tris HCl (1M) were added, and the sample incubated for 

2h at 45°C. Finally, the sample was run on a 2% agarose gel for visualization 

(see Section 2.5.4). 
8. Lysates were precleared for 1h at 4°C using 10µl protein A agarose 50% 

slurry/plate previously washed with ChIP dilution buffer (with centrifugations 

at 100g for 3 min).  
9. Cleared supernatants were collected by centrifugation at 300g for 3min at 4°C. 

100µl of sample/plate was kept as input chromatin.  
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10. The remaining lysate (~2ml/plate) was used for each ChIP experiment 

(approximately 1x10 cm dish per IP). Each sample was incubated overnight 

on a rotating wheel at 4ºC with 4µg of antibody. The antibodies used for ChIP 

in this study were: anti-LMX1B (Proteintech, #18278-1-AP), anti-LMX1B 

(kindly donated by Professor Ralph Wiztgall) or anti-LMX1A (ProSci, #PSI-

7087),and as control, 4µg of rabbit IgG (Cell Signaling, #2729). 
11. Immunocomplexes were recovered by incubation with 60µL of pre-washed 

protein A/sample for 1h at 4°C.  
12. Prior to the elution of DNA, samples were incubated with different buffers to 

remove non-specific chromatin interactions. Beads were incubated with the 

buffers on a rotating wheel for 5min at 4°C each, and beads were collected 

each time by centrifugation at 100g for 5 min at 4°C. Buffers were used as 

follows: (1) ChIP low salt buffer; (2) ChIP high salt buffer; (3) ChIP lithium 

buffer; (4) TE wash buffer x 2. 
13. Eluted samples were obtained by incubation with 250µl of ChIP elution buffer 

for 15 min at room temperature and centrifugation at 100g for 5min (this 

process was repeated twice so the total eluate was 500µl).  
14. At this point, 400µl of fresh ChIP elution buffer was also added to the input 

chromatin from step 9 (500µl total).  
15. To reverse the cross-linking, all samples (including input chromatin) were 

incubated with 20µl 5M NaCl (0.2M final concentration) at 65°C overnight in 

an Eppendorf tube shaker.  
16. 10µl EDTA (0.5M), 20µl TrisHCl  pH6.5 (1M) and 2µl proteinase K (20mg/mL) 

were added to each sample and samples were incubated for 1h at 45°C.  
17. For the purification of DNA, the phenol-chloroform purification was used. 1 

volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the 

sample (i.e. 500µl) and vortexed vigorously for 15s.  
18. The DNA in the aqueous top layer was collected after centrifugation at 12,000g 

for 10min at 4°C (~400µl). 
19. For precipitation, 50µl sodium acetate (0.3M), 1mL ethanol (100%) and 1µl 

glycogen (20mg/mL, increases recovery of nucleic acids) were added for 12 

min on dry ice. 
20. The DNA pellet was obtained following centrifugation (12,000g for 45min at 

4°C), and washed twice with 1mL 70% ethanol (12,000g for 10min at 4°C) and 

evaporated to dryness. 
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21. The dry DNA pellet was resuspended in a final volume of 30µl and diluted 1:3 

for semi-quantitative or q-PCR analysis with specific primers (MWG Eurofins) 

designed with the information obtained by bioinformatics analysis using the 

UCSC genome browser (https://genome.ucsc.edu, California, USA) (see 

Table 2.16 for primer sequences). Primers were designed to amplify 150-

300bp, and were 20-30 nucleotides long. 

2.13. Analysis of DNA levels by semi-quantitative PCR 
(semi-qPCR) 

2.13.1. Buffers 

5XGreen GoTaq® Flexi Reaction Buffer (Promega, #M8911) 

Composition: proprietary. Supplied at pH 8.5, without magnesium. It contains a 

compound that increases sample density (for electrophoresis), and also Xylene 

cyanol (blue) and Orange G (yellow) dyes. The blue dye co-migrates at the same 

rate as a 3000bp DNA fragment and the yellow dye migrates faster than primers 

(<50bp). 

TBE 10X (in ddH2O) 

1M TrisHCl, 1M Boric Acid (Sigma), 0.02M EDTA.  

2.13.2. semi-qPCR reaction 

Extracted DNA from the ChIP assay was amplified with Taq polymerase 

(Biolabs, #M0273S). The reaction was carried out as follows (in ddH2O): 1XGreen 

GoTaq® Flexi Reaction Buffer, 0.2mM dNTPs, 3µl template (approximately 10ng), 

0.5µM forward and reverse primers (Table 2.16), 1.5mM MgCl2 (Biolabs, # 

B9021S) and 0.75 units of Taq DNA polymerase (per 25µl reaction). The PCR 

reaction was performed in a thermocycler (Bio-Rad) with heated lid at 105°C: 

- Initial Denaturation – 30s at 94°C 

- 40 cycles: 1) Denaturation: 30s at 94°C, 2) Annealing: 1min at 58°C, 3) 

Elongation: 1min at 68°C 

- Final extension – 5min at 68°C 

GAPDH was amplified as a control. Samples were then analysed by PAGE.
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Gene Forward primer Reverse primer 
ABRA * 5’- TCAGATGCCGTTGAACTCTG-3’ 5’- GCCGCTATTCGTTTTTCATC-3’ 
ATG16L1 5’- TATATCACCTCCTGTGACACC-3’ 5’- ACTTTACCATAAGTTGACATATC-3’ 
ATG2B 5’-TCCATAGCATCACTCATCAGAT-3’ 5’- GAGTAGGTTTCTATTTCTGATG-3’ 
ATG3 5’-CAGGAATAACGGAAGCCGTTAAAG-3’ 5’- CAGTAGTGTTTTGGTGTGTTGAGAC-3’ 
ATG7 5’- AAAGACCTGAGCTTGTGACCATAGG-3’ 5’- ATGTGCTGTGATGTTTGACAAGAC-3’ 
GAPDH 5’-CGGGATTGTCTGCCCTAATTAT-3’ 5’-GCACGGAAGGTCACGATGT-3’ 
NDP52 5’-GCACTTCTTATTCGATTCATTTG-3’ 5’-TTGTAGGCACTTCACACAAAG-3’ 
NDP52 (2) 5’-GCTTTTTCCCTCCTTGGTCACT-3’ 5’- CTGGGTACAAGGTGAGAAATTGT-3’ 
NURR1 5’-GCGTGCAGAGTGAATGTATCTA-3’ 5’-TTCAGGCAGTCGGAAACTCAA-3’ 
OPTN 5’- TGCCTGGCATTCTCCTCTTTCT-3’ 5’- AACAGGGACTGCTCTAAGGCGTC-3’ 
P62 5’-CTCTCAGGCGCCTGGGCTGCTGAG-3’ 5’-CGGCGGTGGAGAGTGGAAAATGCC-3’ 
PINK1 5’- GTAGCTCAGCTCTGCTAGGTAC-3’ 5’-CAGGTCCTGAATGTGAACATCA-3’ 
PITX3 5’- GCGCCCGGCCTATAGTCTACAT-3’ 5’- CATGCTGAGAGGTTCTCTGCAT-3’ 
TFEB 5’- TGTTCTGGGGACGGTTCAGCGC-3’ 5’- CCTTTCCCTGAGGGATGAAGCAGC-3’ 
ULK1 5’- TAAATCCGCTGGGGAGGAAAGG-3’ 5’- ACGACCATGTACACATTACAGG-3’ 
UVRAG 5’-CTCATCAAACTTATGGAACTCT-3’ 5’-TATTGTGGTATCAGGGAAGGT-3’ 

Table 2.16. Primers used in ChIP assay 

 

* Previously identified LMX1B binding site amplified by these primers (Burghardt et al., 2013) 
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2.13.3. Analysis of PCR products in polyacrylamide gel 
electrophoresis (PAGE). 

Samples were resolved on 5% polyacrylamide gels – acrylamide pores are smaller 

than agarose pores which allows a better resolution for short DNA fragments. 

Polyacrylamide gels can be used to detect DNA sizes from 1500bp to 10bp 

(Stellwagen, 2009). 5% gels were used for separating DNA fragments from 50-

500bp. Acrylamide gels were prepared with 5% acrylamide/bisacrylamide solution 

and 1X TBE. Polymerization was triggered by the addition of 0.01% TEMED and 

0.1% APS. Gels were set between glass plates with 15-well combs for 30min. Gels 

were run using the MiniPROTEAN 3 system. Tank was filled with 1X TBE buffer. 

Gels were pre-run at 40V for 10min. Then, samples – and DNA ladder mixed with 

GoTaq reaction buffer – were loaded into the gel. Electrophoresis was carried out 

at 100V until the yellow dye was at the bottom. Then, the gel was stained with 

500nM EtBr in 1XTBE in a small container for 25min with rocking. DNA bands 

were visualised under UV light using a UV transilluminator. Images were acquired 

with an Olympus Camedia C-5060 digital camera under UV light for 3secs. 

2.14. Quantitative real time PCR (q-PCR) and quantitative 
real time reverse transcription PCR (qRT-PCR) 

All reagents and kits used for this protocol are listed in Table 2.17. 

 

 

2.14.1. Buffers 

Reagents and kits Source 
96-well reaction plates Thermo Fisher, 4346906 
Adhesive Films Thermo Fisher, 4311971 
High-Capacity RNA-to-cDNA™ Kit Thermo Fisher, 4387406 
Nuclease free-water Thermo Fisher, 4415345 
RNA isolation Kit (RNeasy mini kit)  Qiagen, 74104 
RNase-Free DNAse Set Qiagen, 79254 
StepOnePlus System Applied Biosystems, 4376600 
SYBR green PCR master mix Thermo Fisher, 4309155 

Table 2.17. List of reagents and kits used for qRT-PCR 
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2X SYBR™ green PCR master mix 

Composition: proprietary. It contains SYBR Green I dye, AmpliTaq Gold® DNA 

polymerase, dNTPs with dUTP, passive reference 1 (ROX), and optimized buffer 

components. 

RLT lysis buffer (from RNeasy kit) 

Composition: proprietary. It contains a high concentration of guanidine 

isothiocycanate – which supports the binding of RNA to the silica membrane. 

RW1 wash buffer (from RNeasy kit) 

Composition: proprietary. It contains guanidine salt and ethanol.  

RDD buffer (from DNase set) 

Composition: proprietary. It provides efficient DNA digestion and does not affect 

RNA binding to the column. 

RPE wash buffer (from RNeasy kit) 

Composition: proprietary. It contains ethanol and it is used to remove salts from 

the column. 

20X RT buffer mix (from RNA-to-cDNA kit) 

Composition: proprietary. It contains dNTPs, random octamers, and oligo dT-16. 

2X RT enzyme mix (from RNA-to-cDNA kit) 

Composition: proprietary. It contains MuLV reverse transcriptase and RNase 

inhibitor protein. 

2.14.2. Analysis of DNA by quantitative real-time PCR (q-PCR) 

DNA extracted from the ChIP assay was amplified using SYBR Green, 

which intercalates into DNA (Ponchel et al., 2003). The reaction was set up as 

follows (in RNase-free water): 1X SYBR green, 2µl template (approximately 10ng) 

and 0.5µM forward and reverse primers (in a 10µl total reaction, see Table 2.16). 

To reduce technical error, reactions were performed in triplicate (30µl total 

reaction) for each gene. GAPDH was amplified as control. The mixture was 
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transferred to 96-well reaction plates with adhesive films. The reaction was carried 

out using StepOnePlus System and the following conditions were selected:  

- Initial Denaturation – 10min at 95°C 

- 40 cycles: 1) Denaturation: 15s at 95°C, 2) Annealing: 30s at 60°C, 3) 

Elongation: 30s at 60°C 

For the qualitative analysis of the PCR (as an indication of the quality of our 

template and primers), we included a melting curve (fluorescence vs temperature) 

after the PCR reaction, single peaks indicated a pure single DNA product. 

The relative presence of genomic DNA was estimated using the ΔΔCt 

method (see Section 2.14.4). 

2.14.3. Analysis of mRNA levels by real-time quantitative reverse 
transcription PCR (qRT-PCR) 

HEK293T, stable HeLa cells and iPSC-derived mDANs were plated on 6-

well or 12-well plates, respectively. HEK293T were transfected with siRNAs (see 

Section 2.2.3.3) or shRNAs for 24h. LMX1B-SG stable HeLa cells were treated 

with or without doxycycline (100ng/mL) for 2 and 4 days. iPSC-derived mDANs 

were transduced as described in Section 2.6.2 (and for LMX1A/B overexpression 

in a Tet-On 3G system, doxycycline (500ng/mL) was added for 72h). Experiments 

were carried out in triplicates. When confluent, total RNA was extracted through 

columns using RNeasy kit, according to manufacturer’s instructions:  

1. After the corresponding treatment, cells were washed with PBS on ice and 

then cells were lysed in 350µl RLT buffer. 

2. To promote RNA precipitation, 250µl of 100% ethanol was added to the lysate. 

3. Sample was poured into RNeasy Mini spin columns – RNA will bind to the 

silica membrane. Flow-through was descarted after centrifugation at 8000g for 

1min.  

4. The membrane was washed with 700µl of RW1 buffer to promote binding. 

5. Genomic DNA was digested by incubation with DNase (1 unit/µl in RDD buffer) 

for 20min at RT. 

6. After an additional wash with RW1 buffer to remove DNase, membranes were 

washed twice with RPE buffer to remove traces of salts.  
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7. RNA was eluted with 25-40µl of RNase-free water (for iPSC-derived mDANs 

and HEK293T, respectively), and stored at -80°C. 

After the extraction, RNA samples were reverse transcribed using a High-

Capacity RNA-to-cDNA™ Kit, according to manufacture’s protocol. RNA 

concentration was measured using a Nanodrop. Samples with concentrations 

lower than 0.02µg/µl were discarded. For a RT reaction (20µl total reaction, in 

RNase-free water), we used 1.5µg RNA (when RNA concentration was between 

0.1-0.02µg/µl the maximum RNA volume was added (i.e. 9µl)), with 10µl RT buffer 

mix and 1µl RT enzyme mix. The reaction was carried out in a thermocycler (Bio-

Rad):  

- Reverse transcription – 60min at 37°C. 

- Inactivation – 5min at 95°C. 

cDNA was diluted 1:4 (or 1:3 if from iPSC-derived mDANs) for qRT-PCR 

analysis. The cDNA samples were amplified using SYBR Green as follows (in 

RNase-free water): 1X SYBR green, 2µl template (approximately 10ng) and 

0.25µM forward and reverse primers (in a 10µl total reaction). Primers used for 

qRT-PCR are shown in Table 2.18. Primers (15-30 nucleotides long) were 

designed to amplify 150-400bp and to span exon-exon junctions – so only cDNA 

was amplified. To reduce technical error, reactions were done in duplicates (20µl 

total reaction) for each gene. GAPDH and 18S rRNA were amplified as controls. 

The reaction was carried out using StepOnePlus System as described for genomic 

DNA (qPCR). For the qualitative analysis of the PCR (as an indication of the quality 

of our template and primers), we included a melting curve, single peaks indicated 

a pure single DNA product. For the analysis, mRNA levels were estimated using 

the ΔΔCt method (see Section 2.14.4). 

2.14.4. Analysis of real time PCR data with ΔΔCt method 

 For genomic DNA or cDNA analysis, each sample had a Ct (cycle number) 

value, which represents the point when the SYBR green signal is detected above 

the background and the PCR product is in exponential phase. This number is 

proportional to the amount of initial template (i.e. lower cDNA/gDNA template 

levels mean higher Ct values). Ct values higher than 35 were not considered (not 

distinguishable from background levels).  
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Gene Forward primer Reverse primer 
18S rRNA 5’-CTACCACATCCAAGGAAGCA-3’ 5’-TTTTTCGTCACTACCTCCCCG-3’ 
ATG16L1 5’-CAGTTACGTGGCGGCAGGCT-3’ 5’-ACAACGTGCGAGCCAGAGGG-3’ 
ATG2B 5’-AACTCACAAACAGAATGGTTCAAA-3’ 5’-AAGGGTACCAGGAAGACACCA-3’ 
ATG3 5’-CATGCAGGCATGCTGAGGTG-3’ 5’-CGTTAACAGCCATTTTGCCACT-3’ 
ATG5 5’-AGCAACTCTGGATGGGATTG-3’ 5’-CACTGCAGAGGTGTTTCCAA-3’ 
ATG7 5’-CAATCTGGGCTAAATGCCATTTCTGGAAG-3’ 5’-AGCCCAGTACCCTGGATGG-3’ 
COL4A4 5’-CTCCTGGTTCTCCACAGTCAG-3’ 5’-TGTTGCAGTAGGCAAAGGGCA-3’ 
GAPDH 5’-TTGAGGTCAATGAAGGGGTC-3’ 5’-GAAGGTGAAGGTCGGAGTCA-3’ 
IL-6 5’-CTGCGCAGCTTTAAGGAGTTC-3’ 5’-CTGAGGTGCCCATGCTACATT-3’ 
LMX1A 5’-AGAGCTCGCCTACCAGGTC-3’ 5’-GAAGGAGGCCGAGGTGTC-3’ 
LMX1A (construct) 5’-GATGGCTTGAAGATGGAGGA-3’ 5’-TCTCAGCAGAAAGCGATCCA-3’ 
LMX1B 5’-GTGTGAACGGCAGCTACGC-3’ 5’-TCATCCTCGCTCTTCACGG-3’ 
LMX1B (construct) 5’-GGTCAGACGGATTGTGCCAA-3’ 5’-CTCTTCATGCCAGCTAGACTC-3’ 
MSX1 5’-CGAGAGGACCCCGTGGATGCAGAG-3’ 5’-GGCGGCCATCTTCAGCTTCTCCAG-3’ 
NDP52 5’-ACCATGGAGGAGACCATCAA-3’ 5’-TTCTGGACGGAATTGGAAAG-3’ 
NURR1 5’-GTGTTCAGGCGCAGTATGG-3’ 5’-TGGCAGTAATTTCAGTGTTGG-3’ 
OCT4 5’-GACAACAATGAGAACCTTCAGGAGA-3’ 5’-CTGGCGCCGGTTACAGAACCA-3’ 
OPTN 5’-TGCTGAGTCCGCACATAGA-3’ 5’-GGGTCCATTTCCTGTGCTT-3’ 
P62 5’-CTGGGACTGAGAAGGCTCAC-3’ 5’-GCAGCTGATGGTTTGGAAAT-3’ 
PINK1 5’-GCCTCATCGAGGAAAACAGG-3’ 5’-GTCTCGTGTCCAACGGGTC-3’ 
PITX3 5’-ACTAGCCCTCCCTCCAT-3’ 5’-TTTCAGCGAACCGTCCT-3’ 
TFEB 5’-CCAGAAGCGAGAGCTCACAGAT-3’ 5’-TGTGATTGTCTTTCTTCTGCCG-3’ 
TH 5’-GCCGTGCTAAACCTGCTCTT-3’ 5’-GTCTCAAACACCTTCACAGCTC-3’ 

Table 2.18. Primers used in qRT-PCR 
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TUJ1 5’-ATGAGGGAGATCGTGCACAT-3’ 5’-GCCCCTGAGCGGACACTGT-3’ 
ULK1 5’-TCATCTTCAGCCACGCTGT-3’ 5’-CACGGTGCTGGAACATCTC-3’ 
UVRAG 5’-CGGAACATTGCTGCCCGGAACA-3’ 5’-TCGCCACGTGGGATTCAAGGAAT-3’ 
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Relative gene expression (or immunoprecipitated genomic DNA for ChIP) 

was calculated using the ΔΔCt method (Livak and Schmittgen, 2001). For genomic 

DNA, we calculated the mean Ct (triplicates, for technical error). Then, ΔCt was 

calculated as: Mean Ct (a-LMX1A/B) - Mean Ct (IgG rabbit). For cDNA, first, we 

calculated the mean Ct (duplicates for technical error). Then, the normalization to 

the reference gene by calculating the ΔCt value: mean Ct (gene of interest) – mean 

Ct (housekeeping gene GAPDH) (this step was omitted for genomic DNA as no 

reference gene was used). Mean ΔCt was then calculated (experimental triplicates 

for each condition). Relative to the internal control, ΔΔCt was calculated as: Mean 

ΔCt (treatment) - Mean ΔCt (control or untreated). The fold of change relative to 

the internal control was calculated as 2(-ΔΔCt). Standard error of mean (SEM) was 

calculated using propagation of uncertainty when n ≥ 3 as SEM=!"√$	. 

2.15. Fluorescence imaging 

2.15.1. Buffers 

Blocking solution (in PBS) 

5% BSA and 0.3% Triton X-100. 

Mowiol (in ddH2O) 

2.4g Mowiol (Sigma, #324590), 6g glycerol, 0.15M TrisHCl, pH 8.5, supplemented 

with 25mg/mL of DABCO (1,4-diazabicylo[2.2.2]octane). 

2.15.2. Immunocytochemistry 

Cells were seeded on coverslips (particularly for neurons, coverslips were 

coated with Poly-L-ornithine and laminin and for NAS2, coverslips were coated 

with vitronectin). HEK293T, stable HeLas, RPE1 and NAS2 cells were plated so 

cell density was 50-70% before fixation. LMX1B-SG stable HeLa cells were 

treated with or without doxycycline (100ng/mL) for 2 and 4 days. iPSC-derived 

mDANs were allowed to mature for 7-11 days prior to fixation. If necessary, 

mDANs were transduced with the corresponding constructs as described in 

Section 2.6.2. Depending on the experiment, for the last 20-30min 5µM MitoSOX 

or 2µl/mL CytoID was added. A detailed protocol for immunocytochemistry in 
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iPSC-derived mDANs can be found in (Stathakos et al., 2019). The following 

protocol was followed: 

1. Cells were washed twice with PBS and incubated with 4% formaldehyde for 

20min (or -20°C methanol for 5min as dictated by the requirements for the 

primary antibody – note: methanol staining in mDANs affected neuronal 

structure, so was not used).  

2. Formaldehyde-fixed cells were incubated with blocking solution for at least half 

an hour at RT. Blocking was not required after methanol fixation. 

3. Cells were then incubated 2h at RT or overnight at 4°C with primary antibodies 

prepared in 2.5% BSA (and 0.1% Triton X-100 for neurons) (see Table 2.19). 

For mDANs, coverlips were sumerged in antibody solution. For non-neuronal 

cells, coverslips were inverted on a drop of antibody solution.  

4. Cells were washed three times with PBS and incubated with secondary 

antibodies (see Table 2.19) and counterstained with 0.1µg/mL 4',6-diamidino-

2-phenylindole (DAPI, in PBS, Thermo Fisher, #62248) prepared in 2.5% BSA 

(and 0.1% Triton X-100 for neurons) for 1h at RT.  

5. Cells were then washed again 3X in PBS.  

6. Coverslips were then mounted (face down) on glass slides (Academy, 

#N/A142) with 5µl of Mowiol (slides were left to dry overnight before imaging). 

The fluorescence images were captured using appropriate filters in a Leica 

DMI6000 SP5-II confocal microscope with a Leica Application Suite X software 

(Leica Microsystems, Germany). 40X and 63X oil immersion objectives were used. 

Image analysis was performed using ImageJ (National Institutes of Health, 

Bethesda, USA). 

2.15.3. Live- cell imaging 

Cells were seeded on live-cell imaging dishes (previously coated with poly-

L-Ornithine and laminin for mDANs). iPSC-derived mDANs were matured for 5-8 

days, and if necessary, transduced as described in Section 2.6.2. Depending on 

the experiment, prior fixation, mDANs were treated for 20-30min with 2µl/mL 

CytoID or 0.5µM lysotracker. A detailed protocol for immunocytochemistry in 

iPSC-derived mDANs can be found in (Stathakos et al., 2019). Live-cell imaging 

was performed using an Olympus  IX-71 inverted microscope.  The fluorescence,  
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phase contrast images and movies were obtained using appropriate filters in an 

Olympus IX-71 inverted microscope using a 60X Uplan Flourite objective lens 

(0.65–1.25 NA, oil) fitted with a CoolSNAP HQ2 CCD camera (Photometrics, 

Tuscon, USA). Image analysis was performed using MetaMorph software 

(Molecular Devices, Sunnyvale, USA). 

 

 
 

2.16. IncuCyte cell imaging 

iPSC-derived mDANs were seeded to mature in previously coated 24-well 

imaging plates and were transduced with hsyn-GFP/mcherry-U6-shRNAs viruses 

as described in Section 2.6.2. Cells were imaged using the IncuCyte® S3 Live-

Cell Analysis System (Essen Bioscience) at 20X magnification, with images 

Antigen Host 
specie 

Supplier Cat no. Dilution Fixation 

Primary antibody 
FLAG Mouse GenScript A00187 1:300 PFA 
LC3B Rabbit Sigma L7535 1:400 Methanol 

LMX1A Rabbit Millipore AB10533 1:1000 PFA 
LMX1A Rabbit Abcam ab139726 1:300 PFA 
LMX1B Rabbit Proteintech 18278 1:250 PFA 
LMX1B Rabbit R. Witzgall - 1:350 PFA 
OCT4 Mouse Santa Cruz sc-5279 1:400 PFA 
P62 Mouse Abnova H00008878 1:400 PFA/methanol 
TH Rabbit Millipore AB152 1:300 PFA 
TH Mouse Santa Cruz sc-25269 1:100 PFA 

TUJ1 Mouse Bio-legend 801201 1:1000 PFA 
WIPI2A Mouse Bio-Rad MCA5780GA 1:400 PFA/methanol 

Secondary antibody 
Mouse Alexa 

Fluor 488 
Donkey Thermo 

Fisher 
A21202 1:400 - 

Rabbit Alexa 
Fluor 488 

Donkey Thermo 
Fisher 

A21206 1:400 - 

Mouse Alexa 
Fluor 568 

Donkey Thermo 
Fisher 

A10037 1:400 - 

Rabbit Alexa 
Fluor 568 

Donkey Thermo 
Fisher 

A10042 1:400 - 

Table 2.19. Primary and secondary antibodies used for immunocytochemistry 
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obtained every 1h by phase contrast, GFP and mCherry fluorescence over a 

period of 3 days. Analysis was carried out by Dr Stephen Cross (Wolfson facility, 

University of Bristol). Analysis of neurite length and fluorescence intensity was 

performed in Fiji, using the Modular Image Analysis plugin (Cross, 2017). First, 

regions of each phase contrast image corresponding to cell bodies were removed 

using a mask image. Each mask was created by applying a variance filter to the 

phase contrast channel image, which enhanced large objects with high contrast, 

such as cell bodies. The filtered image was subsequently binarised using the 

Huang method (Xiao et al., 2011) (set to 80% its absolute value), holes in the mask 

filled and a median filter applied to smooth the object borders. The mask was 

applied to the original phase contrast image such that the masked regions had 

intensity close to the phase contrast image to minimise false object detection at 

the mask boundaries. Neurites were identified in the unmasked regions using the 

RidgeDetection plugin for Fiji with a minimum neurite length of 15px (Fig. 2.3). 

The length of each neurite was measured, along with the green and red 

fluorescence channel intensities coincident with each neurite. 

2.17. Transmission electron microscopy (TEM) 

iPSC-derived mDANs were plated in previously coated imaging dishes with 

50µm cell location grids (MatTek) and allowed to mature for 5-9 days. Depending 

on the experiment, cells were treated with AZD8055 (1µM, 4h) and/or BafA1 

(20nM, 4h), then processed for transmission electron microscopy (TEM) by Dr. 

Jon Lane as previously described (Griffiths et al., 2012a; Lane et al., 2005). Briefly, 

cells were fixed by adding glutaraldehyde (EM grade) to the media (final 

concentration, 2%) for 15 min at RT. Following 3X washes with 0.1M Na 

Cacodylate buffer, cells were osmicated (1% OsO4 with 1.5% K3[Fe(CN)6] in 0.1M 

Na Cacodylate), washed, then dehydrated in an ethanol series before being 

embedded in Epon resin. Hardened resin was removed from the imaging dish, 

blocks were trimmed, and ~70nm ultrathin sections cut using an Ultracut S 

ultramicrotome (Leica). Sections were post-stained in uranyl acetate and lead 

citrate, and viewed using a Technai 12 120kV transmission electron microscope 

(FEI). Images were obtained using a Ceta 4k x 4k CCD camera, and processed 

using Fiji software. 
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Figure 2.3. Neurite detection in Incucyte cell imaging. Phase contrast images from iPSC-

derived mDANs before (A) and after (B) applying RidgeDetection plugin (Fiji). Cells were 
imaged using the IncuCyte® S3 Live-Cell Analysis System. Scale bar 100µm. Analysis was 

performed by Dr. Stephen Cross (University of Bristol). 
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2.18. Apoptosis-associated caspase assay 

2.18.1. Buffers 

20X Cell lysis buffer 

200mM TrisHCl, pH 7.5, 2M NaCl, 20mM EDTA, 0.2% TritonX-100.  

5X Reaction buffer 

50mM PIPES, pH 7.4, 10mM EDTA, 0.5% CHAPS. Buffer was supplemented with 

10mM DTT before use.  

2X Substrate working solution 

980µl of 2X Reaction Buffer and 20µl of 10mM Z-DEVD-AMC substrate. 

2.18.2. Caspase assay 

iPSC-derived mDANs were matured for 3 days in previously coated 96-well 

plates (at a cell density of 70%), then transduced with viruses for a further 3 days. 

The media was replaced with N2B27 mature media with doxycycline (500ng/mL) 

for another 2-3 days as described in Section 2.6.2. Rotenone (15µM) or DMSO 

were added for 24h, and cells washed with PBS before plates were frozen at -

80°C. Caspase levels were measured using the EnzChek™ Caspase-3 Assay Kit 

Z-DEVD-AMC substrate (Thermo Fisher, #E13183): 

1. Cells were lysed in 50µl of 1X Cell lysis buffer and samples were incubated 

on ice for 30min. 

2. Samples were then cleared by centrifugation at 7000g for 5min, and 

supernatants were collected as soluble fractions.  

3. Protein concentration was quantified by Nanodrop (A280) – to normalise data 

to total protein levels.  

4. Lysates were transferred to a Costar 96-well black clear bottom plate 

(Corning, #CC691). 

5. 2X substrate working solution was added to each sample for 30min. 

Active caspase-3 cleaves the substrate releasing the fluorogenic AMC. 

Fluorescence was measured in Glomax plate reader (Promega) with the UV 

module (365nm excitation and 410–465 emission). Relative caspase levels were 

normalized to the control (TRE-empty untreated condition). 
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2.19. Computational modelling LC3-LMX1B interaction 

Protein modelling for the LC3B-LMX1B interaction was performed by Dr. 

Deborah Shoemark (with Dr. Richard Sessions, University of Bristol). Molecular 

graphics manipulations and visualisations were performed using VMD-1.9.1 and 

Chimera-1.10.2 [DOI: 10.1002/jcc.20084]. Chimera was used to visualise the 

5d94.pdb crystal structure of the LC3B protein and the FYCO1 peptide (Olsvik et 

al., 2015), and the FYCO1 peptide was used as the “template” to guide the 

positioning of the LMX1B LIR and flanking sequences. Ultimately, the 

phenylalanine (of FYCO1 LIR) and the required tyrosine (of LMX1B LIR) were 

aligned and flanking residues on the FYCO1 peptide were altered to mimic the 

LMX1B residues. Pdb2gmx was used to prepare the assemblies using the v-site 

hydrogen option to allow a 5fs time step. Hydrogen atoms were added consistent 

with pH7 and parameterised with the AMBER-ff99SB-ildn force field. Each 

complex was surrounded by a box 2nm larger than the polypeptide in each 

dimension, and filled with TIP3P water. The GROMACS-5.1.5 suite of software 

was used to set up, energy minimise and perform the molecular dynamics 

simulations of the resulting assemblies. Random water molecules were replaced 

by sodium and chloride ions to give a neutral (uncharged overall) box and an ionic 

strength of 0.15M. Each assembly was subjected to 5000 steps of energy 

minimisation, velocities were generated with all bonds restrained, prior to 

molecular dynamics simulations. The LMX1B-LIR/LC3B complex was MD 

simulated for 75ns, throughout which the LIR peptide remained in contact — this 

was considered a reasonable binding pose. All simulations were performed as 

previously described in (Fletcher et al., 2013). The simulations were integrated 

with a leap-frog algorithm over a 5fs time step, constraining bond vibrations with 

the P-LINCS (parallel linear constraint solver) method and SETTLE algorithm for 

water. Structures were saved every 0.1ns for analysis and each run over 50ns. 

Simulation data were accumulated on Bristol University Bluecrystal phase 4 HPC. 

In each case Root Mean Square Deviation (RMSD) was calculated from the 

trajectories to give an indication of peptide flexibility over the course of the 

simulations. Root Mean Square Fluctuations (RMSF) were calculated to indicate 

the flexibility of individual peptide residues over the trajectories. Images were 

produced with Chimera and Microsoft Paintshop or GIMP (GNU Image 

Manipulation Program). 
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As the crystal structure LMX1A/B was not yet available, the online tool 

iterative threading assembly refinement (iTASSER,  

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) was used. This represents a 

hierarchical approach which identifies structural templates from the Protein Data 

Bank library (PDB, https://www.rcsb.org) using a meta-threading approach, local 

meta-threading server (LOMETS) to generate a structural model of a protein (e.g. 

LMX1A/B). The structure is generated as a series of ‘cassetes’ which could 

provide potential interaction sites (Yang and Zhang, 2015).  

2.20. Seahorse bioenergetics 

iPSC-derived mDANs were plated according to manufacturer’s instructions 

on 8-well Seahorse XFp plates (Agilent, #103025-100) – previously coated with 

Poly-L-ornithine and laminin – at a cell density of 80%. Cells were allowed to 

mature for 3 days before transducing with the corresponding hsyn-GFP-U6-

shRNAs for 3 days. Then, viruses were removed and replaced with N2B27 

maturation media for another 2-4 days (see Section 2.6.2). The day before the 

assay, sensor cartridges were hydrated in XF Calibrant using the Seahorse XFp 

FluxPak (Agilent, #103022-100) at 37°C (no CO2) overnight. Mito Stress assay 

(Agilent, #103015-100) was carried out by Dr. Zurine Anton (University of Bristol). 

The day of the assay, culture media was replaced with Seahorse XF base medium 

(which does not contain any glucose, bicarbonate and it has low buffer capacity, 

and contains low phenol red) supplemented with 1mM sodium pyruvate, 2mM 

glutamine, and 10mM glucose (pH 7.4) for 1h at 37ºC. Meanwhile, inhibitors were 

prepared according to manufacturer’s instructions for the Cell Mito Stress Test Kit: 

oligomycin (ATP synthesis inhibitor); carbonilcyanide 

ptriflouromethoxyphenylhydrazone (FCCP; a mitochondrial uncoupler); and 

rotenone/antimycin A (complex I and III inhibitors) (Agilent). Cartridges were then 

loaded into the Agilent Seahorse XFp Analyser (Agilent) for calibration. Next, the 

8-well plate with the drugs (final concentrations of 1µM oligomycin, 1µM FCCP 

and 0.5µM rotenone/antimycinA) was loaded into the Seahorse machine (Agilent). 

This assay measures key parameters of mitochondrial function by directly 

measuring the oxygen consumption rate (OCR) of cells and the compound 

injections will give measurements of basal respiration, maximal respiration and 

spare respiratory capacity  (Fig. 2.4).  After analysis, cells were lysed in 20µl of 
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RIPAaaasddd consumption rate (OCR) of cells and the compound injections will 

give measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Agilent Seahorse Cell Mito Stress test profile for mitochondrial respiration. 
Basal respiration (or basal OCR) represents the energetic demand under basal conditions 
(value is calculated as OCR in basal conditions – OCR after Rot/Anti). Maximal respiration 

represents the maximum rate of respiration of the cell (value is calculated as OCR after FCCP 

– OCR after Rot/Anti). Spare respiratory capacity represents the capacity of the cell to respond 

to an increase energy demand (value is calculated as maximal respiration – basal respiration). 
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RIPA buffer and protein levels were quantified by Nanodrop (A280) for the 

normalization of the seahorse data. 

2.21. Software, algorithms, Image analysis and statistics 

Software and algorithms used in this study can be found in Table 2.20.  

Movies were produced and analyzed using MetaMorph software. Fluorescence 

intensity and puncta quantification were done with ImageJ (Fiji). Graphical results 

were analyzed with GraphPad Prism 7 (San Diego, CA), using an unpaired 

Student’s t-test or one-way ANOVA (ANalysis Of VAriance), as indicated. *p<0.05, 

**p<0.01 and ***p<0.001. Results are expressed as mean ± SEM or mean ± SD; 

as indicated. 
 

 

 

 

Resource Source Identifier 
Chimera-
1.10.2 

USCF http://www.cgl.ucsf.edu/chimera/ 

cNLS Keio University  http://nls-mapper.iab.keio.ac.jp/ 
Fiji (ImageJ) NIH https://fiji.sc 
GNU Image 
Manipulation 
Program  

- https://www.gimp.org 

GraphPad 
Prism 7 

GraftPad Software https://www.graphpad.com/scientific-
software/prism/ 

iLIR database University of Warwick https://ilir.warwick.ac.uk 
iTASSER University of Michigan https://zhanglab.ccmb.med.umich.edu/I-

TASSER/ 
MatInspector Genomatix https://omictools.com/matinspector-tool) 
MetaMorph MetaMorph Software https://www.moleculardevices.com/products/ 

cellular-imaging-systems/acquisition-and-
analysis-software/metamorph-microscopy 

Molecular 
Evolutionary 
Genetics 
Analysis 7.0  

Pennsylvania https://www.megasoftware.net 

MUSCLE EMBL https://www.ebi.ac.uk/Tools/msa/muscle/ 
VMD-1.9.1 Theoretical and 

Computational 
Biophysics Group 

https://www.ks.uiuc.edu/Research/vmd/vmd-
1.9.1/ 

Table 2.20. List of software and algorithms used in this study 
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Chapter 3. Monitoring 
autophagy in human 
iPSC-derived midbrain 
dopaminergic neurons 
 

 

 

 

 

At a glance 

In the first Chapter of results, we report the method used to 

generate human midbrain dopaminergic neurons from induced 

pluripotent stem cells. These cultures expressed characteristic 

known markers of dopaminergic neurons, including the 

midbrain LIM homeodomain markers LMX1A and LMX1B. In 

the second part of this Chapter, we report different analyses of 

autophagy and their potential in iPSC-derived mDANs.  
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Chapter 3. Monitoring Autophagy in human iPSC-
derived mDANs  

3.1. Introduction 

PD is a neurodegenerative disorder characterised by the loss mDANs in 

the substantia nigra. In order to understand this disorder, it is essential to 

understand the selective vulnerability of these cells. To date, primary rodent 

neurons have been the main resource for neuronal studies in general; however, 

obtaining mDANs in sufficient number for dedicated studies is an important 

limitation when using rodent neural material, while essential regulatory 

mechanisms and specific vulnerabilities may differ between rodent and human 

mDANs.  

iPSC technology represents a powerful tool for the generation of human 

neuronal cell cultures. This has several advantages over other resources for work 

using human neuronal cell-types (e.g. postmortem tissue or immortalized human 

cell-lines with neuronal characteristics) (discussed in (Jimenez-Moreno et al., 

2017) and in Chapter 1). There are two main types of protocols for the generation 

of mDANs from human iPSCs: non-adherent, embryoid body (or neurosphere) 

protocols (Perrier et al., 2004); and monolayer-based protocols, as previously 

discussed in Chapter 1. Both are based on simulating neural development with 

antero/posterior and dorso/ventral differentiation steps driven by a mixture of 

different factors that promote the generation of neurons representative of the three 

different regions in the brain, as previously described (Chapter 1; (Arenas et al., 

2015)). The formation of embryoid bodies/neurospheres is a slow process (~6 

months), and their structure generally precludes the identification and 

characterization of isolated neurons in this setting (neurosphere cell dissociation 

is first required;  (Stathakos, 2017)). In our lab, we have refined a monolayer-

based protocol for the rapid generation of mDANs, and this protocol enables the 

generation of differentiated neurons much faster (~3 weeks), in a format that 

supports the study of neurons individually (Stathakos et al., 2019).  

Autophagy dysregulation has been linked to the development of 

neurodegenerative diseases, including PD (Hara et al., 2006; Komatsu et al., 

2006; Nixon, 2013; Pitcairn et al., 2019). In neurons, autophagy is particularly 
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important as these are post-mitotic cells in which accumulated damage cannot be 

diluted between daughter cells. Autophagy is involved in the degradation of 

neurotoxic factors (e.g. α-synuclein) as well as in axonal regeneration and 

declining presynaptic function (Hernandez et al., 2012; Maday, 2016). For this 

reason, the ability to monitor and study neuronal autophagy is essential to 

understand neuronal function and responses to disease-associated stress; 

however, neuronal morphology poses certain practical difficulties when monitoring 

autophagy (for review, (Jimenez-Moreno et al., 2017)). Here, we describe the 

application of different assays demonstrating that the autophagy process is 

present and can be effectively study using iPSC-derived mDANs. 

3.2. Results 

3.2.1. Differentiation of human midbrain dopaminergic neurons 
from induced pluripotent stem cells: characterisation 

First, we cultivated the normal α-synuclein 2 (NAS2) iPSC line (kindly 

provided by Dr. Tilo Kunath, Center of Regenerative Medicine, University of 

Edinburgh, United Kingdom (Devine et al., 2011)) as described in Chapter 2. As 

shown in Fig. 3.1, NAS2 cells expressed the stemness marker, OCT4, as 

previously described by Dr. Tilo Kunath, after patients fibroblasts were transduced 

with Yamanaka’s factors and pluripotency marker expression was reactivated  

(Devine et al., 2011). Cells were kept in culture until ROCK inhibitor ((Y-27632 or 

RevitaCell) to enhance iPSC recovery and survival (Claassen et al., 2009)) was 

no longer needed for their survival and we had numerous colonies of small size 

(approximately 3 days after passage, see (Stathakos et al., 2019)).  

For cell differentiation, we used a monolayer-based neuralization protocol 

(see Chapter 2), NAS2 iPSCs were cultured in media supplemented with the 

following factors: LDN193189 (BMP inhibitor); SB431542 (TGFβ signaling 

inhibitor); SHH-C24II; and CHIR99021 (WNT signaling activator). These combined 

factors lead to neural fate induction and patterning, with LDN and SB inhibiting 

TGFβ signaling, a step necessary for activation of neuronal fate (Meyers and 

Kessler, 2017). Next, SHH and WNT, whose relative concentrations are critical 

because a delicate balance between WNT/β-catenin and SHH signaling is 

required for differentiation towards a specific neuronal cell-type, were added to the   
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differentiation towards a specific neuronal cell-type (Arenas et al., 2015; Fasano 

et al., 2010; Purves, 2012). As described in (Stathakos, 2017; Stathakos et al., In 

press), 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Pluripotency in NAS2 iPSCs. Immunofluorescence labelling with anti-OCT4 

(stemness marker, green). Samples were counterstained with DAPI (blue). Scale bar 20µm. 
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media for the differentiation towards a mDAN phenotype (Arenas et al., 2015; 

Fasano et al., 2010; Purves, 2012). As described in (Stathakos, 2017; Stathakos 

et al., 2020), two different ratios were tested in our lab, 300:0.6 (SHH:WNT) and 

200:0.8. The first one gave high number of TH neurons (up to 70%, in keeping 

with the best published neuralization of Studer’s and Parmar’s groups (Kirkeby et 

al., 2012; Kriks et al., 2011)). However, neuralization was more challenging (better 

success rate was found with 200:0.8 where almost 100% of neuralizations were 

successful), more expensive, and cells hardly survive passages at late 

differentiation stages (D>45), probably because the other non-neuronal cells in 

culture (e.g. astrocytes) might induce neuronal survival in our culture. 

Then, neural progenitors were maintained in media supplemented with AA 

(an antioxidant that promotes mDANs survival and differentiation (Bagga et al., 

2008)) and the neurotrophic factors, BDNF (activator of tyrosine kinase receptor 

B and p75 receptor, promoting cell survival and dopamine release and uptake 

(Baquet et al., 2005; Neal et al., 2003)), and GDNF (activator of receptor tyrosine 

kinase RET, supporting cell survival (Kramer and Liss, 2015; Saarenpaa et al., 

2017)). Eventually, to perform experiments, terminal differentiation and maturation 

was triggered by adding db-cAMP (increases TH activity and promotes mature 

differentiation to dopaminergic neurons (Kim et al., 2011a; Mena et al., 1995)), 

and DAPT (Notch inhibitor, promoting terminal differentiation (Trujillo-Paredes et 

al., 2016); for the protocol, see Chapter 2, the day of the neuralization when 

terminal maturation was induced in neuronal progenitors was considered the 

differentiation day). 

iPSC-derived mDANs were verified by immunofluorescence for the 

expression of mDAN markers including tyrosine hydroxylase (TH, enzyme 

involved in the metabolic pathway for dopamine production, and considered the 

gold standard dopaminergic marker for mDANs (Margolis et al., 2010)), class III 

b-tubulin (TUJ1, neuronal marker) and midbrain markers, LMX1A, LMX1B and 

FOXA2 (Fig. 3.2). iPSC-mDANs differentiated at day 25-50 revealed a total 73.2 

± 0.8% TUJ1+-ve cells in our cultures, of which 46.3 ± 1.5% were also TH+-ve (a 

total of 36.7 ± 1.5% TH+-ve cells in our cultures). Of these TH+-ve cells, 80.4 ± 

1.4% were LMX1A+-ve and 82.5 ± 1.8% were LMX1B+-ve. On the other hand, 

32.5 ± 0.8% of LMX1A+-ve were TH+-ve and 36.1 ± 0.7% of LMX1B+-ve cells 

were  TH+-ve – suggesting  the  presence  of  non-neuronal  midbrain  cells  (e.g.  
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Figure 3.2. Generation of iPSC-derived mDANs. Double immunofluorescence labelling with 

anti-TH (dopaminergic marker, red) and anti-TUJ1 (neuronal marker, green) antibodies (A-B); 

labelling with anti-TH and anti-LMX1A (midbrain marker, green) antibodies (C-D); labelling with 

anti-TH and anti-LMX1B (midbrain marker, green) (E-F) and labelling with anti-TH and anti-

FOXA2 (midbrain marker, green) antibodies (G) in mDANs and its graphical representation 

(n=3) (H). Samples were counterstained with DAPI (blue). Scale bar 100µm.  

 



Chapter 3. Results I 

 152 

astrocytes), or other non-dopaminergic cells expressing these factors (e.g. 

glutamatergic and serotonergic neurons (Donovan et al., 2019; Hilinski et al., 

2016)) (Fig. 3.2). In comparison to other published protocols, in our culture, we 

obtained a similar number of TH+-ve cells (e.g. 30% by (Swistowski et al., 2010)); 

20% by (Schondorf et al., 2014); 42% by (Doi et al., 2014); 15% by (Jaeger et al., 

2011); or 12% by (Hsieh et al., 2016)); although, as we described before, a larger 

percentage of TH-positive cells might affect the viability of the culture.  

We also characterised the expression of neuralization indicators by qRT-

PCR at different days after neuralization was induced (iPSCs were used as a 

control). As shown in Fig. 3.3, expression of TH, LMX1A, LMX1B, NURR1 (a 

dopaminergic transcription factor whose expression is regulated by LMX1A and 

LMX1B (Chung et al., 2009)) and TUJ1 peaked and remained high from D20 of 

mDAN differentiation, consistent with our immunofluorescence results. By 

contrast, expression of OCT4 was significantly reduced from day 5 after 

neuralization, indicating the loss of stemness in our culture (Fig. 3.3). For our 

experiments, we used D25-D50 neurons, as these robustly expressed the relevant 

neuronal midbrain markers.  

To further analyse these cultures, iPSC-derived mDANs were plated onto 

live imaging dishes to analyze cell behaviour and dynamics. As an example, in 

Fig. 3.4, highly dynamic behavior was observed when studying these cells over 

several hours. For example, a neuron (yellow circle) was constantly moving and 

changing morphologically (e.g. after 2h, modification of the shape of the cell body 

could be observed). Or another neuron (red circle) could be observed interacting 

with other cells in the culture (Fig. 3.4 and Appendix-B: Movie 1).  

We also studied axonal growth dynamics in our culture. As shown in Fig. 

3.5, growth cones were visible growing at rates of 0.0817 ± 0.04μm/min (for 

example, see Fig. 3.5A and Appendix-B: Movie 2). Slightly slower than those 

found in hippocampal, cortical, DRG and CGNs primary neurons (0.2µm/min) 

(Katsuno et al., 2015; Kiss et al., 2018; Smirnov et al., 2014), although it will be 

highly affected by other factors including coating, laminin being one of the best 

substrates to induce neurite outgrowth (Smirnov et al., 2014). In addition, to test 

growth cone stability, iPSC-derived mDANs were treated with the lysosomal 

inhibitor BafA1 (20nM, 4h). Inhibition of autophagy flux significantly increased 

neurite growing rate to 0.101± 0.04μm/min (Fig 3.5B). Crucially, we confirmed an  
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Figure 3.3. Expression profile of iPSC-derived mDANs. mRNA levels of the indicated genes 

from iPSC-derived mDANs differentiated at D5, 10, 15, 20, 40 and 50 (or iPSCs as a control). 

Levels were determined by qRT-PCR and normalized by GAPDH levels. Values are mean ± 

SEM (n = 3), one neuralization. Statistical analysis was performed using one-way ANOVA 

followed by a Dunnett’s multiple comparisons test. *p<0.05, ** p<0.01 and *** p<0.001 vs. iPSCs. 
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Figure 3.4. Highly dynamic behaviour in mDAN culture. Phase contrast images every 24 min from a live imaging analysis for 11h. Coloured circles indicate the 
activity of two different neurons in the field (Movie 1). Scale bar 10µm. 
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effect of autophagy in axonal growth, in keeping with published work highlighting 

the important role of autophagy in promoting axonal regeneration (He et al., 2016). 

In addition, these results correlate with previous published data in PC12 cells 

where their growth was affected by BafA1 treatment (Tamura and Ohkuma, 1991). 

Taken together, these results indicate that our protocol generates a highly 

dynamic and active population of neuronal cells, of which a high percentage are 

midbrain dopaminergic neurons; thus, a good model to study LMX1A/B function 

and regulation. 

3.2.2. Monitoring autophagy in iPSC-derived mDANs 

In order to study the autophagy process in iPSC-derived mDANs, we 

carried orthogonal tests. We used electron microscopy to characterise autophagy-

related structures present in the neurons in the culture. With this technique, we 

were able to observe autophagic vacuoles, including mitophagy events, indicative 

of the active autophagy (Fig. 3.6A). In addition, the presence of clusters of small 

vesicles at neurite intersections may be an indication of the establishment of pre-

synaptic terminals (Fig. 3.6A), although this would require further validation. To 

study the autophagy response, iPSC-derived mDANs were treated with the mTOR 

inhibitor, AZD8055 (AZD, 1µM, 4h) and the lysosomal inhibitor BafA1 (20nM, 4h). 

Using EM, as shown in Fig. 3.6B-C, we observed an increase in the presence of 

vacuoles (probably autolysosomal vesicles as cell debris could be visualised 

inside them) in the neuronal cell bodies with BafA1 in the absence or presence of 

AZD, even higher when both treatments were combined. However, no increased 

was observed after AZD treatment alone, maybe indicating that although 

autophagy is induced, flux is not impaired, thus an accumulation of autolysosomal 

structures was not observed (Fig. 3.6B-C). This observation with autophagosome 

accumulation in the soma after BafA1 correlates with previously published data in 

hippocampal primary neurons, highlighting the importance of the neuronal cell 

body as a primary source for autophagosome degradation (Maday and Holzbaur, 

2016). 

As a further validation of the presence of autophagy, mDANs were infected 

with the GFP-LC3B lentivirus for two days, and prior to the analysis they were 

stained with the probe Red Lysotracker (0.5µM, 10 min). The presence of the 

autophagic  flux  inside  the  neuron  was  observed  by  live  imaging  through  the 
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Figure 3.5. Growth cone dynamics in mDAN culture. (A) Phase contrast images every 20 min from a live 

imaging analysis for 15h. White arrowheads indicate axonal growth cones (Movie 2) (B) Quantitation of axonal 

growth code extension kinetics in control or BafA1-treated iPSC-derived mDAN cultures. Data are mean ± SD 

(>40 cells were analysed per condition from a single neuralization). Statistical analysis was performed using 

Student’s t test..*p<0.05. Scale bar = 10µm. Treatment and analysis carried out by Dr. Jon Lane. Data 

published in (Stathakos et al., 2020). Copyright © 2020 by the authors; licensee Taylor & Francis group 

(Informa UK Limited). 
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Figure 3.6. Presence of autophagic vacuoles in iPSC-derived mDANs using electron 
microscopy. (A) Electron microscopy analysis of the different structures in a mDAN culture 

performed with the support of Dr. Jon Lane (AV: autophagic vacuoles; A: axon; S:soma; 

V:vesicles; M: mitophagy). These images have been published in (Jimenez-Moreno et al., 

2017). Copyright © 2017 by the authors; licensee MDPI AG. (B-C) Example images (B) and 

quantification (% occupancy) (C) of autolysosomal vacuoles in the soma of control, AZD (1µM, 

4h), and/or BafA1 (20nM, 4h)-treated iPSC-derived mDAN cultures. Data are mean ± SD (>10 

cells were analysed per condition from a single neuralization). Statistical analysis was performed 

using one-way ANOVA followed by a Tukey’s multiple comparisons test *p<0.05. Treatment and 
analysis were carried out by Dr. Jon Lane. Data published in (Stathakos et al., 2020). Copyright 

© 2020 by the authors; licensee Taylor & Francis group (Informa UK Limited). 

 

 



  Chapter 3. Results I 

 159 

presence of green (autophagosomes) and yellow (autophagolysosomes) (Fig. 
3.7A and Appendix-B: Movie 3). As shown in Fig. 3.7A, colocalization between 

autophagosomes and lysosomes to form autolysosomes could be observed over 

time. In addition, as shown in Movie 3, we could observe autophagic vacuoles 

entering the soma and remaining confined there as an autophagosomal 

compartment (Fig. 3.7A and Appendix-B: Movie 3). We also analysed 

autophagosome formation using the GFP-ATG5 construct – an autophagosome 

assembly site marker. mDANs were infected with GFP-ATG5 lentivirus for two 

days and autophagy was induced with the mTOR inhibitor, AZD, for 4h. As shown 

in Fig. 3.7B and Appendix-B: Movie 4, ATG5-positive assembly autophagosome 

sites were observed. However, LC3B and ATG5 fluorescence was not retained 

following fixation (data not shown). Live imaging presented a useful tool for 

monitoring autophagy; however, to identify dopaminergic neurons, we would need 

to fix and stain for the dopaminergic neuron looking at the same field, and 

particularly after treatment, axons are usually damaged and some neurons are 

lost after this process.  

As an alternative, we used the CytoID autophagy detection kit which 

detects autophagic vacuoles. First, we tested whether CytoID could detect LC3-

positive vacuoles during live imaging in HEK cells treated with AZD (1µM, 4h) and 

transfected with CFP-LC3B. As shown in Fig. 3.8A, we found that CytoID (2µl/ml, 

30min) colocalised with LCB-positive puncta, in keeping with previous publications 

(Guo et al., 2015). Then, mDANs were treated with AZD (1µM) for 2h and 4h, and 

incubated with CytoID. As shown in Fig. 3.8B, the numbers of CytoID puncta were 

higher with AZD treatment in comparison with the control, indicating an increase 

in autophagic vacuoles – although we did not find a significant increase in 

autolysosomes by EM (Fig. 3.6B). Indeed, CytoID was found to be an effective 

probe for live imaging of mDANs (Appendix-B: Movie 5). We also demonstrated 

an increase in WIPI2-positive autophagosome assembly sites in the soma of 

mDANs following AZD (1µM) treatment for 2h and 4h (Fig. 3.8C).  

As another approach to study autophagic flux, we monitored LC3B 

lipidation by immunoblotting as an indication of autophagy activity. mDANs were 

treated with AZD for 4h in the presence or absence of the lysosomal flux inhibitor 

BafA1 (20nM). As shown in Fig. 3.9, lipidated LC3 levels (LC3-II) were significantly 

increased in combination of AZD and BafA1.  In parallel,  P62 levels – indicator of  
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Figure 3.7. Presence of autophagic vacuoles and autophagy flux in mDANs. (A) Phase 

contrast image from a live imaging analysis for 2 minutes of mDAN culture previously infected 
with GFP-LC3B lentivirus (48h) and representative images of lysosomes stained with the probe 

Red Lysotracker (0.5 µM, 10min) and autophagic vacuoles (GFP-LC3B) in the same field (See 

Movie 3). (B) Live imaging analysis for 1h of mDANs culture previously infected with GFP-ATG5 

lentivirus (48h) and treated with AZD (1µM, 4h) (See Movie 4). Scale bar 10µm. These images 

have been published in (Jimenez-Moreno et al., 2017). Copyright © 2017 by the authors; licensee 

MDPI AG.  
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Figure 3.8. Autophagy in fixed iPSC-derived mDANs. (A) RPE1 cells were transfected with 

CFP-LC3 (blue) and stained with the probe CytoID (green, 2µl/mL, 30min). (B) 

Immunofluorescence in mDANs (differentiated at D30-45) labelling with anti-TH (DANs marker, 
red) antibody and staining with the probe CytoID (2µl/ml, 30min). Cells were untreated or treated 

with AZD for 2h and 4h (1 µM). On the right, quantification of puncta number from randomly 

chosen DANs of each treatment. Data are mean ± SD (n = 12). This experiment was repeated 

three times with similar results. Statistical analysis was performed using Student’s t test. *p<0.05 

and ***p < 0.001, comparing untreated and treated groups. Data published in (Stathakos et al., 

2020). Copyright © 2020 by the authors; licensee Taylor & Francis group (Informa UK Limited). 

(C) Double immunofluorescence labelling with anti-TH (DANs marker, red) and anti-WIPI2 
(green) antibodies. Cells were untreated or treated with AZD for 2h and 4h (1 µM). On the right, 

quantification of puncta number from randomly chosen DANs of each treatment. Data are mean 

± SD (n = 12). This experiment was repeated three times with similar results. Statistical analysis 

was performed using Student’s t test. *p<0.05, comparing untreated and treated groups. Scale 

bar 10µm. These images have been published in (Jimenez-Moreno et al., 2017). Copyright © 

2017 by the authors; licensee MDPI AG.  
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autophagy activity that is degraded via autophagy pathway – were significantly 

increased when cells were treated with AZD and BafA1 together. This indicated 

that LC3B was being lipidated after autophagy induction, and that P62 

accumulated when autophagy flux was impaired. TH levels were consistent with 

the different treatments, indicating that the autophagy flux assay did not affect 

mDAN survival (Fig 3.9). However, this methodology presents some 

disadvantages as we are measuring the response of a mixed culture (although a 

high percentage are dopaminergic neurons). 

Overall, these results indicate that in iPSC-derived mDANs, the autophagy 

process is present, and this process can be easily followed through vital staining 

of the autophagic vacuoles.  

3.3. Discussion and future work 

 In this Chapter, we generated human iPSC-derived mDANs based on the 

protocol described by Dr. Petros Stathakos (Stathakos et al., 2019). We have 

characterised our culture by testing the expression of dopaminergic and midbrain 

markers, including the midbrain transcription factors LMX1A and LMX1B. Previous 

studies indicate that these are essential for the differentiation and survival in 

mouse dopaminergic neurons (Doucet-Beaupre et al., 2015). In the next Chapter, 

we will characterise the role of both transcription factors in iPSC-derived human 

mDANs. 

Crucially, as functional mature neurons, the electrophysiological 

characteristics of our iPSC-derived mDANs were described by Dr. Petros 

Stathakos (Stathakos et al., 2020), with capacity to fire action potentials and 

expressing the synaptic marker PSD95. However, ultimately to probe the 

functionality of these cells, they would need to reverse PD-like symptoms in animal 

models (e.g. (Kikuchi et al., 2017)).  

In addition, one of our limitations was that we had a mixed culture, so we 

proposed using CRISPR-Cas9 genome editing to introduce GFP in frame within 

the TH locus in an iPSC line to generate a GFP-TH reporter, this would allow us 

to identify TH-positive mDANs in live-imaging experiments, and to obtain purer 

mDAN populations using fluorescence-activated cell sorting to carry out the 

following characterization experiments. For this, we stablished a collaboration with  
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Figure 3.9. Autophagy flux in iPSC-derived mDANs. (A) Representative immunoblot for the 

indicated proteins from mDANs (differentiated at D28-40) after AZD (1µM, 4h) and/or BafA1 

(20nM, 4h) treatments. Arrow indicates LC3-II. (B) Densitometric quantification of representative 

blots relative to GAPDH levels. Data are mean ± SEM (n = 2). Statistical analysis was performed 

using one-way ANOVA followed by a Tukey’s multiple comparisons test *p<0.05 and ** p<0.01. 

Data published in (Stathakos et al., 2020). Copyright © 2020 by the authors; licensee Taylor & 

Francis group (Informa UK Limited). 
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Dr. Tristan Thwaites (Sanger Institute, Cambridge, UK) who is using Cas-9 

ribonuclear particles to target genes in iPSC cells. First, we tested transfection 

efficiency of GFP plasmids driven by different promoters using different protocols 

in iPSCs. After testing different transfection methods, including lipid-base 

transfection, calcium phosphate and electroporation; we found that the 

nucleofector and virus transduction gave the highest transfection efficiency 

(Appendix-C: Figure 8.1). In addition, we found that, as previously described, 

only eF1a and SFFV promoters were robustly expressed in the iPSCs (D'Aiuto et 

al., 2012). However, after several discussions, we decided not to continue with 

this project due to the amount of time and resources it would involve but we would 

have liked to take it up again in the future. In addition, recently, this idea has been 

carried out by a Spanish group (Calatayud et al., 2019), where they generated an 

iPSC-cell line expressing mOrange in the last exon of the TH gene using CRISPR 

knock-in technology. We will try and stablish a collaboration with this group and 

use our neuralization protocol for the generation of mDANs. 

 We also confirmed that autophagy is present in iPSC-derived human 

mDANs. Despite the limitations of commonly used autophagy assays in neuronal 

autophagy research (e.g. LC3B or p62 staining that might be very effective in non-

neuronal cells (e.g. HEK293T cells) are not very effective in neurons (data not 

shown)), we described how we can monitor basal or induced neuronal autophagy 

through different assays, including electron microscopy, fluorescence live-

imaging, immunofluorescence microscopy and immunoblotting. An extended 

analysis focused on mitophagy analysis in iPSC-derived mDANs can be also 

found in (Stathakos et al., 2020), where they described that iPSC-derived mDANs 

can be used for a range of mitochondrial assays.  

However, little is known about the regulation of the autophagy process in 

iPSC-derived human mDANs. In the following Chapters, we will describe how 

mDANs have their own mechanism for the regulation of autophagy that has the 

potential to be exploited to promote mDAN survival and function in the brain.  
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Chapter 4. The role of 
the LIM Homeodomain 
transcription factors 
LMX1A and LMX1B in 
dopaminergic neurons 
 

 

 

 

At a glance 

In this second results Chapter we will describe the structural and 

functional features of the transcription factors LMX1A and 

LMX1B and how they are evolutionary conserved. In addition, 

we will show how they are important for dopaminergic neuron 

survival and their suppression affects neuronal differentiation 

and mitochondrial function.  
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Chapter 4. The Role of the LIM Homeodomain 
Transcription Factors LMX1A and LMX1B in 
Dopaminergic Neurons 

4.1. Introduction 

LMX1A and LMX1B are evolutionary conserved transcription factors 

belonging to the LMX group of LIM-homeodomain family, with roles in neural 

patterning. LMX1A/B are implicated in the cooperative regulation of mDAN 

proliferation, survival, specification and differentiation (Doucet-Beaupre et al., 

2016; Nakatani et al., 2010), as detailed in Chapter 1. They are some of the first 

markers that identify mDAN precursors during development, and their expression 

persists in the three clusters of mature mDANs from birth through to adulthood 

(Doucet-Beaupre et al., 2015). Importantly, there is evidence suggesting that loss 

of LMX1A/B might contribute to neural decline in PD (Bergman et al., 2009; 

Doucet-Beaupre et al., 2016; Laguna et al., 2015; Xia et al., 2016). However, 

LMX1A/B are non-exclusively required during mDAN differentiation, being 

implicated in other activities during embryonic development (Doucet-Beaupre et 

al., 2015) – LMX1A is involved in the formation of the neural tube, cerebellum and 

inner ear (Failli et al., 2002; Wilson et al., 2003) and LMX1B is also involved in the 

development of serotonergic, glutamatergic neurons as well as development of 

the eye, joint and kidney (Burghardt et al., 2013; Dai et al., 2008; Hilinski et al., 

2016; Levesque and Doucet-Beaupre, 2013; Nakatani et al., 2010). In addition, 

distinct from mDANs, mutations in LMX1B are causative of the renal disease, Nail 

patella syndrome (Edwards et al., 2015; Morello et al., 2001). 

 In this Chapter, we present data on the roles of LMX1A and LMX1B with 

respect to human neuronal:  

i) Differentiation—It is well established that LMX1A and LMX1B are 

essential for the differentiation of mDANs in the mouse (Yan et al., 

2011), but their involvement during human mDAN specification and 

differentiation remains obscure. 

ii) Axonal growth—LMX1B role in axonal growth has been established in 

mouse serotonin axons (Donovan et al., 2019); meanwhile,  several 
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reports have also implicated LMX1B in axonal guidance in mDANs 

(Chabrat et al., 2017; Hoekstra et al., 2013a; Kania et al., 2000; 

Krawchuk and Kania, 2008).  

iii) Mitochondrial function—Recently, it has been reported that LMX1A 

and LMX1B regulate genes involved in mitochondrial function in 

mouse dopaminergic neurons (Doucet-Beaupre et al., 2016). 

Furthermore, NURR1, a known downstream target of these genes, 

influences the expression of several nuclear-encoded mitochondrial 

genes (Kadkhodaei et al., 2013). 

iv) Survival during stress—Survival of mature murine mDAN requires 

sustained LMX1A and LMX1B expression in vivo (Doucet-Beaupre et 

al., 2016; Laguna et al., 2015); however, the underlying mechanisms 

and whether this is also true for human mDANs, remains unclear. 

4.2. Results 

4.2.1. Structural and functional features of LMX1A and LMX1B  

LMX1A and LMX1B belong to the LIM homeodomain family (known as LIM-

HD). They both have a homeodomain – a helix-turn-helix DNA binding domain – 

with 100% amino acid identity, and two zinc fingers LIM domains sharing 65% and 

83% identity, respectively (Fig. 4.1A). Most recognized mutations related to Nail 

Patella Syndrome are located within the DNA-binding homeodomain (Marini et al., 

2010). The LIM domains comprise protein-protein binding interfaces, suggesting 

that these transcription factors act in complex with co-factors (Gill, 2003). Several 

proteins have been identified as co-factors (Hoekstra et al., 2013a; Marini et al., 

2003; Wang et al., 2016b); however, it remains unclear whether LMX1A/LMX1B 

form homo- and/or heterodimers that might could explain their shared target 

genes. To test this, we carried out GFP-TRAPs using HEK293 cells stably 

expressing inducible TRE-mCherry-LMX1B and transiently expressing TRE-GFP-

LMX1A, TRE-GFP-LMX1B, or TRE-GFP (expression induced with doxycycline 

(500ng/mL, 1d); this Tet-On inducible system is a tightly regulated, and highly 

responsive system based on a two-plasmid system, where Tet3G (transactivator 

protein regulating the expression of our protein) is constitutively expressed but is 

only active after doxycycline addition). As shown in Fig. 4.1B, there was an 

interaction between mCherry-LMX1B and GFP-LMX1A, and between mCherry-
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LMX1B and GFP-LMX1B (but not with the GFP control), suggesting that LMX1B 

forms homodimers and heterodimers with LMX1A.  

Also, as the primary role of these transcription factors is in the nucleus, it 

can be assumed that they possess nuclear localization sequences (NLS). It is 

known that the Nail Patella syndrome-associated mutation R198X exhibits weaker 

nuclear distribution than the wild type protein (Wang et al., 2014b), but despite 

this, a NLS has not been yet identified. To identify the NLS sequence in LMX1A 

and LMX1B, we used cNLS Mapper (Kosugi et al., 2009). This software identified 

a predicted NLS sequence for LMX1A and LMX1B at the beginning of their 

homeodomains, with scores of 7/10 and 10/10, respectively (Fig. 4.1A,C). In 

addition, we analyzed the conservation of this sequence and found that these 

amino acids were very conserved (Table 4.1), suggesting that they are likely to be 

crucial for function. To test if this predicted site was leading to the nuclear 

distribution of the protein, we deleted the NLS sequence of LMX1B-FLAG 

construct (LMX1B-FLAG ΔNLS mutant). HEK293T transfected with this construct 

showed a cytosolic localization of LMX1B compared to the nuclear localization in 

the wild type version, suggesting that the predicted NLS sequence is responsible 

for LMX1B – and, likely also LMX1A – nuclear localization (Fig. 4.1C).  

4.2.2. LMX1A/B are two evolutionary conserved proteins 

LMX1A/B are paralogs – sharing a common ancestral gene and originated 

by a duplication event – with 67% amino acid identity. To understand the 

evolutionary relationship between these transcription factors, we carried out a 

phylogenetic analysis. To identify orthologs – homologs in different species – we 

used P-BLAST (see Chapter 2). Protein sequences were then aligned and used 

to create a phylogenetic tree using the Maximum Likelihood method within the 

Mega 7.0 software, which generates a model tree with topology and branch length 

– representing the lineage – that makes the observed data most likely. This 

strategy allowed the construction of an original phylogenetic tree (Fig. 4.2A) and 

a bootstrap consensus tree (Fig. 4.2B) which provides the confidence values for 

the inner nodes – representing common ancestors. As shown in Fig. 4.2, 

LMX1A/B are conserved in the phylum Chordata, coinciding with a more complex 

development of the brain and with a particularly major development of the 

mesencephalon  (Holland, 2015).  An  LMX1  ancestor  is  present  in  other  phyla,     
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Figure 4.1. LMX1A and LMX1B structural and functional features. (A) Specific features of the 

human LMX1A/B proteins, including identified mutations in Nail Patella syndrome and predicted 

NLS (cNLS Mapper). (B) Representative immunoblot for mCherry from GFP immunoprecipitated 

lysates from stable TRE-mCherry-LMX1B HEK293 cells previously transfected with the inducible 

plasmids TRE-GFP-LMX1A, TRE-GFP-LMX1B (or TRE-GFP as control). 5% of protein lysate was 

used as control for protein expression (input). Expression was induced with doxycycline 
(500ng/mL, 1d). Arrows show the different sizes of LMX1A and LMX1B. (C) On the right, table 

showing the predicted NLS for LMX1A/B and the corresponding score (cNLS Mapper). On the left, 

immunofluorescence labelling with anti-FLAG (green). HEK293T were transfected with the wild 

type LMX1B-FLAG construct or LMX1B-FLAG ΔNLS mutant. Samples were counterstained with 

DAPI (blue). Scale bar 20µm.   
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Table 4.1. Conservation of predicted NLS from LMX1A/B.  
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including Echinoderms, Hemichordata, Cnidaria, Arthropods, Annelida, 

Urochordata, Nematode, Porifera and Platyhelminthes. Then, the 85% inner node 

indicates the presence of a gene duplication event leading to the appearance of 

LMX1A/B in Chordata. In addition, the branch length also indicates that the LMX1A 

protein sequence is less conserved along all Chordata than LMX1B, suggesting a 

faster rate of protein evolution. Taken together, this phylogenetic analysis shows 

that LMX1A/B are two closely evolutionarily conserved proteins that emerged in 

vertebrates in parallel with the major development of the brain, and these results 

correlate with a recently published phylogenetic analysis of the LMX1 family, 

although they focused mostly on the evolution of the hindbrain (Glover et al., 

2018). 

4.2.3. LMX1A/B and the expression of a dopaminergic phenotype 

We next proceeded to analyse the effects of the loss of LMX1A/B in iPSC-

derived mDANs. To do so, we generated a new construct to suppress LMX1A and 

LMX1B expression in iPSC-derived mDANs (Fig. 4.3A). As transient transfection 

is not efficient in iPSC-derived mDANs, we used lentiviral transduction. Non-

targeting shRNA control, shRNA for LMX1A (TRCN0000017217 [shown as #1]; 

TRCN0000017217 [shown as #2]) and shRNA for LMX1B (TRCN0000017514 

[shown as #1]; TRCN0000017517 [shown as #2]) were cloned into a tandem 

expression plasmid under the control of the U6 promoter, with a fluorescent 

reported protein (GFP or mCherry) placed under the control of the human synapsin 

promoter (hsyn) (Kugler et al., 2003). Synapsin is neuron-specific, thereby 

allowing us to identify human neurons infected with the plasmid as also expressing 

the shRNA (Fig. 4.3A). As shown in Fig. 4.3B, LMX1A and LMX1B were knocked 

down in iPSC-derived mDANs using this construct. Assessed using qRT-PCR, 

LMX1A shRNA#2 and LMX1B shRNA#2 gave the highest efficiency (Fig. 4.3B), 

so these were used for all knockdown experiments. We identified DANs (TH 

positive cells) expressing GFP and confirmed the reduction in LMX1A and LMX1B 

staining qualitatively by immunofluorescence (Fig. 4.3B). In addition, to test the 

specificity of the shRNAs, potential off-targets genes were identified using 

nucleotide-BLAST (N-BLAST, Appendix-D: Table 8.1). LMX1A shRNA#2 and 

LMX1B shRNA#2 – and the shRNA control – did not present any off-target genes 

with a coverage higher than 78%, a commonly used threshold for siRNA specificity 
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Figure 4.2. LMX1A and LMX1B are two evolutionary conserved proteins. (A) Molecular 
phylogenetic analysis by ML based on the JTT substitution model (Jones et al., 1992) – the best-

fit substitution model found for our alignments – with a discrete Gamma distribution to model 

evolutionary rate differences among sites (5 categories (+G, parameter = 0.6637)). Positions 

containing gaps were eliminated. Initial tree supplied for ML was inferred using NJ and BioNJ 

algorithms. The tree with the highest log likelihood (-4467.7698) is shown, with branch length 

representing substitutions in the sequence. The analysis involved 23 amino acid sequences. All 

positions containing gaps and missing data were eliminated. There was a total of 186 positions 
in the final dataset. (B) Bootstrap consensus tree from (A) inferred from 2000 replicates 

(Felsenstein, 1985). Only branches that appeared in more than 50% bootstrap replicates are 

shown. The percentage of replicate trees in which the clade is recovered (2000 replicates) are 

shown next to the branches. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 

2016).  
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Figure 4.3.  LMX1A and LMX1B knockdown in iPSC-derived mDANs (A) Schematic 

representation of the pRRL plasmid construct expressing GFP or mcherry under human synapsin 

promoter (hsyn) and TRCN0000017215 shRNA for LMX1A or TRCN0000017517 shRNA for 

LMX1B – or a non-target shRNA control – under the U6 promoter. (B) LMX1A or LMX1B mRNA 

levels after viral transduction of iPSC-derived mDANs (differentiated at day 30-45) with hsyn-
GFP-U6-shRNAs with two different shRNAs for LMX1A (TRCN0000017217 and 

TRCN0000017215) and two different shRNAs for LMX1B (TRCN0000017514 and 

TRCN0000017517). Levels were determined by qRT-PCR and normalized by GAPDH levels. 

Values are mean ± SEM (n=3) *p<0.05, ** p<0.01 and *** p<0.001 vs. shRNA control according 

to Student’s t test. 

Figure 4.3.  LMX1A and LMX1B knockdown in iPSC-derived mDANs (A) Schematic 

representation of the lentiviral pRRL plasmid construct expressing GFP or mcherry under human 
synapsin promoter (hsyn) and TRCN0000017215 shRNA for LMX1A or TRCN0000017517 

shRNA for LMX1B – or a non-target shRNA control – under the U6 promoter. (B) LMX1A or 

LMX1B mRNA levels after viral transduction of iPSC-derived mDANs (differentiated at day 30-

45) with hsyn-GFP-U6-shRNAs with two different shRNAs for LMX1A (TRCN0000017217 and 

TRCN0000017215) and two different shRNAs for LMX1B (TRCN0000017514 and 

TRCN0000017517). Levels were determined by qRT-PCR and normalized by GAPDH levels. 

Values are mean ± SEM (n=3) *p<0.05, ** p<0.01 and *** p<0.001 vs. shRNA control according 

to Student’s t test. 
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(Fakhr et al., 2016). 

We carried out the LMX1A/B knockdowns to analyse the effect on mDAN 

differentiation efficiency. Strikingly, assessed using qRT-PCR, expression of the 

dopaminergic marker, TH, and the neuronal marker, TUJ1, were not influenced by 

LMX1A/B suppression in iPSC-derived mDANs at differentiation stage D30-50 

(Fig. 4.4A). By contrast, the known LMX1A/B targets genes NURR1 and MSX1 

were clearly affected (Fig. 4.4A). This suggests that mDANs at late differentiation 

stages (D30-50) can tolerate LMX1A/B suppression, with their 

neuronal/dopaminergic status maintained. By contrast, in early mDANs 

differentiated during the rapid LMX1A/LMX1B expression phase (differentiation at 

day 17), neuronal and dopaminergic gene expression was clearly affected (Fig. 
4.4B). In the LMX1A knockdown condition, alongside reduced expression of 

NURR1 and MSX1, we observed a significant reduction both in TH and TUJ1 

expression levels. Following LMX1B suppression in day 17 differentiated mDANs, 

TUJ1 and MSX1 expression levels were unchanged, whereas TH (not statistically 

significant) and NURR1 (statistically significant) expression levels were increased 

(Fig 4.4B). This was associated with enhanced LMX1A expression (Fig. 4.4B), 

suggesting that in these early stage mDANs, suppression of LMX1B triggers 

compensatory LMX1A upregulation; a finding that is broadly in keeping with results 

where severe loss of mDANs was only observed in the absence of both Lmx1a 

and Lmx1b – while the conditional Lmx1b knockout mouse showed no defect in 

dopaminergic neuron development and the Lmx1a mutant (dreher) mice only 

showed a moderate reduction (Yan et al., 2011). These results indicate that 

LMX1A/B are necessary for the expression of a dopaminergic phenotype during 

early neurogenesis in human mDAN populations, but that in more mature (D30-

50) neurons, loss of these genes individually is well-tolerated at the level of 

dopaminergic gene expression. This indicates that in more mature populations of 

human mDANs, the roles of LMX1A/B might be more focused on neuronal 

maintenance and stress tolerance, consistent with previous studies of conditional 

knockout mouse models affecting mitochondrial function, axonal growth and 

autophagic-lysosomal function (Donovan et al., 2019; Doucet-Beaupre et al., 

2015; Doucet-Beaupre et al., 2016; Laguna et al., 2015).  

4.2.4. LMX1A/B and neuronal morphogenesis: influence during axonal 
growth in iPSC-derived mDANs 
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We next tested whether LMX1A or LMX1B suppression impacted on axonal 

growth dynamics in human iPSC-derived mDAN cultures. To do so, we treated 

iPSC-derived mDANs at different differentiation stage with the shRNA lentiviruses 

and tracked neurite length in culture using the Incucyte Zoom system (see 

Chapter 2). As shown in Fig. 4.5A-B, iPSC-derived mDANs were transduced with 

the hsyn-GFP/mcherry-U6-shRNA constructs at the same time that cells were 

plated on to 24-well plates (0h time point), and imaged for 4 days (the mCherry 

reporter was included for the double knockdown protocol). Fluorescence was 

detected from 24h onwards (data not shown). When LMX1A and/or LMX1B were 

knocked down in iPSC-derived mDANs differentiated at day 30-60, there were no 

clear differences in axonal growth dynamics (Fig. 4.5A). However, as shown in 

Fig. 4.5B, neurites collapsed following a ~12 hour lag when LMX1A/LMX1B were 

suppressed at early differentiation stages (D<17; during the rapid LMX1A/LMX1B 

expression phase). These results indicate that at early differentiation stages, when 

axonal growth rate is high, and/or LMX1A/B expression is needed to maintain 

mDAN identity, LMX1A/B knockdown drastically reduces neurite growth. By 

contrast, in older neurons (D30-60), reducing LMX1A/B levels does not influence 

axonal growth in this setting. These results partially correlate with previous data 

pointing out the importance of LMX1A/B in axonal guidance during embryonic 

development (Kania et al., 2000; Millen et al., 2004). 

4.2.5. LMX1A/B and mitochondrial function in iPSC-derived mDANs 

Based on studies in conditional knockout Lmx1a/b mice which showed 

changes in mitochondrial gene expression when either gene was ablated (Doucet-

Beaupre et al., 2016), we tested the effect of LMX1A/B knockdown on 

mitochondrial function in human iPSC-derived mDAN cultures. To do this, we 

measured mitochondrial respiration using a Seahorse Cell Mito Test profile 

(Agilent) in iPSC-derived mDANs differentiated at day 30-50 and transduced with 

the hsyn-GFP-U6-shRNA lentiviral vectors. Oxygen consumption rate (OCR) was 

analysed after serial exposure to the following drugs: oligomycin (1µM, ATP 

synthase inhibitor, leading to the loss of the ATP-linked respiration), FCCP (1µM, 

uncoupling agent, reporting the maximum activity of the electron transport chain), 

and rotenone/antimycin A (0.5µM, complex I and III inhibitors to block the electron 

transport   chain)   (see   Chapter  2).   As   shown   in   Fig. 4.6A,   in   the   LMX1A   
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Figure 4.4.  Human LMX1A and LMX1B are required for early neurogenesis in iPSC-derived 
mDANs (A-B) qRT-PCR analysis of mRNA levels following shRNA suppression of LMX1A or 

LMX1B in (A) mature (D30) and (B) young (D17) cultures. iPSC-derived mDANS were 

transduced with the hsyn-GFP-U6-shRNA construct or a non-target shRNA as a control. mRNA 
levels are normalized by GAPDH levels. Data show means ± SD of triplicate wells from a single 

representative experiment. Student’s t test: *p<0.05, ** p<0.01 and *** p<0.001. 
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Figure 4.5. Effect of LMX1A/B knockdown in axonal growth. Measurement using Incucyte 

Zoom of total neurite length over 4 days in previously transduced iPSC-derived mDANs with 

hsyn-GFP/mcherry-U6-shRNA lentivirus as indicated at (A) D30-60 and (B) D<17. mDANs were 

virally transduced at the same time they were plated to be analysed (0h time point). Shown are 

means from 3 wells of a single representative experiment. For clarity, error bars have been 

omitted.  
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knockdown, we observed a reduction in basal OCR (energetic demand under 

basal conditions), maximal respiration (maximum rate of respiration of the cell), 

and spare respiratory capacity (capacity of the cell to respond to an energy 

demand). Similar results were found in the LMX1B knockdown (Fig. 4.6B). These 

results suggest that LMX1A/B expression is needed for sustained, maximal 

mitochondrial respiration, with their suppression causing mitochondrial 

dysfunction in keeping with previous studies (Doucet-Beaupre et al., 2016). 

Mitochondrial dysfunction has been linked to an increased level of ROS 

(e.g. superoxide), a source of toxicity for the cell (Indo et al., 2015). In this context, 

we tested whether LMX1A/B knockdown influenced the production of 

mitochondrial superoxide in iPSC-derived mDANs. Cultures of mDANs 

(differentiated at day 40-50) that had been transduced with hsyn-GFP-U6-shRNA 

construct were treated with the MitoSOX superoxide indicator (5µM, 20min) before 

fixation, with CCCP (1µM, 4h) addition used as a positive control for superoxide 

production. As shown in Fig. 4.7, we observed an increase in MitoSOX intensity 

in TH+-ve/GFP+-ve mDANs suppressed for LMX1A and LMX1B in comparison to 

shRNA control. These results indicate that mitochondrial superoxide levels are 

raised when expression of LMX1A or LMX1B is reduced in vitro, consistent with 

roles for these transcription factors in mitochondrial maintenance in human 

mDANs. 

4.2.6. Effect of LMX1A/B in iPSC-derived mDAN survival and stress 
tolerance 

Given our own evidence that LMX1A/B suppression causes mitochondrial stress 

in human iPSC-derived mDANs, and the data showing loss of mDANs in 

conditional knockout Lmx1a/b mouse models (Doucet-Beaupre et al., 2016), we 

tested whether LMX1A/B suppression was linked to increased cell death rates in 

human mDANs in vitro. Caspase-3 is an effector caspase activated in response to 

apoptosis (Poreba et al., 2013). Using a fluorogenic caspase-3 assay, we found 

that basal population cell death levels were not increased following LMX1A/B 

lentiviral shRNA suppression (cells were transduced for 6 days prior the 

experiment) (Fig 4.8A), suggesting that these cells tolerate reduced LMX1A/B 

levels and the corresponding increase in superoxide with reduced mitochondrial 

OCR at least during this time-period.  
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Figure 4.6. Effect of LMX1A/B knockdown in mitochondrial function. (A-B) Mitochondrial 

respiration profile measuring oxygen consumption rate (OCR) normalized to protein levels after 
sequential exposure to oligomycin (1µM), FCCP (1µM) and Rotenone/Antimycin (0.5µM) as 

indicated. iPSC-derived mDANs (differentiated at D30-50) were transduced with hsyn-GFP-U6-

shRNA LMX1A (A) or shRNA LMX1B (B) – and non-target shRNA as a control. On the right, 

quantification of basal OCR, maximal respiration and spare respiratory capacity. Data are mean 

± SEM (n = 3). Statistical analysis was performed using Student’s t test. *p<0.05 and **p<0.01 

vs. shRNA control according to Student’s t test. These experiments were performed with the 

support of Dr. Zuriñe Anton who set up the Seahorse bioenergetics assays.  
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Figure 4.7. LMX1A/B knockdown elevates mitochondrial ROS levels. Immunofluorescence 

labelling with anti-TH antibody in iPSC-derived mDANs (differentiated at D40-50) previously 

transduced with hsyn-GFP-U6-shRNA LMX1A/B – or non-target shRNA as control – and 

stained with the probe Red MitoSOX (5µM, 20min). Cells were treated with CCCP as control 

(10µM, 4h). On the bottom right, quantification of MitoSOX intensity in TH-positive, GFP-positive 

randomly chosen cells of each treatment from three experiments, a total of >30 neurons were 

analysed per condition. Data are mean ± SEM (n = 3). *p<0. 05, ** p<0.01 and *** p<0.001 vs. 

shRNA control according to Student’s t test. Scale bar 20µm. 
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We next tested whether LMX1A/B expression correlated with enhanced 

stress tolerance in human iPSC-derived mDANs. To do this, we overexpressed 

LMX1A/B in mDANs using a modified version of the Tet-On doxycycline system. 

We engineered this system such that the first plasmid drives expression of the Tet-

3G protein under the hsyn promoter for neuronal specificity, and the second 

produces LMX1A/B on-demand via the addition of doxycycline to activate the Tet-

3G protein enabling binding to the TRE3G promoter under which LMX1A/B 

expression is controlled (Fig. 4.9A). Using this system, only neurons in the culture 

express (GFP)-LMX1A/B. Overexpression was confirmed by immunoblotting and 

immunofluorescence after the addition of doxycycline (500ng/mL) (both 

transcription factors were detected in the nucleus) (Fig. 4.9B-C). Temporally, we 

detected expression of GFP-LMX1B in the nucleus 4h after doxycycline addition 

(the same was found using GFP-LMX1A; data not shown) (Fig. 4.9D, Appendix-
B: Movie 6). Of note, LMX1B overexpression in iPSC-derived mDANs using a 

non-inducible system under the hsyn promoter, resulted in a coarse speckled (or 

granular) nuclear pattern (Appendix-C: Fig 8.2). Nuclear speckles are thought to 

play a role as a regulatory transcription nuclear domain enriched in pre-mRNA 

splicing factors (Galganski et al., 2017). However, the usual pattern for LMX1B is 

homogenous, so we decided to use the inducible system for our experiments.  

To induce cell death, we used the complex I inhibitor, rotenone. Several 

studies suggest a selective vulnerability of dopaminergic neurons by this 

compound and it has been widely used as a PD-inducing model (Ahmadi et al., 

2008; Alam and Schmidt, 2002; Betarbet et al., 2000; Ren et al., 2005). In addition, 

recent studies suggest that rotenone elevates mitochondria bioenergetics in 

mouse DANs and dysregulates intracellular calcium homeostasis in human iPSC-

derived mDANs (Pacelli et al., 2015; Tabata et al., 2018). In our mDANs cultures, 

rotenone treatment (15µM, 24h) increased caspase-3 activity in cells virally 

transduced with empty vector control (cells were transduced 6 days prior the 

experiment; 500ng/mL doxycycline was added for 3 days) (Fig. 4.8B). However, 

when LMX1A and/or LMX1B expression was induced in mDAN cultures, rotenone-

induced cell death was significantly reduced compared to the empty vector control 

(Fig 4.8B). Together, these results show that short-term reductions in LMX1A/B 

expression levels do not cause cell death in iPSC-derived human mDAN cultures 

in vitro, but overexpression of these important dopaminergic/midbrain transcription 

factors is sufficient to protect human mDANs against rotenone poisoning.   
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Figure 4.8. LMX1A/B overexpression protects against rotenone-induced cell death in 
mDANs. (A) Basal mDAN cell death caspase analysis following hsyn-GFP-U6-

shControl/shLMX1A/shLMX1B lentiviral transduction (D25-50 mDANs). Fluorometric caspase 

assay normalized to total protein. Mean ± SEM (n=3) (not significant). (B) Caspase assay in 

iPSC-derived mDANs (D25-50). iPSC-derived mDANs were double transduced with hsyn-TET 

and TRE-LMX1A and/or TRE-LMX1B – or TRE-empty as a control— and treated with rotenone 
(15µM, 24h). Expression was induced with the addition of doxycycline (500ng/mL) for 3 days. 

Fluorescence levels relative to µg of total protein were normalized to TRE-empty untreated 

levels. Values are mean ± SEM (n=3). Statistical analysis was performed using one-way 

ANOVA followed by a Tukey’s multiple comparison post-hoc test. *p<0.05 vs rotenone-treated 

and #p<0.05 and ##p<0.01 untreated vs rotenone-treated. 
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Figure 4.9. LMX1A and LMX1B overexpression in iPSC-derived mDANs. (A) Schematic 

representation of the modified Tet-On system. First plasmid expresses Tet-3G protein under 

the hsyn promoter and the second plasmid expresses (GFP)-LMX1A or (GFP)-LMX1B under 

the TRE3G promoter induced with active Tet-3G (+ doxycycline, DOX) (B) Representative 

immunoblot for the indicated proteins from iPSC-derived mDANs transduced with TRE-LMX1A, 

LMX1B – or an empty vector as a control – controlled by a Tet-On system (hsyn promoter). 

Expression was induced with doxycycline (500ng/mL, 48h). (C) Immunofluorescence labelling 
with anti-TH antibody (red) of iPSC-derived mDANs transduced with TRE-GFP, TRE-GFP-

LMX1A or TRE-GFP-LMX1B controlled by Tet-On system (hsyn promoter). Expression was 

induced with doxycycline (500ng/mL, 24h). Scale bar 20µm. (D) iPSC-derived mDANs were 

transduced with TRE-GFP-LMX1B controlled by Tet-On system (hsyn promoter). Phase 

contrast images with GFP fluorescence at different times as indicated from a live imaging 

analysis of 15h after addition of doxycycline (500ng/mL) (see Movie 6). Scale bar 10µm.  
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4.3. Discussion and future work 

 In this Chapter, we have described two conserved transcription factors 

involved in mDANs survival and differentiation: LMX1A and LMX1B. We analysed 

the effect of the suppression of LMX1A/B in our iPSC-derived mDANs using a 

tandem shRNA system, in which shRNA is expressed under the control of the 

ubiquitous U6 promoter, but with GFP expressed using the hsyn promoter to 

enable identification of neurons in the culture (Kugler et al., 2003). We have used 

this system assessments of LMX1A/B suppression in mDAN cultures at the 

population level and to assess individual cells using microscopy. To enable this, 

we used immunofluorescence labelling with anti-TH antibodies to be certain of 

mDAN identity in immunofluorescence assays. The tyrosine hydroxylase promoter 

was our initial choice as a driver of shRNA expression restricted to dopaminergic 

neuronal sub-types; however, when we tried expressing fluorescent markers 

under the control of a published rat TH promoter (kindly provided by Dr K-S Kim, 

Harvard Medical School, Belmont, USA) (Kim et al., 1993), no fluorescence was 

detected (data not shown).  

Using the shRNA lentiviruses, we showed that differentiation and axonal 

growth were only affected in early progenitors (e.g. <D17), during the rapid 

LMX1A/LMX1B expression phase (see Chapter 3.2.1). These results correlate 

with previous evidence suggesting that LMX1A/B are involved in mDAN axonal 

guidance during neurodevelopment (e.g. aberrant nigrostriatal axonal projections 

in Lmx1a/b knock out mice and regulation of dopaminergic circuit formation by 

LMX1A/B the via repression of Plxnc1) (Chabrat et al., 2017; Hoekstra et al., 

2013a; Kania et al., 2000; Krawchuk and Kania, 2008). At later differentiation 

stages, suppression of LMX1A/B increased mitochondrial ROS levels, and also 

affected mitochondrial respiration; reduced oxygen consumption rates, maximal 

respiration rates, and spare capacity. These data correlate with previous studies 

reporting an impaired ETC activity, increased oxidative stress and some PD-

associated features in mature mDANs from conditional Lmx1a/b knock out mice 

(Doucet-Beaupre et al., 2016). Despite this, basal cell death levels were not 

appreciably affected in this setting. Thus, mature mDANs tolerate reduced 

expression levels of either transcription factor over short time-frames in vitro.  
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In addition to the lentiviral shRNA constructs for LMX1A/B knockdown, we 

also derived a 2-plasmid lentiviral system for inducible LMX1A/B overexpression. 

This system uses the hsyn promoter to express the Tet-3G gene specifically in 

neurons, with GFP-LMX1A/B expressed under the TRE3G promoter (Fig. 4.9A). 

Consequently, GFP-LMX1A/B expression is restricted to neurons and is controlled 

by the addition of doxycycline. Crucially, using this system, we found that 

overexpression of LMX1A/B had a cytoprotective role against rotenone-induced 

cell death in human iPSC-derived mDAN cultures, supporting a model in which 

sustained LMX1A/B expression protects mDANs in the adult brain (Fig. 4.10). 

Recently, it has been described that loss of LMX1A and LMX1B affects 

autophagy cytoplasmic quality control in mature murine mDANs (Laguna et al., 

2015). Autophagy is a catabolic process that promotes cell survival (Das et al., 

2012; Maday, 2016). In this context, LMX1A/B might be contributing to mDAN 

survival via the regulation of autophagy. The observed effects on axonal growth 

and mitochondrial function could also be explained by regulation of the autophagy 

pathway. Autophagic vacuoles are enriched in growth cones, and here they 

promote axonal growth indirectly through the stabilization of microtubules (as the 

microtubule destabilization factor SCG10 is a substrate for selective autophagy),  

and they are involved in axonal regeneration (He et al., 2016; Maday, 2016). On 

the other hand, autophagy plays an important role in mitochondrial function and 

quality control by degrading damaged mitochondria (mitophagy) (Evans and 

Holzbaur, 2019; Pickles et al., 2018). This is perhaps best exemplified by some 

forms of early-onset PD in which known mitophagy-associated genes are mutated 

(Gao et al., 2017; Zhang et al., 2018b). Thus, the observed effect on mitochondrial 

function after suppression of LMX1A/B could also be explained by regulation of 

mitophagy. 

In the next Chapter, we will study the regulation of autophagy by LMX1A 

and LMX1B. 
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Figure 4.10.  LMX1A and LMX1B in neuronal protection. LMX1A and LMX1B are regulating 

the expression of their target genes by binding to the FLAT elements in their promoters. 

Suppression of LMX1A/B levels affect mitochondrial function and axonal growth and the 

overexpression of these transcription factors protect against rotenone-poisoning supporting a 

model where LMX1A/B are involved in the maintenance and survival of iPSC-derived mDANs. 

 



 

 189 

Chapter 5. LMX1A and 
LMX1B are autophagy 
transcription factors 
 

 

 

 

 

 

At a glance 

In this third results Chapter, we test whether LMX1A and 

LMX1B regulate the expression of autophagy genes in kidney 

cells (HEKs; LMX1B only) and iPSC-derived mDANs. First, we 

describe an extensive bioinformatic analysis, and then report 

how we confirmed these results with data showing that these 

transcription factors bind to the promoter of several autophagy 

genes and how their loss affected autophagy gene expression.  
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Chapter 5. LMX1A and LMX1B are autophagy 
transcription factors 

5.1. Introduction 

The autophagy response is known to be influenced by diverse transcription 

factors in different tissues, with the MiT/TFE family (exemplified by TFEB) and 

ZKSCAN3 being particularly influential through their opposing roles in regulating 

autophagy (e.g. LC3; WIPI) and lysosomal biogenesis genes (Zhang et al., 2015). 

LMX1A/B are implicated in the differentiation and maturation of mDANs during 

neuronal development. After birth, they also maintain homeostasis in adult mDANs 

(Doucet-Beaupre et al., 2016; Nakatani et al., 2010). We hypothesised that 

LMX1A/B maintain this function via transcriptional control of the macroautophagy 

genes. Significantly, it was recently reported that autophagy function is influenced 

in the mouse midbrain by LMX1B (Laguna et al., 2015). This is important because 

region-specific neuronal autophagy regulation remains very poorly understood, 

while the effective manipulation of autophagy quality control in specific groups of 

vulnerable neurons is a desirable clinical target.  

Apart from their crucial and direct involvement in the dopaminergic 

pathway, LMX1A/B are non-exclusively required during mDAN differentiation, 

being implicated in other activities and being expressed by other cell types during 

embryonic development and in adult cells. Significantly, LMX1B is also involved in 

kidney development and the maintenance of cells in the adult kidney (Burghardt 

et al., 2013; Dai et al., 2008; Hilinski et al., 2016; Levesque and Doucet-Beaupre, 

2013; Nakatani et al., 2010). Notably, mutations in LMX1B are causative of the 

renal disease, Nail patella syndrome (Edwards et al., 2015; Morello et al., 2001). 

The non-neuronal, established HEK293T cell-line is of kidney origin, and therefore 

expresses LMX1B. Indeed, it has been previously used to study LMX1B biology 

(Dunston et al., 2004), making it a reliable and tractable system to examine the 

roles of LMX1B in cellular stress responses as a prelude to exploring how LMX1B 

(and LMX1A) influence cytoplasmic quality control pathways in iPSC-derived 

human mDANs.  

To test whether LMX1A and LMX1B are autophagy transcription factors, 

we first performed a bioinformatics analysis to look for LMX1A/B binding sites in 
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the promoters of autophagy genes. To corroborate this, we carried out ChIP 

analysis to confirm actual binding to the promoters in vitro. And then, we analysed 

the effect of the loss of LMX1A/B in autophagy responses in HEK293Ts and in 

human mDANs.   

5.2. Results 

5.2.1. Bioinformatics analysis: presence of putative LMX1A/B 
binding sites in promoters of autophagy-related genes 

To analyse if LMX1A/B are autophagy transcription factors, we first 

performed a bioinformatics analysis using the program MatInspector (Genomatix) 

(see Chapter 2), to test for the presence of LMX1A/B binding sites – also known 

as A/T-rich (FLAT) sequences – in the promoters of autophagy-related genes. 

Promoters of more than 40 genes involved in autophagy were compared to the 

frequency matrix corresponding to LMX1A/B FLAT sequences. Each matrix has 

an associated random expectation value, indicating how well a matrix is defined 

(being 0.08% and 0.01% for LMX1A and LMX1B, respectively). This strategy 

allowed the identification of putative LMX1A and/or LMX1B binding sites in a total 

of 34 autophagy-related gene promoters (Table 5.1 and Fig. 5.1): TFEB, 

ZKSCAN3, NRF1, NRF2, NDP52, ULK1, ULK2, ATG2B, ATG3, ATG4B, ATG4C, 

ATG5, BECLIN1, ATG7, ATG10, ATG13, ATG14, ATG16L1, ATG17, WIPI2, 

mTOR, AMBRA1, CALCOCO1, NBR1, PIK3C3, PIK3R4, GABARAP, LC3A, 

LAMP2, UVRAG, PARKIN, OPTINEURIN, PINK1, BNIP3L1, FUNDC1 and 

TAX1BP1. We also confirmed the existence of LMX1A/B binding sites in 

previously reported gene promoters: NURR1, TH, PITX3, IFNb, COL4A3; and in 

the mitochondrial genes: NDUFA2, NDUFA4, NDUFV1, UQCRQ, COX1, COX6 

and HSPA8 (Chung et al., 2009; Doucet-Beaupre et al., 2016; Hong et al., 2014; 

Morello et al., 2001; Rascle et al., 2009). FLAT sequences were not identified in 

the GAPDH promoter, and this will be used as a negative control. Table 5.1 shows 

the putative binding sequences with a relative score higher than 80% and the 

position relative to the input promoter sequence. Fig. 5.1 depicts the presence 

(green) or absence (red) of LMX1A/B binding sites for the analysed genes with a 

score higher than 80%. 
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Figure 5.1. Bioinformatics analysis for the presence of LMX1A/B binding sites in the 
promoters of autophagy-related genes. Genes have been organised corresponding to their 

functions. Green indicates the probability of LMX1A (first column) and/or LMX1B (second 

column) binding sites in their regulatory elements >80%. Known target genes are provided as 
positive controls. GAPDH is used as a negative control. 
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j 

Gene symbol Putative LMX1A Binding site Position 
relative to 

input 

Score (0-1) Putative LMX1B Binding site Position 
relative to 

input 
Score (0-1) 

TFEB 
 
 

agtgcaggttAATTactgcccag  § 
gctgggcagtAATTaacctgcac  § 

 

297 
298 

 

0.878 
0.876 

 

gggaagtgcaggtTAATtactgc § 
agtgcaggttAATTactgcccag § 
gctgggcagtAATTaacctgcac § 

293 
297 
298 

0.938 
0.878 
0.87 

ZKSCAN3 
 
 

ttcatattctAATTaggcaatgc 
tgcattgcctAATTagaatatga 

 

124 
125 

 

0.839 
0.861 

 

ttcatattctAATTaggcaatgc 
tgcattgcctAATTagaatatga 

aaaatcggaaaatTAATaatggt 

124 
125 
258 

0.851 
0.832 
0.971 

NRF1  ttattaatttTATTaactcttct 
gagttaataaaatTAATaatatt 
gcacattcttAAATaaaatggac 
agtccattttATTTaagaatgtg 
atatttgtttAATGaatgtggta 

654 
658 
693 
694 
1082 

0.844 
0.963 
0.837 
0.84 
0.844 

NRF2 
 

 attatttaaaaatTAATcattgc 
attaatttttAAATaattgtttt 

taacaattttAATAaatctgttt 

330 
336 
603 

0.938 
0.865 
0.857 

ULK1  caaagattatAATTaagtaaaag  § 153 0.909 
ULK2 

 
 
 
 
 
 
 
 

tgatacagttAATTgaaaagtta 
taaaagtattAATAaaaagaact 

aagttcttttTATTaatactttt 
acttctgtttAATTtatttcaaa 

atttgaaataAATTaaacagaag 
aatcctttttGATTaatatgaac 

agttcatattAATCaaaaaggat 
gaatcaacttTATTaatacaaaa 
gaatggattgAATTaatcttgaa 
attcaagattAATTcaatccatt 

cttattctttAATTgaattttta 

196 
537 
538 
165 
166 
235 
236 
286 
422 
423 
367 

0.869 
0.852 
0.851 
0.843 
0.856 
0.842 
0.862 
0.845 
0.836 
0.846 
0.853 

ataacttttcAATTaactgtatc 
taaaagtattAATAaaaagaact 

aagttcttttTATTaatactttt 
acttctgtttAATTtatttcaaa 

atttgaaataAATTaaacagaag 
aatcctttttGATTaatatgaac 

agttcatattAATCaaaaaggat 
tttttgtattAATAaagttgatt 

gaatcaacttTATTaatacaaaa 
gaatggattgAATTaatcttgaa 
attcaagattAATTcaatccatt 

195 
537 
538 
165 
166 
235 
236 
285 
286 
422 
423 

0.856 
0.836 
0.852 
0.858 
0.844 
0.862 
0.839 
0.84 
0.834 
0.856 
0.836 

Table 5.1. MatInspector promoter FLAT sequence analysis for selected candidate genes 
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 ataaaaattcAATTaaagaataa 
tatcaaggctAATTaagagattt 

368 
216 

0.856 
0.887 

cttattctttAATTgaattttta 
ataaaaattcAATTaaagaataa 

367 
368 

0.849 
0.85 

ATG2A  

ATG2B ctagtttatcAATTaacaaagta 
gtactttgttAATTgataaacta 

tagcagatttATTTaaagtaaga 
agttatttttAATTaggtttttt 

caaaaaacctAATTaaaaataac § 
cactacaaatAATTataatgcaa 
aaatggatttATTTaaatacttt 
aaaagtatttAAATaaatccatt 

agaaatgcttAATTaactccaaa 
atttggagttAATTaagcatttc 
ctccaaatttAATTactgttttg 

ccaaaacagtAATTaaatttgga 

14 
15 
569 
405 
406 
28 
350 
351 
395 
396 
411 
412 

0.85 
0.859 
0.837 
0.894 
0.928 
0.867 
0.854 
0.838 
0.932 
0.947 
0.893 
0.905 

ctagtttatcAATTaacaaagta 
gtactttgttAATTgataaacta 
ttcttctgaatatTAATcatgga 
atcttactttAAATaaatctgct 
agttatttttAATTaggtttttt 

caaaaaacctAATTaaaaataac § 
attgcattatAATTatttgtagt 

agagcactacaaaTAATtataat 
aaatggatttATTTaaatacttt 
aaaagtatttAAATaaatccatt 
catgaatcttATTTaatgtaaat 

agaaatgcttAATTaactccaaa 
atttggagttAATTaagcatttc 
ctccaaatttAATTactgttttg 

ccaaaacagtAATTaaatttgga 

14 
15 
482 
568 
405 
406 
27 
32 
350 
351 
396 
395 
396 
411 
412 

0.852 
0.854 
0.915 
0.832 
0.925 
0.895 
0.929 
0.947 
0.845 
0.855 
0.841 
0.943 
0.938 
0.967 
0.942 

ATG3 
 

ggtactggttAATTagttatatt   § 
aaatataactAATTaaccagtac  § 

555 
556 

0.902 
0.899 

ggtactggttAATTagttatatt    § 
aaatataactAATTaaccagtac  § 

555 
556 

0.898 
0.901 

ATG4A  
ATG4B 

 
aaaactcttgAATTaagtatgca 
atgcatacttAATTcaagagttt 

333 
334 

0.833 
0.843 

aaaactcttgAATTaagtatgca 
atgcatacttAATTcaagagttt 

333 
334 

0.836 
0.834 

ATG4C 
 
 
 

tgtgacttgtAATTagattatga 
ctcataatctAATTacaagtcac 

ttccttcttaAATTaaatattta 
ctaaatatttAATTtaagaagga 

559 
560 
391 
392 

0.852 
0.862 
0.861 
0.851 

tgtgacttgtAATTagattatga 
ctcataatctAATTacaagtcac 

ttccttcttaAATTaaatattta 
ctaaatatttAATTtaagaagga 

559 
560 
391 
392 

0.848 
0.84 
0.861 
0.853 

ATG4D *  
ATG5 actaatgtttTATTaatactgtt 281 0.844 actaatgtttTATTaatactgtt 281 0.847 
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 caacagtattAATAaaacattag 
gaagtacagtAATTaaaatggaa 

cttccattttAATTactgtactt 

282 
28 
29 

0.854 
0.912 
0.887 

caacagtattAATAaaacattag 
aaaggaagtacagTAATtaaaat 
gaagtacagtAATTaaaatggaa 

cttccattttAATTactgtactt 
aatacttccatttTAATtactgt 

282 
24 
28 
29 
33 

0.833 
0.935 
0.882 
0.912 
0.929 

BECLIN1 * 
 
 

gtagtttgttCATTaaacaaaat 
gattttgtttAATGaacaaacta 

gaagtgacgtAATTacacttgta 

312 
313 
415 

0.834 
0.841 
0.831 

 
 
 

ATG7 
 

attcctcattTATTaatcagagc   § 
agctctgattAATAaatgaggaa  § 

212 
213 

0.839 
0.835 

attcctcattTATTaatcagagc   § 
agctctgattAATAaatgaggaa  § 

212 
213 

0.83 
0.835 

GABARAP    caaaaaaaataaaTAATaaataa 333 0.933 

GABARAPL1*  

GABARAPL2  

ATG9A  

ATG9B*  
ATG10 

 
 
 
 
 
 
 
 
 
 

 

tgcagagtttTATTaaaaaatta 
ataattttttAATAaaactctgc 

cccaggtgctAATTaaaagtaat 
aattacttttAATTagcacctgg 
aattaaaagtAATTattttgggt 
gacccaaaatAATTacttttaat 
taagtgattaAATTaatctgaat 
gattcagattAATTtaatcactt 

gtgcagaattCATTaaacattca 
ttctgccttaAATTaaaacaaag 
actttgttttAATTtaaggcaga 

 
 

324 
325 
431 
432 
441 
442 
580 
581 
571 
316 
317 

 
 

0.867 
0.845 
0.906 
0.902 
0.843 
0.845 
0.837 
0.851 
0.855 
0.854 
0.832 

 
 

tgcagagtttTATTaaaaaatta 
ataattttttAATAaaactctgc 

cccaggtgctAATTaaaagtaat 
aattacttttAATTagcacctgg 
tgctaattaaaagTAATtatttt 
aattaaaagtAATTattttgggt 
gacccaaaatAATTacttttaat 
taagtgattaAATTaatctgaat 
gattcagattAATTtaatcactt 
gtgaatgtttAATGaattctgca 
ttctgccttaAATTaaaacaaag 
actttgttttAATTtaaggcaga 
tctttatcttAACTaattgggaa 

324 
325 
431 
432 
437 
441 
442 
580 
581 
572 
316 
317 
582 

0.836 
0.85 
0.895 
0.906 
0.955 
0.843 
0.989 
0.853 
0.835 
0.85 
0.833 
0.845 
0.841 

ATG12 *  
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ATG13 
 
 
 
 
 
 
 
 
 

ttttctttttAATTtaatttagt 
aactaaattaAATTaaaaagaaa 

tttttaatttAATTtagttttct 
aagaaaactaAATTaaattaaaa 
aaggaatataAATTaactaatgt 

cacattagttAATTtatattcct 
ttgaatggatAATTaaagctcaa 

tttgagctttAATTatccattca 

62 
63 
67 
68 
489 
490 
576 
577 

0.85 
0.872 
0.839 
0.848 
0.843 
0.857 
0.884 
0.885 

ttttctttttAATTtaatttagt 
aactaaattaAATTaaaaagaaa 

tttttaatttAATTtagttttct 
aagaaaactaAATTaaattaaaa 
aaggaatataAATTaactaatgt 

cacattagttAATTtatattcct 
aatataaattAACTaatgtgtgt 
aacacacattAGTTaatttatat 
ttgaatggatAATTaaagctcaa 

tttgagctttAATTatccattca 

62 
63 
67 
68 
489 
490 
493 
494 
576 
577 

0.865 
0.852 
0.854 
0.841 
0.851 
0.85 
0.845 
0.836 
0.87 
0.87 

ATG14 
 

gaacatttttAATTacttctgtt 
gaacagaagtAATTaaaaatgtt 

469 
470 

0.892 
0.931 

gaacatttttAATTacttctgtt 
gaacagaagtAATTaaaaatgtt 

469 
470 

0.925 
0.921 

ATG16L1 
 
 

tacttgactgAATTaaatgttaa  § 
cctaaaaagtAATTagatatgtc  § 
tgacatatctAATTactttttag  § 

82 
146 
147 

0.841 
867 

0.852 

gttaacatttAATTcagtcaagt  § 
cctaaaaagtAATTagatatgtc  § 
tgacatatctAATTactttttag   § 

83 
146 
147 

0.842 
0.935 
0.865 

ATG16L2  
ATG17 

 
 

tttccgagttAATTagtagacat 
catgtctactAATTaactcggaa 
cttaaagctgAATTaaacaaagt 

331 
331 
372 

0.908 
0.885 
0.835 

tttccgagttAATTagtagacat 
catgtctactAATTaactcggaa 

tactttgtttAATTcagctttaa 

331 
332 
373 

0.893 
0.904 
0.833 

       
WIPI1  
WIPI2 

 
 
 

acatctttttAATAaatatgtgt 
gacacatattTATTaaaaagatg 
tttgtgtcttAATTaagggagcc 

gggctcccttAATTaagacacaa 

368 
369 
507 
508 

0.852 
0.867 
0.916 
0.946 

acatctttttAATAaatatgtgt 
gacacatattTATTaaaaagatg 
tttgtgtcttAATTaagggagcc 

gggctcccttAATTaagacacaa 

368 
369 
507 
508 

0.864 
0.841 
0.94 
0.924 

ATG101  
mTORC1 

 
 
 

tagagaatctAATTaaaaacatt 
 

509 
 

0.938 
 

aaatgtttttAATTagattctct 
tctctacaaaaaaTAATtagcca 
tgctgctgtagaaTAATaatctc 
gtcattgtttAATGaatctaggc 

510 
178 
192 
834 

0.933 
0.961 
0.938 
0.842 
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AMBRA1 
 
 
 
 
 
 
 
 
 

gaaggggattAATGaagagccac 569 0.833 ggtggctcttCATTaatcccctt 
aaatgaggttAACTaatttgctc 

agaacttaaagtaTAATaataaa 
acttaaagtataaTAATaaaata 
atttatatataaaTAATaaaata 
atatttatataaaTAATaaaata 
atttatatataaaTAATaaaata 
atttatatataaaTAATaaaaca 
tattatatataaaTAATaaaata 
atttatatataaaTAATaaaata 

570 
246 
77 
80 
128 
152 
178 
211 
234 
269 

0.832 
0.831 
0.911 
0.929 
0.929 
0.929 
0.929 
0.914 
0.929 
0.929 

CALCOCO1  aagtggcttaaatTAATtaggat 
ggacagataacaaTAATaacgat 

378 
917 

0.97 
0.958 

PIK3C3*    tttggccatgAATTaatgcataa 
tctccaagtgAATTaagtttcct 

aaggaaacttAATTcacttggag 

404 
31 
32 

0.834 
0.83 
0.835 

PIK3R4 
 
 
 
 
 
 
 
 

 

actgtcaattAAATaaaaaaaaa 
ttttttatttAATTgacagtttg 

tcaaactgtcAATTaaataaaaa 
aagattatatAATTacagtctga 
atcagactgtAATTatataatct 
ggatagaatgAATTaatatatgt 
tacatatattAATTcattctatc 
aaaaaattttAATTactgtgtta 
ttaacacagtAATTaaaattttt 

431 
434 
435 
534 
535 
81 
82 
404 
405 

0.86 
0.841 
0.851 
0.844 
0.853 
0.861 
0.838 
0.885 
0.919 

ttagaaagaaaagTAATaaattg 
caacaaataaaatTAATaagaaa 

ctttttttttATTTaattgacag 
ttttttatttAATTgacagtttg 

tcaaactgtcAATTaaataaaaa 
aagattatatAATTacagtctga 
ggatagaatgAATTaatatatgt 
tacatatattAATTcattctatc 

aaagtttaagaaaTAATaaaatt 
aaaaaattttAATTactgtgtta 
ttaacacagtAATTaaaattttt 

169 
218 
430 
434 
435 
534 
81 
82 
149 
404 
405 

0.93 
0.947 
0.864 
0.849 
0.836 
0.914 
0.852 
0.838 
0.929 
0.936 
0.931 

LC3A 
 
 

acttaggcctAATTaactgaagt 
aacttcagttAATTaggcctaag 
acccccagctAATTattgtattt 

512 
513 
169 

0.87 
0.875 
0.834 

acttaggcctAATTaactgaagt 
aacttcagttAATTaggcctaag 
actaaaaatacaaTAATtagctg 

512 
513 
164 

0.874 
0.875 
0.956 

LC3B*       
LC3C       
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LAMP1       
LAMP2 

 
atgcccagctAATTattatcttt 

 
103 

 
0.86 

 
aaaagataatAATTagctgggca 
tctactaaaaagaTAATaattag 

104 
111 

0.939 
0.933 

UVRAG 
 
 
 
 
 
 
 

atatgattttCATTaaaaggatg   § 
ccatccttttAATGaaaatcata   § 
tggtgctggtAATTaagttactc  § 

tgagtaacttAATTaccagcacc  § 
gtgagtatgtAATTattcatagt  § 

gactatgaatAATTacatactca  § 

288 
289 
309 
310 
394 
395 

0.842 
0.855 
0.879 
0.885 
0.842 
0.86 

gatttttaaaactTAATaataag 
atatgattttCATTaaaaggatg  § 
ccatccttttAATGaaaatcata  § 
tggtgctggtAATTaagttactc  § 

tgagtaacttAATTaccagcacc  § 
ctcttgagtaactTAATtaccag  § 
gtgagtatgtAATTattcatagt  § 
tcatgactatgaaTAATtacata  § 

155 
288 
289 
309 
310 
314 
394 

0.918 
0.849 
0.84 
0.885 
0.874 
0.941 
0.844 
0.941 

PARKIN 
 
 
 
 
 

ctaaagacttAATTaaatgagtc 
tgactcatttAATTaagtcttta 

ccaactccttGATTaaagagctc 
ccagtttggtAATTattttttcc 

aggaaaaaatAATTaccaaactg 
 

55 
56 
583 
225 
226 

0.954 
0.95 
0.832 
0.833 
0.853 

aggactaaagactTAATtaaatg 
ctaaagacttAATTaaatgagtc 

tgactcatttAATTaagtcttta 
ccagtttggtAATTattttttcc 

aggaaaaaatAATTaccaaactg 
ccaccaatcaaaaTAATaagtac 

51 
55 
56 
225 
226 
37 

0.914 
0.947 
0.96 
0.839 
0.992 
0.941 

OPTINEURIN 
 
 
 
 
 
 

cactgcatttGATTaatgattta   § 
ataaatcattAATCaaatgcagt   § 
tgacggcgttAATCaaaataaat  § 
cactgcatttGATTaatgattta    § 
ataaatcattAATCaaatgcagt  § 
tgacggcgttAATCaaaataaat  § 

acacctggctAATTattaaattt 

289 
290 
307 
915 
916 
933 
288 

0.841 
0.839 
0.843 
0.841 
0.839 
0.843 
0.857 

cactgcatttGATTaatgattta   § 
gatttattttGATTaacgccgtc   § 
cactgcatttGATTaatgattta   § 
gatttattttGATTaacgccgtc   § 
aaaatttaatAATTagccaggtg 
tttacaaaaaattTAATaattag 
aaaatttaatAATTagccaggtg 

289 
306 
915 
932 
289 
296 
289 

0.846 
0.84 
0.846 
0.84 
0.837 
0.933 
0.837 

PINK1 
 
 
 
 

tggtgcagatAATTatttcctta 
ctgttaaataAATTaaaagacgt  § 
tacgtcttttAATTtatttaaca    § 

32 
370 
371 

0.84 
0.865 
0.841 

tattttaaggaaaTAATtatctg 
tggagctgttAAATaaattaaaa  § 
cttttaatttATTTaacagctcc   § 

ctgttaaataAATTaaaagacgt  § 
tacgtcttttAATTtatttaaca   § 

27 
365 
366 
370 
371 

0.947 
0.832 
0.835 
0.843 
0.866 

NDP52 aagtcactttAATTtagcaccct § 633 0.835 acaactacaacagTAATaactat  § 289 0.921 
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P62  
NBR1  

 
ccacagttttAATTtatctgtaa 
ccacagttttAATTtatctgtaa 

253 
752 

0.859 
0.859 

BNIP3L1 (NIX) aacagggtttAATGaaaacccta 1097 0.854 ctagggttttCATTaaaccctgt 1907 0.841 
FUNDC1  ttttaaaacaaaaTAATcaaatt 862 0.923 
TAX1BP1 

 
 
 
 
 
 
 

ttcaagaaatAATTaaaaataac 
cagtatgcttAATAaaaaccata 
cagtatgcttAATAaaaaccata 
ctgtaagcttAATTacaagaaag 

 

223 
508 
237 
204 

 

0.933 
0.847 
0.847 
0.895 

 

tcgtatgtcaaaaTAATaacata 
aaaattcaagaaaTAATtaaaaa 

ttatggttttTATTaagcatact 
ttatggttttTATTaagcatact 

cataatgaaaaacTAATaaagta 
tctttcttgtAATTaagcttaca 

ataactgtaagctTAATtacaag 
tgcttgattgAATTaaggaattt 

 

821 
219 
507 
236 
136 
203 
208 
877 

0.952 
0.958 
0.838 
0.838 
0.926 
0.889 
0.929 
0.836 

NDUFA2 cgtgttgtgtAATTacacattat 15 0.843 agactgattaAATTaacgtcaat 339 0.84 
NDUFA3  

NDUFA4 *  
NDUFV1  caagagagcggaaTAATtatgaa 541 0.938 
UQCRQ  tcagccacaaaaaTAATcaaata 444 0.938 
COX1 caaggcatttTATTaattagtgt 716 0.856 ggcgagcatacacTAATtaataa 707 0.935 

NURR1 
 
 
 
 
 

ctgggaatatAATTaaatataaa 
 

355 
 

0.919 
 

ctctcattttAATTtatatttaa 
tgagagagagagaTAATtagaat 
ttaactgggaataTAATtaaata 

ctatattaaaaaaTAATaactgc  § 
taactctggacttTAATaaaggc 

tgagagagagagaTAATtagaat 

331 
434 
359 
742 
107 
89 

0.867 
0.914 
0.952 
0.967 
0.918 
0.914 

PITX3 
 
 
 

ctacattttTATTaattcaata     § 
ttattgaattAATAaaaatgtag   § 
catttttattAATTcaataaata   § 
atatttattgAATTaataaaaat  § 

200 
201 
204 
205 

0.835 
0.868 
0.857 
0.862 

tctacattttTATTaattcaata   § 
ttattgaattAATAaaaatgtag  § 
catttttattAATTcaataaata   § 
atatttattgaatTAATaaaaat  § 

200 
201 
204 
205 

0.862 
0.835 
0.858 
0.918 
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TH ttctggtgttCATTaaaagtgtg 480 0.838 gcacacttttAATGaacaccaga 481 0.836 
ABRA  tgggactagaaagtaattagtct   § 

gatagtcaaagactaattacttt   § 
359 
368 

0.913 
0.937 

IFNB  ctttacaaaatatTAATaataaa 145 0.936 
COL4A3 * 

 
 

 
cgagcctccaaatTAATcaaaac 

tgtgtgttttGATTaatttggag 
241 
246 

0.927 
0.859 

GAPDH  
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5.2.2. Validation of putative LMX1A/B binding sites by ChIP assay 

In order to validate the bioinformatics results, we performed ChIP assays. 

ChIP is a type of immunoprecipitation based on the interaction of a protein of 

interest (i.e. LMX1A/B) with the DNA (see Chapter 2). Based on the bioinformatics 

data, we used primers that amplify the putative LMX1A/B binding sites for some 

of the autophagy-related genes in a kidney cell line, HEK293T (nuclear LMX1B 

expression confirmed by immunofluorescence; Fig. 5.2A), and in iPSC-derived 

human mDANs (Table 2.16 and Table 5.1).  

The cross-linked protein-DNA was sonicated at different times to establish 

the best conditions. Ideally, fragments between 800-200 bp will give the best 

results for PCR amplification – very small fragments will prevent amplification, 

while very large fragments can lead to false positive results. As shown in Fig. 
5.2B, sonication of crosslinked DNA from HEK293T lysates for 5 and 10 min gave 

different size fragments: at 5 min, fragments between 1500-200 bp were 

generated; after 10 min sonication, fragments of 500-200 bp were produced. 

Finally, 8 min sonication resulted in fragments of 800-200 bp, the required 

fragment size. Similar results were obtained using iPSC-derived mDANs, where 8 

min sonication gave 800-200 bp fragments (Fig. 5.2B). We immunoprecipitated 

endogenous LMX1B using two different polyclonal antibodies that we first tested 

in coIP pilot experiments. Here, LMX1B was immunoprecipitated from lysates of a 

HEK293T cell-line stably expressing TRE-GFP-LMX1B using two different 

antibodies. As shown in Fig. 5.2C, both antibodies successfully 

immunoprecipitated LMX1B, although α-LMX1B (2) seemed to work better as it 

was cleaner (less heavy chain contamination and equivalent amounts of 

immunoprecipitated LMX1B). Similarly, we also tested two antibodies for LMX1A 

in a HEK293T cell-line stably expressing TRE-GFP-LMX1A. As shown in Fig. 
5.2C, both antibodies immunoprecipitated LMX1A, with α-LMX1A (2) appearing to 

be the more efficient.  

For the ChIP assay, LMX1B was isolated using the two different antibodies, 

with a rabbit IgG used as a control, and immunoprecipitated chromatin was 

analysed by q-PCR or semi-qPCR with specific primers flanking the sequences 

found in the bioinformatic analysis (Fig. 5.2D, Table 5.1, see Chapter 2). As 

shown in Fig. 5.2D, using an arbitrary 2-fold cut-off for targets of interest, we found 
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more than 2-fold enrichment for primers amplifying the promoters of ULK1, 

ATG2B, ATG16L1, NDP52, PINK1 and OPTN by q-PCR. In addition, we also 

detected an enrichment of a known target gene, ABRA, amplifying a previously 

identified region (Burghardt et al., 2013). The absence of enrichment for ATG7 

could indicate that there is no FLAT sequence in this promoter, that the FLAT 

element might be occluded, or that such sequences may exist outside of the 

amplified region. LMX1B occupancy was also validated in some of these 

candidates by semi-q-PCR, using both antibodies. We found amplification of 

ABRA, PINK1, OPTN, NDP52 and ATG3 (just for α-LMX1B (2)) promoters, but not 

p62 promoter (Fig 5.2D). p62 acts as an additional negative control as no 

LMX1A/B binding sites were associated with its promoter in the bioinformatic 

analysis (Fig 5.1, Table 5.1). Using the most promising LMX1B antibody for ChIP 

(α-LMX1B (2)), we extended the panel of gene promoters. As shown in Fig. 5.2E, 

we found more than 2-fold enrichment in the promoter regions of ULK1, ATG2B, 

ATG3, ATG16L1, UVRAG, NDP52, PINK1 and OPTN, and three known target 

genes, ABRA, NURR1 and PITX3. No enrichment was found with primers 

amplifying p62 or GAPDH promoters.  

We next sought to confirm these results in iPSC-derived mDANs, and to 

extend our findings to LMX1A, but due to sample limitations (4x 100mm dishes of 

confluent cells are necessary), these ChIP assays were only performed once. We 

pulled down endogenous LMX1A (Fig. 5.2F) and LMX1B (Fig. 5.2G) with α-

LMX1A (2) and α-LMX1B (2), with α-rabbit IgG used as a control, and 

immunoprecipitated chromatin was analysed by q-PCR. Results indicated 

promoter occupancy for the autophagy genes ATG7 (LMX1A/B), ATG16L1 

(LMX1A only) and ULK1 (LMX1B only, as expected as no LMX1A binding site was 

found in the bioinformatics analysis, Table 5.1); and the autophagy adaptors 

NDP52 and OPTN (LMX1A/B) (note: only NDP52 (2) was amplified in the LMX1A 

ChIP, because NDP52 (2) amplifies specifically the LMX1A binding region found 

by bioinformatics analysis (Table 5.1)). We also found enrichment of the 

dopaminergic neuronal control genes NURR1 and PITX3 (known targets for 

LMX1A/B), with ABRA amplified only for LMX1B (as expected, see (Burghardt et 

al., 2013)) (Fig 5.2F-G). The differences observed in specific gene promoters in 

ChIP assays between HEK293T and iPSC-derived mDANs may indicate 

disparities between cell-types. Additional repeat experiments using iPSC-derived 

mDANs would be desirable.  
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Figure 5.2. Validation of LMX1A/B binding sites by ChIP assay. (A) Immunofluorescence 

labelling with α-LMX1B antibody in HEK293T. (B) Immunoprecipitated chromatin was sonicated 

for 5, 8 or 10 min to obtain the fragments for q-PCR or semi-q-PCR analysis in HEK293T or 

iPSC-derived mDANs. DNA size is indicated in the figure. DNA fragment size was checked after 

sonication in every ChIP experiment. (C) Representative immunoblot for GFP from LMX1B (left 

panel, two antibodies a-LMX1B (1) (Proteintech) and a-LMX1B (2) (Witzgall)) or LMX1A (right 

panel, two antibodies a-LMX1A (1) (Millipore) and a-LMX1A (2) (ProSci))) immunoprecipitated 

lysates – or IgG rabbit as a control – of stable TRE-GFP-LMX1B (left panel) or TRE-GFP-

LMX1A (right panel) HEK293 cells. Expression was induced by the addition of doxycycline 

(500ng/mL) for 2 days. Arrows show immunoprecipitated LMX1A/B. * indicates the position of 

the antibody heavy chain. (D) ChIP q-PCR and semi-q-PCR analysis (on the right) in HEK293T 

cells using two different LMX1B antibodies in comparison to IgG antibody. (E) ChIP q-PCR 

analysis in HEK293T cells using α-LMX1B (2) in comparison to IgG antibody. This experiment 
was repeated three times with similar results. (F-G) ChIP q-PCR analysis in iPSC-derived 

mDANs using α-LMX1A (F) or α-LMX1B (G) antibodies in comparison to IgG antibody. This 

experiment was done once. For LMX1B, ABRA, NURR1 and PITX3 were analysed as positive 

controls and for LMX1A, NURR1 and PITX3 were analysed as positive controls. P62 and 

GAPDH were analysed as negative controls. 
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Taken together, these results indicate that LMX1A and LMX1B bind to the 

promoters of autophagy-related genes, suggesting that these transcription factors 

regulate autophagy capability in important cell-types.  

5.2.3. LMX1A/B controls the expression of autophagy genes 

5.2.3.1. LMX1B knockdown reduces the expression levels of 
autophagy genes in HEK293T cells 

As a further support for the bioinformatics data, we used a combination of 

approaches to validate a selected battery of autophagy-related genes in 

HEK293T. In order to study whether LMX1B controls the expression of autophagy 

genes, we knocked down LMX1B in HEK293T using a siRNA SMARTpool. 

HEK293T cells were transfected with the LMX1B siRNA SMARTpool (siLMX1B) 

or a non-targeting luciferase siRNA (siControl) as a control (a detailed analysis of 

the potential off-target genes can be found in Appendix-D: Table 8.2). Expression 

and protein levels of some of the autophagy genes predicted to contain LMX1B 

binding sites in their promoters (Table 5.1 and Fig. 5.3) were analyzed by qRT-

PCR, immunoblot and immunocytochemistry.  

As shown in Fig. 5.3A, the siRNA SMARTpool efficiently knocked down 

LMX1B levels. In addition, decreased expression of ULK1, ATG2B, ATG3, ATG7, 

ATG16L1, TFEB, UVRAG, NDP52, PINK1 and OPTN was observed, but ATG5 

expression was not affected. Expression of p62, used as a negative control as it 

did not contain predicted LMX1B-binding site, was also unchanged as expected. 

COL4A4 levels were analyzed as positive control (Morello et al., 2001). To account 

for potential off-target effects, we rescued autophagy gene expression by co-

transfecting the siRNA SMARTpool with a plasmid expressing LMX1B – modified 

through codon optimization in order to not to be targeted by the siRNAs – or an 

empty vector control. Expression levels of ATG2B, ATG3, ATG7, TFEB, UVRAG, 

OPTN and the positive control COL4A4 were rescued, indicating that the impact 

of LMX1B suppression on the expression of these genes was likely to be direct; 

thus, LMX1B regulates the expression of key autophagy genes (Fig. 5.3B). 

As a further corroboration, we also knocked down LMX1B in HEK293T cells 

using two different shRNAs (a non-targeting shRNA was used as a control) (Fig. 
5.3C). LMX1B shRNA#2 gave the highest efficiency, and it will be used for all 
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subsequent knockdown experiments (consistently, same results were found when 

this experiment was performed in iPSC-derived mDANs (Fig 4.3B)). In shLMX1B-

treated HEK293T cells, we analysed the expression of some of the identified 

candidate LMX1B-regulated autophagy genes (48 hours shRNA expression). 

Reduced expression of ULK1, ATG2B, ATG7, ATG16L1, TFEB, PINK1 and the 

positive control COL4A4 were recorded, but the expression of ATG3 and the 

negative control, p62, were not changed (Fig. 5.3D). These results indicate that 

the result of LMX1B knockdown using shRNAs is broadly similar to the data 

obtained using siRNA. The absence of an effect on ATG3 expression might be 

linked to the length or strength of knockdown between siRNA and shRNA. As 

shown in Fig. 5.3E, we also analysed the levels of protein expression of these 

genes by immunoblotting following LMX1B knockdown in HEK293T cells. After 

testing numerous LMX1B antibodies from a variety of companies, we found that 

the one offered by Proteintech and a home-made LMX1B-specific rabbit polyclonal 

antiserum BMO8 (kindly donated by Prof. Ralph Witzgall (Suleiman et al., 2007)) 

were the best choices for immunoblotting. We found a decrease of ATG3, ATG7 

and LC3-II (the lipidated form of LC3) protein levels, but the levels of p62 were not 

altered, supporting our hypothesis that LMX1B controls the transcription of key 

autophagy genes in kidney cells. 

We then carried out functional studies to analyse the effects of LMX1B 

suppression on basal and induced autophagy in HEK293T cells. As shown in Fig. 
5.4A-B, the numbers of WIPI2- and LC3B-positive puncta were reduced in LMX1B 

suppressed GFP-LC3 HEK293 cells under basal conditions. Furthermore, stable 

GFP-LC3B HEK293T cells transfected with siLMX1B or siControl showed an 

increase in LC3B puncta numbers in starvation conditions and in the presence of 

the lysosomal inhibitor, BafA1 (20nM, 2h), with even higher values recorded when 

both treatments were combined; but the response was significantly reduced in 

LMX1B-depleted cells (Fig. 5.4C-D). Similar results were found for WIPI2 puncta, 

with an increase in puncta number after starvation conditions in the absence or 

presence of BafA1; but WIPI2A puncta numbers were reduced when LMX1B was 

knocked down (Fig. 5.4C-D), demonstrating a reduced autophagic flux in LMX1B-

depleted cells. In addition, we recorded a reduction in p62-positive puncta 

numbers in siLMX1B-treated HEK293T cells under basal conditions (Fig. 5.4A-B), 

suggesting a reduction of p62 coalescence in autophagic vacuoles due to the 

absence of the autophagy machinery. This appears somewhat counterintuitive, as   
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Figure 5.3. LMX1B knockdown reduces expression of a selective battery of autophagy 
related genes in HEK293T cells. (A) Human HEK293T cells were double transfected with 

50nM SMARTpool LMX1B siRNA and 50nM siControl. mRNA levels of the indicated genes 

were determined by qRT-PCR and normalized by GAPDH levels. Values are mean ± SEM (n = 

3) *p<0.05, ** p<0.01 and *** p<0.001 vs. siControl according to Student’s t test. (B) siRNA 

rescue experiment. HEK293T cells were double co-transfected with 50nM SMARTpool LMX1B 

siRNA and LMX1B plasmid -modified through codon optimization (or empty vector as a control). 

Values are mean ± SD of triplicate wells from a single representative experiment   *p<0.05 and 
** p<0.01 siRNA + LMX1B vs. siRNA + empty vector according to Student’s t test. (C) LMX1B 

mRNA levels in HEK293T transfected with two different shRNAs for LMX1B (TRCN0000017514 

and TRCN0000017517). Levels were determined by qRT-PCR and normalized by GAPDH 

levels. Values are mean ± SEM (n=3) *p<0.05, ** p<0.01 and *** p<0.001 vs. shRNA control 

according to Student’s t test. (D) LMX1B levels were knocked down in human HEK293T using 

TRCN0000017517 shRNA and a non-target control shRNA. mRNA levels of the indicated 

genes were determined by qRT-PCR and normalized by GAPDH levels. Values are mean ± 

SEM (n=3) *p<0.05, ** p<0.01 and *** p<0.001 vs. shRNA control according to Student’s t test. 
(E) HEK293T cells were double transfected with 50nM SMARTpool LMX1B siRNA and 50nM 

siControl. Representative immunoblots for the indicated proteins. On the left, densitometric 

quantification of representative blots relative to GAPDH levels. Data are mean ± SEM (n = 3). 

Statistical analysis was performed using Student’s t test. *p<0.05, ** p<0.01 and *** p<0.001 

vs. siControl. 
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Figure 5.4. LMX1B knockdown impairs basal and induced autophagy in GFP-LC3B 

HEK293T cells. (A-B) HEK293T cells stably expressing GFP-LC3B were double transfected 

with 50nM siControl or 50nM SMARTpool siLMX1B. (A) Double immunofluorescence labelling 

anti-LMX1B, anti-WIPI2 or anti-p62 antibodies. GFP-LC3B and LMX1B are depicted in red; 

WIPI2 and p62 are depicted in green. Cells were counterstained with DAPI (blue). Scale bar 

10µm. (B) Quantification of the different intensity/puncta for the different proteins from a total of 

>30 randomly chosen cells of each treatment from three independent experiments. Data are 

mean ± SD. Statistical analysis was performed using Student’s t test. ** p<0.01 and *** p<0.001 

vs. siControl (C-D) Imaging-based autophagy flux assay in HEK293T stable cells expressing 

GFP-LC3B and double transfected with 50nM SMARTpool siLMX1B and 50nM siControl as a 

control. Starvation was induced with autophagy magic media for 2h. To prevent lysosomal 

degradation, cells were treated with BafA1 (20nM, 2h). (C) Double immunofluorescence 

labelling with anti-WIPI2 antibody (red). GFP-LC3B is depicted in green. Cells were 

counterstained with DAPI (blue). Scale bar 20µm. (D) Autophagic flux puncta counts for GFP-

LC3B, and WIPI2 in siControl and siLMX1B-treated HEK293T cells in full nutrients (control) or 

following 2h starvation in the presence or absence of BafA1 (20nM, 2h). Mean ± SD of >35 cells 

from three independent experiments; two-way ANOVA followed by a Tukey’s multiple 

comparison post-hoc test: ** p<0.01 and *** p<0.001; Student’s t test. #p<0.05, ## p<0.005 and 

###p < 0.001 siLMX1B vs. siControl.  
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a reduction in basal autophagy ought to cause accumulation of cargoes such as 

p62; however, it is possible that the association of p62 with punctate (ubiquitylated) 

cargo is suppressed when LMX1B expression is reduced. Further work evaluating 

e.g. the availability of free ubiquitin and the activity of the proteome would be 

required to understand this effect. 

Overall, these data indicate that LMX1B contributes to the regulation of 

autophagy gene expression in HEK293T cells, and that LMX1B suppression 

dampens basal/housekeeping and nutrient stress-induced autophagic flux 

responses in this setting.   

5.2.3.2. LMX1A/B overexpression and autophagy gene expression in 

HEK293T and HeLa cells 

We next assessed the effect of LMX1A or LMX1B overexpression in 

HEK293T cells. We decided to use a Tet-On system as we used for the iPSC-

derived mDANs (but with a CMV promoter) to regulate the expression of LMX1A/B 

on-demand with the addition of doxycycline. As shown in Appendix-C: Fig. 8.3 

(Appendix-B: Movie 7), the LMX1B construct fused to GFP reveals that 

fluorescence is detected 3 hours after doxycycline addition in HEK293T (the same 

result was seen using LMX1A (data not shown)). We then created stable HEK293T 

cell-lines with an empty doxycycline-dependent vector (TRE-empty) and LMX1A/B 

plasmids (TRE-LMX1A; TRE-LMX1B). These were treated 2 days or 4 days with 

doxycycline (500ng/mL) and the expression of autophagy-related genes and 

COL4A4 as positive control gene for LMX1B were analysed by qRT-PCR and 

immunoblotting. As shown in Appendix-C: Fig. 8.4A, LMX1A/B levels only 

increased ~20-fold after the addition of doxycycline. In addition, doxycycline itself 

affected the expression of p62 and ULK1 (TRE-empty condition). In addition, 

unexpectedly, the overexpression of LMX1B did not increase the levels of 

COL4A4 and we found a general decrease in the expression of autophagy-related 

genes. On the other hand, LMX1A overexpression induced the expression of 

TFEB, ATG2B, ATG7, ULK1, p62 and NDP52, although this should be interpreted 

with some caution since LMX1A is not normally expressed in HEK293T cells. 

These results were consistent with protein levels analysed by immunoblot 

(Appendix-C: Fig. 8.4B).  

Taken together, these results indicate that in HEK293T, doxycycline affects  
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autophagy responses. An effect of doxycycline on mitophagy and cell death has 

previously been reported in a porcine intestinal cell line (IPEC-J2), but at higher 

concentrations that the one used in our experiments (Xing et al., 2017). LMX1B 

overexpression did not increase the expression of the known target, COL4A4, 

probably suggesting that other conditions should be tested (e.g. time) or that the 

overexpression of LMX1B alone does not modify gene expression and the co-

overexpression of regulatory co-factors may be necessary. 

As another approach, we established a collaboration with Prof Ralph 

Witzgall (University of Regensburg, Germany), and he kindly donated a published 

stable HeLa cell-line expressing myc epitope-tagged LMX1B fusion protein with 

streptavidin binding protein and protein G – referred to as LMX1B-SG –  in a Tet-

Off doxycycline system (Rascle et al., 2009), in which LMX1B expression is 

increased when doxycycline is removed from the media (Fig. 5.5A). LMX1B 

overexpression was analysed 2 and 4 days after the removal of doxycycline by 

immunoblot and immunofluorescence (Fig. 5.5B-C). Expression of LMX1B was 

detected 4 days after removal of doxycycline and no expression was detected 

when doxycycline was present in the media (Fig. 5.5B). Similar results were found 

by immunofluorescence, where LMX1B was clearly expressed in the nucleus 4 

days after expression was induced (Fig. 5.5C).  

As shown in Fig. 5.5D, we then examined the effect of LMX1B 

overexpression in the expression of some of the previous autophagy genes, 2 and 

4 days after removal of doxycycline. As expected, 4 days after induction, LMX1B 

mRNA levels were increased. After this time, we found an increase in the 

expression of ULK1 and ATG16L1 and the known targets COL4A4 and IL-6 

(consistent with the results published in (Rascle et al., 2009)), but not TFEB, ATG3 

or ATG7. No change was found in the expression of p62. In addition, despite 

evidence that induced LMX1B expression was not detected until day 4, significant 

changes were found in the expression of COL4A4 and ATG7 2 days after 

induction, suggesting possible off-targets effects linked to the removal of 

doxycycline (Fig. 5.5D).  

These data suggest that LMX1B overexpression in HeLa cells induces the 

expression of some autophagy genes. However, these results should be carefully 

considered as the removal of doxycycline alone seems to have an effect in gene 

expression, and co-factors could still be necessary for autophagy regulation. 
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Figure 5.5. Effect of the overexpression of LMX1B-SG in HeLa cells. (A) Schematic 

representation of the Tet-Off system (+ doxycycline, DOX). (B) Representative immunoblot from 

stable LMX1B-SG HeLa cells controlled by a Tet-Off system. LMX1B-SG levels were analysed 

with or without DOX (100ng/mL) for 2 and 4 days. (C) Immunofluorescence of LMX1B-SG HeLa 

cells controlled by a Tet-Off system, 2 and 4 days after removal of DOX (100ng/mL), labelling 

with anti-LMX1B (red). Samples were counterstained with DAPI (blue). Scale bar 20µm. (D) 

LMX1B-SG HeLa cells controlled by a Tet-Off system, with or without DOX (100ng/mL) for 2 

and 4 days. mRNA levels of the indicated genes were determined by qRT-PCR and normalized 

by GAPDH levels. Values are mean ± SD of triplicate samples from a single experiment. (n = 

3) *p<0.05, ** p<0.01 and *** p<0.001 - DOX vs. + DOX according to Student’s t test. 
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5.2.3.3. LMX1A and LMX1B knockdown in iPSC-derived mDANs 

reduces the expression of important autophagy genes 

To study whether LMX1A or LMX1B knockdown influences autophagy 

capability in human mDANs, we used the validated LMX1A/B shRNA constructs, 

in which shLMX1A and shLMX1B (or shRNA control; all under the U6 promoter) 

are encoded on the same plasmid as GFP driven by the hsyn promoter (see 

Chapter 4 (Fig 4.3)). First, we analysed the expression levels of some of the 

autophagy genes by qRT-PCR in iPSC-derived mDAN cultures (differentiated at 

days 30-45). As shown in Fig. 5.6A, a significant decrease in expression of ULK1, 

ATG2B, ATG7, ATG16L1, TFEB, NDP52, PINK1 and OPTN (but not in ATG3) 

was observed following LMX1A or LMX1B suppression. Expression of TH and 

TUJ1 were found to be unchanged, suggesting that DANs identity and stability 

were maintained. We also found a decrease in the expression levels of LMX1A 

when LMX1B was suppressed, and vice versa. This direct cross-regulation has 

been reported before (Chung et al., 2009). Expression of p62, used as a negative 

control, was unchanged as expected. NURR1 and PITX3 are two known targets 

for LMX1A and LMX1B (Chung et al., 2009) and their expression was reduced as 

anticipated. MSX1 is a known target only for LMX1A (Andersson et al., 2006), and 

its expression was reduced only when LMX1A was knocked down (Fig. 5.6A). In 

addition, double knockdown for LMX1A and LMX1B in iPSC-derived mDANs 

(differentiated at days 30-45) did not have a synergistic effect. We observed a 

reduction in the expression levels of PINK1 and NURR1 but not the rest of the 

genes including the positive controls (Fig. 5.6B). This may suggest the presence 

of a compensation effect when we reduced the levels of LMX1A/B. 

Based on our earlier observations that LMX1A/B shRNA suppression at 

early differentiation stages (day <17) affected neurite stability and altered the 

expression of key mDAN/neuronal genes (Figs 4.4B, 4.5B), we tested whether 

age in culture of iPSC-derived human mDANs influences the regulation of 

autophagy gene expression via these transcription factors. To do so, we carried 

out the LMX1A/B knockdowns in early progenitors (differentiated at day 17). Fig. 

5.6C includes a more extensive analysis of the partial experimental data reported 

in Chapter 4 (Fig 4.4B). At this early neuralization stage, the expression of 

autophagy genes was not significantly altered in the LMX1A knockdown condition, 

but as described in Chapter 4, dopaminergic/neuronal markers (TH, TUJ1, 
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NURR1, MSX1) were significantly reduced, arguing that the differentiation of 

mDANs in the LMX1A silenced condition was not effective/complete (by contrast, 

LMX1B suppression led to a compensatory increase in LMX1A, NURR1 and TFEB 

expression levels (Fig. 5.6C and see analysis of Fig. 4.4 in Chapter 4). These 

results indicate that at early stages of neuralization, LMX1A knockdown has no 

apparent effect on autophagy gene expression, but it impairs mDANs 

differentiation; meanwhile LMX1B suppression causes compensatory LMX1A 

upregulation (Fig. 5.6C). This suggests that analysis of the interplay between 

LMX1A/B and the autophagy system cannot be carried out at such an early 

neuralization stage. However, in older mDAN populations (day 25-50), these 

transcription factors assist in neuronal maintenance/survival, at least in part 

through the control of autophagy gene expression. The distinct influences of 

LMX1A/B at various development/aging stages of iPSC-derived mDANs could be 

explained by a requirement for different signaling pathways and/or transcriptional 

programmes linked to neuronal maturation, or by the time-resolved expression of 

different co-factors for LMX1A/B.   

To confirm the links between LMX1A/B levels and autophagy in human 

mDANs, we analysed the effect of LMX1A/B suppression during basal autophagy 

responses in our iPSC-derived mDAN cultures (differentiated at day 30-50). For 

practical reasons, these experiments focused on WIPI2 puncta numbers, because 

as detailed in Chapter 3, standard methods to assess LC3 puncta (e.g. antibodies; 

GFP-LC3 constructs) are of limited use in this system. Compounding these 

limitations, the CytoID reagent cannot be used in conjunction with GFP needed for 

identification of mDANs expressing shRNA viruses, meanwhile attempts to 

generate CFP- or mCherry-tagged shRNA constructs was not successful because 

fluorescence was highly reduced after fixation and the mCherry tag aggregated in 

the cytoplasm of mDANs in any background in our hands (data not shown). As 

shown in Fig. 5.7, LMX1A and LMX1B suppression significantly reduced the 

number of WIPI2-positive autophagosome assembly sites in the cell bodies of TH-

+ve/GFP-+ve iPSC-derived mDANs. This is consistent with a dampened basal 

autophagy response (Fig. 5.7).  

Taken together, these results indicate that LMX1A and LMX1B regulate the 

expression of autophagy genes in iPSC-derived human mDANs and are needed 

to enable a robust autophagy response.   
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Figure 5.6.  LMX1A and LMX1B knockdown in iPSC-derived mDANs reduces expression 

of autophagy genes. LMX1A or LMX1B knockdown (A) or double LMX1A/B knockdown (B) in 

iPSC-derived mDANs (differentiated at D30-45) previously transduced with the hsyn-GFP-U6-

shRNA construct and using a non-target shRNA as a control. mRNA levels of the indicated 

genes were determined by qRT-PCR and normalized by GAPDH levels. Values are mean ± 

SEM (n=3) *p<0.05, ** p<0.01 and *** p<0.001 vs. shRNA control according to Student’s t test. 

(C) LMX1A or LMX1B double knockdown in iPSC-derived mDANs (differentiated at D17) 

previously transduced with the hsyn-GFP-U6-shRNA construct and using a non-target shRNA 

as a control (same experiment as shown in Fig. 4.4B but including autophagy gene analysis). 

mRNA levels of the indicated genes were determined by qRT-PCR and normalized by GAPDH 

levels. Values are mean ± SEM (n=3) *p<0.05 and ** p<0.01 vs. shRNA control according to 

Student’s t test.  
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Figure 5.7. LMX1A and LMX1B knockdowns impair basal autophagy iPSC-derived 

mDANs. Double immunofluorescence labelling with anti-TH and anti-WIPI2 antibodies in iPSC-

derived mDANs (differentiated at D30-45) previously transduced with the construct hsyn-GFP-

U6-shRNA where non-target shRNA was used as a control. On the bottom right, quantification 

of the WIPI2 puncta in the cell body from TH-positive, GFP-positive randomly chosen cells of 

each treatment from three independent experiments, a total of >30 neurons were analysed per 

condition.  Data are mean ± SD. *** p<0.001 vs. shRNA control according to Student’s t test. 

Scale bar 20µm. 
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5.2.3.4. Effect of LMX1A and LMX1B overexpression in iPSC-derived 

mDANs  

The absence of consistent differences in autophagy and LMX1B target 

gene upregulation (e.g. COL4A4) when LMX1A/B were overexpressed in 

HEK293T and HeLa cells (Section 5.2.3.2; Fig. 5.5; Appendix-C: Fig. 8.4) could 

be interpreted based on the cell type differences and/or the indirect effects of 

doxycycline addition in these cells. To extend this analysis to iPSC-derived human 

mDANs, we trialed the Tet-On doxycycline system version first described in 

Chapter 4, where Tet3G expression is driven by the hsyn promoter (Fig. 4.9).  

To study whether LMX1A or LMX1B overexpression influences autophagy 

in human mDANs, we analysed the expression levels of some candidate target 

autophagy genes by qRT-PCR in iPSC-derived mDANs (differentiated at day ~30) 

transduced with GFP-LMX1A and/or GFP-LMX1B, and treated with doxycycline 

(500ng/mL) for 2 days. As shown in Fig. 5.8, both LMX1A and LMX1B 

overexpression caused unexpected decreases in NURR1 expression. On its own, 

LMX1A overexpression failed to elicit significant changes in the expression of 

ULK1, ATG3, ATG16L1, TFEB, NDP52, OPTN, PITX3 and MSX1 (Fig. 5.8). 

Furthermore, no changes in expression of TH, TUJ1 or p62 were detected, 

suggesting that LMX1A overexpression was not markedly influencing mDAN 

differentiation. By contrast, LMX1B overexpression increased expression of ULK1, 

ATG3, TFEB and PITX3 (Fig. 5.8). Finally, LMX1A and LMX1B co-overexpression 

caused an increase in expression of ATG3, TFEB, NDP52, OPTN and PITX3 (Fig. 

5.8). It is possible that the formation of LMX1A/LMX1B transcriptional complexes 

in situ is needed for maximal regulation of target gene expression; hence, their 

overexpression alone would have limited impact on the expression autophagy or 

known target genes. In agreement with this last statement, we have previously 

observed the formation of LMX1A/LMX1B heterodimers (Chapter 4, Fig. 4.1), and 

partial synergy was recorded when these transcription factors were co-

overexpressed (Fig. 5.8). The upregulation of expression of a subset of 

autophagy-related genes – in particular, TFEB – following LMX1B overexpression 

(alone or in combination with LMX1A), provides a possible explanation for the 

observed protection afforded by these transcription factors against rotenone 

poisoning in mDANs (Fig. 4.8B); however, LMX1A overexpression alone did not 

trigger increases in autophagy-related gene expression (Fig. 5.8), but restricted 
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rotenone-induced cell death (Fig. 4.8B). This could indicate that rotenone 

treatment might affect LMX1A/B activity (i.e. post-translational modifications) to 

boost their activities, or might induce the expression or activation of some co-

factors. On the other hand, other target genes not assessed in our candidate 

analysis may be responsible for this protection. To assess if autophagy regulation 

by LMX1A/B is involved in neuronal protection, we would need to carry out further 

analysis of rotenone-induced cell death with LMX1A/B overexpression in the 

presence of the lysosomal inhibitor BafA1. 

5.3. Discussion and future work 

 In this Chapter, we have introduced LMX1A and LMX1B as novel 

autophagy transcription factors in human mDANs that have the potential to provide 

neuronal protection during differentiation, aging and stress (Fig. 5.9). Due to their 

high energetic demands and unique structure, autophagy is regarded as being 

particularly important for mDAN maintenance/survival (Friedman et al., 2012; 

Karabiyik et al., 2017; Kett et al., 2015; Sato et al., 2018). Indeed, upregulation of 

autophagy pathways via the overexpression of TFEB or Beclin1 has been shown 

to be effective in protection in an a-synuclein overexpression PD in vivo model 

(Decressac et al., 2013). Despite the promise of harnessing autophagy control to 

protect mDANs, little is known about the regulation of the autophagy process in 

these important and highly specialised cells. Previous publications have 

suggested that LMX1A/B downregulation might contribute to the neural decline 

seen in PD (Doucet-Beaupre et al., 2016), while impaired autolysosomal systems 

have been described in the conditional knock out Lmx1b mouse (Laguna et al., 

2015). Recently, a high throughput screening suggested a direct regulation of 

ATG4C expression by LMX1B, using ChIP-Sequencing in mouse limbs at E12.5 

(Haro et al., 2017). Our data in the previous chapter (Chapter 4) suggested that 

these transcription factors provide neuronal protection in mDAN cultures. In this 

Chapter, we present evidence that LMX1A/B influence autophagy transcription 

specifically in human mDANs, thereby providing a testable explanation for the 

protection of these specialised neurons via these transcription factors.  

In our study, bioinformatics analyses suggested the presence of putative 

LMX1A/B binding sites in the promoters of 34 autophagy-related genes. However, 

as previously mentioned, LMX1A/B binding sites can also be present in intergenic 
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Figure 5.8. LMX1A and LMX1B overexpression in iPSC-derived mDANs: effect on 

autophagy gene regulation. GFP-LMX1A and/or GFP-LMX1B overexpression – or GFP only 

as a control – controlled by Tet-On system (indicated by TRE-) in iPSC-derived mDANs 

(differentiated at D ~30). Expression was induced with the addition of doxycycline (500ng/mL) 

for 2 days. mRNA levels of the indicated genes were determined by qRT-PCR and normalized 

by GAPDH levels. Data show means ± SD of triplicate wells from a single representative 

experiment. *p<0.05, ** p<0.01 and *** p<0.001 vs. TRE-GFP according to Student’s t test. 
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Figure 5.9.  LMX1A and LMX1B are autophagy transcription factors. LMX1A and LMX1B 

are regulating the expression of autophagy genes by binding to the FLAT elements in their 

promoters. Ultimately, this regulation in human mDANs has the potential to provide protection 

of these specialised cells during neuronal stress.  
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and intronic regions that are not included in the promoter database (Cartharius et 

al., 2005; Fregoso et al., 2019; Haro et al., 2017). Thus, an extensive analysis 

including these regions would potentially allow the identification of more putative 

LMX1A/B binding sites. In addition, we validated some of these targets in 

HEK293T cells and iPSC-derived mDANs by ChIP; showing association of 

endogenous LMX1A (for iPSC-derived mDANs only) and LMX1B (mDANs and 

HEK293T cells) with the promoter regions of some of these autophagy genes. 

Also, when we suppressed LMX1B levels in HEK293T cells, we found a significant 

decrease in the expression of several autophagy and mitophagy genes, as well as 

a decrease in protein levels for selected targets. Functional studies also suggested 

that the loss of LMX1B impaired basal and induced autophagy in HEK293T cells. 

However, the overexpression of LMX1A/B in HEK293T did not appear to impact 

on candidate gene expression, although the influence of doxycycline in these cells 

and in HeLa cells cannot be ignored. It is of course possible that additional co-

factors are needed for gene expression regulation by these transcription factors. 

Interestingly, LMX1B overexpression influenced expression of some autophagy 

genes in HeLa cells, despite not being constitutively expressed in these cells. 

Similar transcriptional upregulation has been reported in this setting for other 

LMX1B target genes, including NFκB target genes (Rascle et al., 2009) 

By comparison, knocking down expression of LMX1A/B in iPSC-derived 

mDANs had a strong impact in autophagy gene expression, although some 

notable differences were observed on comparison with LMX1B knockdown in 

HEK293T cells (compare Fig. 5.6A with Fig. 5.3A,D). This suggests potential 

differences between cell-types. Interestingly, reducing LMX1A/B expression levels 

in early progenitors (day 17) caused reduced expression of neuronal midbrain 

markers, but not autophagy genes. This differs from the findings in older neurons 

(day 25-50), possibly explaining why different targets have been identified for 

LMX1A/B depending on the mouse embryonic stage (Doucet-Beaupre et al., 2015; 

Feenstra et al., 2012; Haro et al., 2017).  

Of particular note in the context of this study, reduced expression of 

LMX1A/B also impaired the basal autophagy response in iPSC-derived mDANs, 

measured by a reduction in WIPI2 puncta numbers in cell bodies. As confirmed 

autophagy transcription factors in HEK293T cells and human mDANs, one 

important question is: are these transcription factors themselves regulated (e.g. 
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degraded) by the autophagy pathway? In the next Chapter, we study the 

mechanisms of LMX1A/B turnover, and introduce a novel mechanism of 

autophagy regulation by LMX1A/B, via their direct, LIR-mediated interaction with 

the ATG8 family of core autophagy proteins.  
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Chapter 6. LIR-

dependent LMX1A/B 

autophagy crosstalk 

 

 

 

 

 

At a glance 

In the first part of this final results Chapter, we will focus on the 

regulation of LMX1B by autophagy. Our data suggest a novel 

feedback mechanism to boost autophagy responses during 

acute starvation, but that this process is terminated during 

prolong stress via LMX1B relocalisation and degradation. In the 

second part, we describe the presence of a LIR motif(s) in 

LMX1B supporting nuclear interaction with the ATG8 family in 

basal conditions. Finally, we will study whether this novel 

interaction influences the regulation of the autophagy genes 

and protection against cell death in mDANs.  
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Chapter 6. LIR-Dependent LMX1A/B Autophagy 

Crosstalk 

6.1. Introduction 

Despite LMX1A/B being implicated in mDAN differentiation, maintenance 

and survival, the regulation of these two transcription factors is not well 

characterised. Due to its importance in the autophagy process, we hypothesized 

that autophagy may also be involved in LMX1A/B regulation, particularly: 

• Translocation. As the distribution of key transcription factors such as TFEB, 

ZKSCAN3 and FOXOs alters in response to stress (Fullgrabe et al., 2016), 

a similar scenario might exist for LMX1A/B. 

• Degradation. Such a negative feedback loop is not uncommon. For 

example, FOXO3a, an autophagy transcription factor, has been recently 

reported to be degraded by the autophagy pathway  (Fitzwalter et al., 2018). 

As we have previously described, LMX1A/B – and transcription factors in 

general – need co-factors for the regulation of gene expression. Recently, LC3B, 

a member of the ATG8 family, has been reported to reside in the nucleus in basal 

conditions where it engages with PML bodies and nucleolar components via LIR-

type interactions, suggesting nuclear regulatory roles (He et al., 2014; Kraft et al., 

2016; Shim et al., 2019). Based on primary sequence analysis, we therefore 

hypothesized a third pathway of regulation, in which LMX1A/B interact with the 

ATG8 family in the nucleus, and that this interaction might influence expression of 

autophagy genes. 

As covered in Chapter 1, the ATG8 family consists in the LC3/GABARAP 

family with seven homologs: LC3A (v1 and v2), LC3B, LC3C, GABARAP, 

GABARAPL1 and GABARAPL2 (or GATE-16) (Schaaf et al., 2016). Each of them 

is recruited in different scenarios and have different functions (Schaaf et al., 

2016). The interaction with ATG8 homologs is made through the LIR motif, with 

the core consensus sequence (W/F/Y)1-X2-X3-(L/I/V)4 (Jacomin et al., 2016). 

Proteins with this sequence are usually involved in autophagosome formation, 

cargo receptors or proteins degraded selectively by this pathway (Birgisdottir et 

al., 2013); however, other regulatory influences cannot be ruled out.  
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To analyse the regulation of LMX1A/B, we focused primarily on LMX1B in 

HEK293T cells, although results for LMX1A will also be shown. Armed with this 

knowledge, we next tested how interactions between LMX1B and the ATG8 family 

influence LMX1B function in iPSC-derived mDANs; namely, protection against 

rotenone poisoning, and regulation of LMX1B-target gene expression.  

6.2. Results 

6.2.1. Regulation of LMX1B by autophagy: translocation and 

degradation 

To test whether autophagy activation influenced the steady state 

localization of LMX1B, we used HEK293T cells stably expressing LMX1B-FLAG. 

We decided to focus on LMX1B because, unlike LMX1A, this gene is expressed 

in HEK293T cells. In HEK293T cells, LMX1B is predominantly nuclear in full 

nutrient media (Fig. 5.2A). Autophagy was induced with starvation media for 2h. 

As shown in Fig. 6.1A, after cellular fractionation to separate nuclear and cytosolic 

fractions (see Chapter 2), we observed a decrease in LMX1B-FLAG in the cytosol 

and a corresponding increase in the nucleus after starvation. Thus, in common 

with the lysosomal transcription factor TFEB, whose levels increase in the nucleus 

after starvation (Puertollano et al., 2018), LMX1B further accumulates in the 

nucleus in response to starvation (i.e. autophagy induction).  

We then carried out protein turnover studies to begin to understand how 

LMX1B is regulated via degradation pathways. Protein stability was determined in 

LMX1B-FLAG HEK293T cells, by the addition of the protein synthesis inhibitor 

cycloheximide (50µg/ml, 16h) to block de novo protein synthesis. We assessed 

the LMX1B turnover in the absence or presence of the proteasome inhibitor 

MG132 (10µM) or the lysosomal flux inhibitor BafA1 (20nM). As shown in Fig. 

6.1B, LMX1B levels were reduced after 16h cycloheximide treatment. This is a 

much longer half-life than reported for other transcription factors involved in 

mDANs differentiation such as FOXA2 (Rausa et al., 2004), although this result 

should be interpreted with caution as the assay was not testing endogenous 

LMX1B. These protein levels were partially recovered with either MG132 or BafA1 

treatments, suggesting that LMX1B is degraded via both proteasomal and 

autophagy pathways. Consistent with this, we found that turnover was enhanced 
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during nutrient starvation (6h), and this was at least partially prevented by BafA1 

(Fig. 6.1C). 

Imaging of LMX1B-FLAG localisation in HEK293T cells transfected with 

GFP-LC3B, suggested a predominantly nuclear distribution in full nutrients and 

during early starvation (Fig. 6.2A). In some cells, discrete cytosolic LMX1B-FLAG 

foci were detected that were distinct from GFP-LC3B positive autophagosomes 

(Fig. 6.2A), but that strongly co-localised with p62 aggresomes (Fig. 6.2B). In 

addition, after 2h starvation, some cells displayed punctate nuclear LMX1B-FLAG 

patterns, perhaps indicative of high transcriptional activity (Fig 6.2C) (similar to 

the observation in iPSC-derived mDANs (Appendix-C: Fig. 8.2). Strikingly, 

following extended starvation (6h), LMX1B-FLAG moved dramatically to the 

cytosol where it accumulated in abundant cytosolic puncta that strongly co-

localised with GFP-LC3B (Fig. 6.2A). Thus, in common with TFEB whose 

subcellular localization depends on nutrient availability (Puertollano et al., 2018), 

LMX1B shuttling is also influenced by nutrients; LMX1B translocates to the 

nucleus during acute starvation, but it subsequently exits and is degraded in the 

cytosol during extended periods of nutrient starvation, thereby effectively arresting 

LMX1B-mediated autophagy transcriptional upregulation. 

6.2.2. LMX1A/B contain LIR motifs and bind multiple ATG8 

proteins via LIR-type interactions 

The apparent co-localisation between LMX1B and LC3B in HEK293T cells 

after long periods of starvation suggested that these proteins might interact. To 

analyse this, we used the iLIR search tool (https://ilir.warwick.ac.uk, Chapter 2) to 

look for putative LIR motifs in the primary structures of LMX1A/B. The online 

software reported that LMX1B is a putative LIR-containing protein, due to the 

presence of a conserved LIR motif sequence (307ASYTPL312) located within the C-

terminal portion of the protein, C-terminal to the homeodomain (Fig 6.3). This tool 

also identified further putative LIR sites in LMX1B, and potential LIRs in LMX1A 

(Table 6.1). For LMX1A these were: 19ASFSSL24 in the N-terminal portion; 
84YDYEKL89 in the LIM1 domain; 96GCFEAI101 in the LIM2 domain; and 
288NPYTAL293 and 333PLFHDL338 in the C-terminal region, after the homeodomain. 

In LMX1B, we found another two possible LIR motifs: 105QDYQQL110, between 

LIM domains 1 and 2; and 347SIFHDI352, after the homeodomain (Fig. 6.3A). 



Chapter 6. Results IV 

 230 

 

Figure 6.1. Regulation of LMX1B by autophagy: translocation and degradation. (A) 

HEK293T were transfected with LMX1B-FLAG. Representative immunoblot for LMX1B-FLAG 

from cellular fractionated lysates (cytosol and nucleus) after 2h starvation. LaminB (nuclear 

protein) is used for normalization of the nuclear fraction and GAPDH (cytosolic protein) is used 

for normalization of the total and cytosolic fractions. Below, densitometric quantification of 

representative blots relative to GAPDH or LaminB levels. Data are mean ± SEM (n = 3). 

Statistical analysis was performed using Student’s t test. *** p<0.001 vs. untreated. (B) 

Representative immunoblot of LMX1B-FLAG turnover experiment in HEK293T stable cell line 

expressing LMX1B-FLAG. Cells were treated with cycloheximide (50µg/ml, 16h) – protein 

synthesis inhibitor – in the presence or absence of MG132 (10µM, 16h) – proteasome inhibitor 

– or BafA1 (20nM, 16h) – lysosomal flux inhibitor –. Below, densitometric quantification of 

representative blots relative to GAPDH levels. Data are mean ± SEM (n = 3). Statistical analysis 

was performed using two-way ANOVA followed by a Tukey’s multiple comparison post-hoc test. 

*p<0.05, ** p<0.01 and *** p<0.001. (C) Cells were treated with cycloheximide (50µg/mL, 6h) in 

the presence of BafA1 (20nM, 6h) and/or starvation media conditions (6h). Below, densitometric 

quantification of representative blots relative to GAPDH levels. Data are mean ± SEM (n = 3). 

Statistical analysis was performed using one-way ANOVA followed by a Dunnett’s multiple 

comparisons test *p<0.05 and *** p<0.001 vs. control and using Student’s t test. §§§ p<0.001 

Starvation vs. Starvation+BafA1. 
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Figure 6.2. LMX1B translocates to the cytosol and colocalizes with GFP-LC3B after 

longer starvation periods. (A) Representative immunofluorescences labelling with anti-FLAG 

(red) antibody from HEK293T cells co-transfected with GFP-LC3B (green) and LMX1B-FLAG 

after 2h or 6h starvation – or normal media as a control –. This experiment was repeated twice 

with identical results. (B) Representative immunofluorescences labelling with anti-LMX1B (red) 

and anti-P62 (blue) antibody from HEK293T cells co-transfected with GFP-LC3B (green) and 

LMX1B-FLAG. This experiment was repeated twice with identical results. (C) Representative 

immunofluorescences labelling with anti-FLAG (red) from HEK293T transfected with LMX1B-

FLAG after 2h starvation. Cells were counterstained with DAPI. Scale bars 20µm. 
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Other information generated by this program includes the presence or 

absence of an anchor region, intrinsically disordered sequences that are usually – 

but not always – present in LIR motifs and their flanking regions to stabilise the 

interaction (Popelka and Klionsky, 2015). We also analysed the sequence 

conservation of the putative LIRs, and found that some amino acids were highly 

conserved between species (Table 6.2), suggesting that they are likely to be 

crucial for function.  

We then analysed if there was any potential interaction between LMX1B 

and the ATG8 homologs by coIP in HEK293T stably expressing LMX1B-FLAG 

and transfected with GFP (control), GFP-LC3A, GFP-LC3B, GFP-LC3C, GFP-

GABARAP, GFP-GABARAPL1, or GFP-GABARAPL2. As shown in Fig. 6.3B, we 

observed an interaction between LMX1B-FLAG and each of the GFP-ATG8 

proteins, but not with GFP, suggesting a specific interaction between LMX1B and 

the LC3/GABARAP family. p62 was used as positive control, as it is a known 

interactor of all ATG8 proteins (Pankiv et al., 2007). Strikingly, GFP-LC3B was 

also detected in anti-FLAG immunoprecipitates from lysates of HEK293T cells 

stably expressing LMX1B-FLAG (Fig. 6.3C). As a further corroboration of this 

interaction, we carried out an in vitro pull-down assay. We expressed His-tagged 

ATG8 family members in E. coli, then purified the recombinant His-tagged proteins 

Motif Start End Pattern PSSM Score LIR in Anchor 

WxxL 19 24 ASFSSL 8 No 

WxxL 84 89 YDYEKL 14 No 

WxxL 96 101 GCFEAI 7 No 

WxxL 288 293 NPYTAL 7 Yes 

WxxL 333 338 PLFHDL 3 Yes 

Motif Start End Pattern PSSM Score LIR in Anchor 

xLIR 307 312 ASYTPL 11 Yes 

WxxL 105 110 QDYQQL 13 No 

WxxL 347 352 SIFHDI 4 Yes 

Table 6.1A. Putative LIR motifs for LMX1A 

 

Table 6.1B. Putative LIR motifs for LMX1B 
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using a nickel resin (Fig. 6.3D, elution fractions, see Chapter 2), and these were 

covalently linked to CNBr-sepharose. Lysates from HEK293T cells stably 

expressing LMX1B-FLAG were incubated with His-ATG8 resins (unbound resin 

was used as a control). As shown in Fig. 6.3E, we observed that LMX1B-FLAG 

could be pulled down by each of the different ATG8s, but not with the blank resin. 

Again, p62 was used as a positive control for ATG8 binding capability. 

Alternatively, we also tried to purify recombinant LMX1B, but protein was not 

present in the soluble fraction – probably suggesting that inclusion bodies were 

formed – (data not shown), so protein recovery or expression in alternate, 

eukaryotic systems (e.g. insect cells) would be necessary. 

Overall, these data suggest that LMX1B binds to the LC3 and GABARAP 

families. From this point, we mainly focused on LC3B because is the most 

characterised among the ATG8 family and due to the recent evidence indicating 

its nuclear localisation, the interaction was most likely to happen with LMX1B 

(Huang et al., 2015). Further characterisation of the interaction with the rest of the 

LC3 family and GARABARAP family would be analysed in detail in follow up 

studies. To analyse if this interaction is via LIR-type interactions, we mutated two 

keys amino acids in the hydrophobic pockets HP1 (L53) and HP2 (F52) of the 

LC3B LIR docking site (i.e. F52A/L53A) (Ichimura et al., 2008). As shown in Fig. 

6.4, the mutant LC3B co-precipitated very weakly with LMX1B-FLAG in 

comparison to the wild type. The same results were found with p62, as expected 

(Ichimura et al., 2008).  

To identify the LIR motif responsible for this interaction in LMX1B, we 

carried out protein modelling in collaboration with Dr Deborah Shoemark 

(University of Bristol). We focused on the putative LIR motif 307ASYTPL312, 

recognized by the online software, with relative high score in the C-terminus of 

LMX1B (Fig 6.5A). Alignment of the predicted C-terminal LIR identified in LMX1B 

(309YTPL312) against other published LIR motifs suggested that it conforms to the 

tyrosine-type group identified in LIR domain containing proteins including NBR1, 

ATG4B and FUNDC1 with an aliphatic amino acid in the fourth position – leucine 

for LMX1B – (Fig. 6.5B). Using Chimera (Chapter 2)(Pettersen et al., 2004), we 

visualised the LC3B crystal structure bound to the FYCO1 LIR peptide (5d94.pdb) 

(Olsvik et al., 2015), and used this structure as a template to guide the positioning 

of  the  LMX1B  LIR  and  its  flanking  sequences.  Throughout  4  repeat  molecular  
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Table 6.2A. Conservation of putative LIR motifs of LMX1A 

 

Table 6.2B. Conservation of putative LIR motifs of LMX1B 
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Figure 6.3. LMX1B interacts with the LC3/GABARAP family. (A) Modified figure Fig 4.1. 

including putative LIR motifs (https://ilir.warwick.ac.uk/) for LMX1A/B. (B) GFP-TRAP co-

precipitation of LMX1B-FLAG with GFP-ATG8 family members in HEK293T cells. 5% protein 

lysate from equivalent GFP-expressing cells is shown as “input”. (C) Anti-FLAG co-precipitation 

of GFP-LC3B from lysates of HEK293T cells stably expressing FLAG-LMX1B. A non-specific 

IgG control is included. Arrow indicates position of GFP-LC3B; * indicates the position of the 

antibody light chain. P62 was used as positive control. (D) Representative Coomassie staining 

for the recombinant protein purification of His-LC3A, His-LC3B, His-LC3C, His-GABARAP, His-

GABARAPL1 and His-GABARAPL2. Protein expression was induced with the addition of IPTG 

and purified using a nickel column. Different fractions were eluted to obtain the purified proteins 

(E1- E5). Then, purified proteins were covalently linked to a sepharose resin for pull down 

assays – blank resin was used as control –. (E) In vitro pull-down of LMX1B-FLAG from lysates 

of HEK293T stably expressing FLAG-LMX1B using sepharose beads covalently attached to 

recombinant His-ATG8 family members. 
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Figure 6.4. LMX1B interacts with LC3B via LIR-type interactions. GFP-TRAP co-

precipitation of LMX1B-FLAG with wild-type of LIR docking mutant (F52A/L53A) GFP-LC3B in 

HEK293T cells 5% of protein lysate was used as control for protein expression (input). 
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dynamics simulations of the resulting assemblies, the LMX1B LIR peptide 

remained in contact with LC3B (Fig. 6.5C-E; Appendix-B: Movie 8), with Y309 

and L312 anchors docked within LC3B hydrophobic pockets HP1 and HP2, 

respectively in a parallel ß-strand configuration (Fig. 6.5C-E). This correlates with 

our previous data where single point mutation in the HP1 in L53 and HP2 in F52 

affected binding to LMX1B-FLAG (Fig. 6.4). As shown in Fig. 6.5E, the crystal 

structure LMX1B is not yet available, so we used the online tool iTASSER 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/, Chapter 2), to generate a 

structural model of LMX1B. The structure is generated as a series of ‘cassetes’ 

which could provide potential interaction sites (Yang and Zhang, 2015). Our model 

predicted that multiple amino acids along the LMX1B structure (apart from 
307ASYTPL312) could be involved in the interaction with LC3B. Significantly, recent 

data have highlighted the importance of other amino acids close to the LIR, being 

as critical for the binding to the ATG8s as the core LIR amino acids (Rogov et al., 

2017b; Wirth et al., 2019).  

As previously mentioned, LMX1B belongs to the tyrosine-type group of LIR 

motifs (Fig 6.5B). In comparison with other proteins from this group, in particular, 

FYCO1, differences were observed in the positioning of upstream residues relative 

to the FYCO1 crystallographic position, with the LMX1B LIR adopting a final pose 

that was displaced towards the a2 helix of the N-terminal arm of LC3B (Birgisdottir 

et al., 2013; Olsvik et al., 2015) (Fig. 6.6A, B). In the FYCO1 LIR, residues D1277 

and D1281 form salt bridges with R10 and R70 of LC3B respectively. By contrast, 

the LMX1B LIR has no negatively charged residues in this region; rather A307 (i.e. 

at LIR X-2; Fig. 6.5B) packs against L22 of LC3B. Downstream of the LIR, the first 

glutamine in the LMX1B triple Q stretch (i.e. at LIR X7), folded back in the 

simulation to adopt a similar configuration to that reported for the glutamic acid at 

LIR X7 in FYCO1 (Fig. 6.6B), thus possibly stabilising the interaction. Interestingly, 

our proposed LMX1B-LC3B model is highly similar to the docking of the N-terminal 

tyrosine-type LIR of human ATG4B (see Fig. 6.5B), seen in the lattice structure of 

the ATG4B-LC3B crystal (Satoo et al., 2009), both within the core LIRs, and in the 

near-identical manner in which the displaced upstream sequences engage with 

the LC3B a2 helix (Fig. 6.6C). 

Finally, due to its functional and structural similarities with LMX1B, we also 

analysed  the  possible  binding  of  LMX1A  to   the   ATG8   family   via   LIR-type  



Chapter 6. Results IV 

 238  

Figure 6.5. Protein modelling of LIR-LMX1B and LC3B LIR docking site. (A) Domain 

schematic showing LIR motif in LMX1B (left). Alignment of the LMX1B LIR in different species 

(right). (B) Sequence alignments of LIR motifs in various human (Hs) proteins designated as 

tryptophan-, phenylalanine- and tyrosine-type LIRs (refers to the residue at P0 of the LIR). * C-

terminal ATG4B LIR; # N-terminal ATG4B LIR. (C) LMX1B LIR overlaid upon a space-filling 

model of LC3B (5d94.pdb) in final simulation pose, showing docking of the key LIR residues at 

P0 and P3 within HP1 and HP2 of LC3B respectively. (D) Frames from a computer simulation 

of the LIR-dependent LMX1B-LC3B interaction (see Movie 8) showing the dynamics of the 

putative LMX1B LIR motif docked by molecular replacement in the position adopted by the 

FYCO1 LIR (5d94.pdb). (E) Close-up of the LMX1B LIR docket into LC3B in the context of an 

iTASSER prediction (https://zhanglab.ccmb.med.umich.edu/I-TASSER/), showing how the 

LIR comfortably fits into the LC3B LIR binding domain (left) via parallel beta strans (right). 

Protein simulations were performed by Dr Debbie Shoemark (University of Bristol). 
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Figure 6.6. Comparison of protein modelling of LIR-LMX1B and LC3B LIR docking site 

with FYCO1 and ATG4B. (A) Ribbon structure overlay of human LC3B (grey) in complex with 

the FYCO1 LIR (Magenta) (5d94.pdb) with the final model simulation pose of LC3B (green) and 

LMX1B LIR (cyan). Close alignment between FYCO1 and LMX1B is seen within the core LIR 

binding region. (B) Side-by-side comparison of the LMX1B (left) and FYCO1 (right) LIRs docked 

at HP2 of LC3B, (5d94.pdb) to show how LMX1B Q316 and FYCO1 E1287 fold back towards 

HP2 in both structures to stabilise LIR binding. (C) Comparison of the final LMX1B LIR pose 

and the position of the N-terminal ATG4B LIR identified in the ATG4B/LC3B crystal lattice 

(Satoo, Noda et al., 2009). Protein simulations were performed by Dr Debbie Shoemark 

(University of Bristol). 
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interactions. As shown in Fig. 6.7A, coIPs in HEK293T cells transfected with GFP-

LC3A, GFP-LC3B, GFP-LC3C, GFP-GABARAP, GFP-GABARAPL1 and GFP-

GABARAPL2 (and GFP as a control) together with LMX1A showed an interaction 

between LMX1A and each of the GFP-ATG8 proteins, but not with GFP. Again, 

p62 was used as a positive control. These results suggest a specific interaction 

between LMX1A and the ATG8 family (Fig. 6.7A). In agreement with this, we will 

show later that LMX1A is also an autophagy substrate. In addition, the LIR docking 

site mutant LC3B (F52A/L53A) considerably reduced the binding to LMX1A as 

well as p62 in comparison with wild type LC3B, suggesting a LIR-dependent 

interaction (Fig. 6.7B).  

To identify the LIR motif responsible for this interaction in LMX1A, as 

previously described with LMX1B, we focused on the putative LIR motif 
288NPYTAL293 due to its high similarity to 307ASYTPL312 in LMX1B (Fig. 6.8A, 

Table 6.2). Protein modelling using the online tool iTASSER 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) to create a structural model of 

LMX1A (a crystal structure is not available) suggested that the LMX1A LIR fits in 

the HP1 and HP2 pockets in LC3B (Fig. 6.8B). Adjacent residues also engaged 

with LC3B, highlighting the potential importance of amino acids surrounding the 

LIR core as previously discussed (Fig. 6.8B). 

Overall, our data describe novel interactions between LMX1A/B and the 

ATG8 family through the LIR motifs.  

6.2.3. The LIR-dependent LMX1B-LC3B interaction is location and 

context dependent 

6.2.3.1. Studying the LMX1A/B-ATG8 interaction in HEK293T cells 

We then carried out an experiment to determine whether LMX1A/B 

interacted with the ATG8 family in the nucleus or in the cytosol. It has been 

recently reported that LC3B is present in the nucleus in an acetylated form under 

basal conditions, but that after starvation, it becomes deacetylated and is 

transported to the cytosol to enable formation of autophagosomes (Huang et al., 

2015); however, its role in the nucleus has not been well characterised. As 

shown in Fig. 6.9A, coIP of cytosolic and nuclear fraction from HEK293T cells 

transfected  with  GFP-ATG8s  and  LMX1B-FLAG,  showed  that  the  interaction  
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Figure 6.7. LMX1A interacts with the LC3/GABARAP family via LIR-type interactions. (A) 

GFP-TRAP co-precipitation of LMX1A with GFP-ATG8 family members in HEK293T cells. 5% 

protein lysate from equivalent GFP-expressing cells is shown as “input”. (B) GFP-TRAP co-

precipitation of LMX1B-FLAG with wild-type of LIR docking mutant (F52A/L53A) GFP-LC3B in 

HEK293T cells 5% of protein lysate was used as control for protein expression (input).  
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Figure 6.8. Protein modelling of LIR-LMX1A and LC3B LIR docking site. (A) Domain 

schematic of LIR motif in human LMX1A (left). Alignment of the LMX1A LIR in different species 

(right). (B) Close-up of the LMX1A LIR overlayed upon a space-filling model of LC3B (5d94.pdb) 

in final simulation in the context of the whole LMX1A model protein in the context of an iTASSER 

prediction (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) which is able to comfortably 

accommodate this arrangement. Protein modelling was performed by Ms. Debbie Shoemark 

(University of Bristol). 
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was present in the nuclear fraction, but not in the cytosolic fraction. By contrast, 

p62 bound ATG8 family members overwhelmingly in the cytoplasm, as expected. 

Cytosolic and nuclear fractionation was confirmed by enrichment of GAPDH in 

and Lamin B, respectively. To compare the two fractions more directly, coIPs of 

cell fractions from HEK293T cells co-transfected with GFP-LC3B and LMX1B-

FLAG were carried out, and these showed that the nuclear fraction was enriched 

in comparison to the cytosol (Fig 6.9B). Taken together, these results suggest 

that LMX1B interacts with the ATG8-homologs in HEK293T cells and this 

interaction occurs in the nucleus. 

LC3B subcellular location depends on nutrient availability (Huang et al., 

2015). To test whether nutrient availability influenced the location and apparent 

strength of LMX1B binding to LC3B, HEK293T cells co-expressing GFP-LC3B 

with LMX1B-FLAG were placed in starvation media for 2 h, then cell fractions were 

subjected to GFP-TRAP immunoprecipitation (Fig. 6.10A). Strikingly, in addition 

to the nuclear interaction that was retained apparently at a similar strength, a new 

interaction between LMX1B and GFP-LC3B was observed in the cytosol of starved 

cells (Fig. 6.10A). By contrast, cytosolic p62 binding to LC3B was not markedly 

influenced by starvation (Fig. 6.10A). These data suggest that the localization of 

LMX1B interaction with LC3B also depends on nutrient availability, where under 

starvation conditions, LMX1B interacts with LC3B in the cytosol. This could mean 

that LMX1B is being degraded by the autophagy pathway or that LMX1B is 

involved in the autophagy process.  

For the binding to the autophagy machinery and for autophagosome 

formation, LC3B needs to be lipidated. To test if lipidation was necessary for the 

LMX1B-LC3B interaction, we used a pre-primed LC3B mutant that cannot be 

lipidated: LC3B G120A (Kabeya et al., 2000). We focused on cytosolic binding, as 

only the unlipidated form of LC3B is predicted to be in the nucleus (Huang et al., 

2015) (LMX1B-FLAG was co-immunoprecipitated with LC3B G120A in nuclear 

fractions of HEK293T co-expressing GFP-LC3B or GFP-LC3B G120A and 

LMX1B-FLAG (data not shown)). In cytosolic fractions, we observed an interaction 

between LMX1B-FLAG with the non-lipidable LC3B, and between non-lipidable 

LC3B with p62 and ATG3 (Fig. 6.10B). Surprisingly, binding to LMX1B was 

markedly increased using the LC3B G120A mutant (Fig. 6.10B). Such an increase 

in binding to the unlipidated form of LC3B has been observed before with SNX18, 
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a LIR-containing SNX-BAR that influences autophagosome formation via 

trafficking of ATG9 and ATG16L1 to the autophagosome assembly site 

(Knaevelsrud et al., 2013; Soreng et al., 2018), suggesting that LIR-dependent 

interactions can occur with unconjugated LC3B.   

The release of the nuclear LC3B pool during starvation is regulated by 

SIRT1-dependent deacetylation, with LC3B exiting the nucleus in complex with 

the diabetes- and obesity-regulated nuclear factor (DOR) in preparation for its 

incorporation into the nascent isolation membrane (Huang et al., 2015; Mauvezin 

et al., 2010). GFP-TRAP pull-downs in HEK293T cells expressing acetylation-

resistant (K49R/K51R) and acetylation mimic (K49Q/K51Q) GFP-LC3B (Huang et 

al., 2015) and LMX1B-FLAG revealed that LMX1B associated strongly with 

K49R/K51R LC3B, but not with K49Q/K51Q LC3B, suggesting that LMX1B binds 

to the non-acetylated form of LC3B (Fig. 6.10C). The same was true for LIR-

dependent LC3B binding to p62 (Fig. 6.10C) and ULK1 (data not shown), 

indicating that the LC3B acetylation prevents LIR-type binding more generally. By 

contrast, non-LIR dependent binding to ATG3 (Nakatogawa, 2013) was retained—

albeit noticeably reduced—in the K49Q/K51Q LC3B mutant (Fig. 6.10C). 

Together, these data suggest that LMX1B binding to LC3B is regulated by LC3B 

acetylation/deacetylation, and that parallel LMX1B and LC3B nuclear shuttling 

itineraries exist, with the LMX1B-LC3B association being dependent on nutrient 

levels, sub-cellular localisation and LC3B acetylation status. 

We also tried to analyse whether endogenous LMX1B binds to LC3B. To 

do so, we carried out a GFP-TRAP of cytosolic and nuclear fraction from HEK293T 

lysates transfected with GFP-LC3B. As shown in Appendix-C: Fig. 8.5, even after 

cellular fractionation, the LMX1B band is difficult to detect due to the poor quality 

of available antibodies (commercial and supplied by collaborator, Prof. Ralph 

Witzgall, Regensberg), low expression levels, and/or the non-specific proteins 

bands resolving at around the expected molecular weight for LMX1B; for this 

reason, an interaction with endogenous LMX1B could not yet be confirmed. 

Therefore, for the purpose of these experiments, overexpressed LMX1B has 

needed to be used. 

Finally, we extended our results with overexpressed LMX1A to analyse the 

subcellular localization and context of its interaction with the ATG8 family. As 

shown in  Fig 6.11A, coIP in HEK293T transfected with  the  GFP-LC3  family  and  
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Figure 6.9. The LIR-dependent LMX1B-ATG8s interaction is in the nucleus. (A) HEK293T 

cells expressing GFP-ATG8 proteins and LMX1B-FLAG were separated into nuclear and 

cytoplasmic fractions which were subjected to GFP-TRAP. LaminB and GAPDH levels are 

shown to demonstrate the purity of the fractionation. (B) GFP-TRAP immunoprecipitation of 

nuclear and cytosolic fractions from lysates of HEK293T cells co-expressing GFP-LC3B and 

LMX1B-FLAG. LaminB and GAPDH levels are shown to demonstrate the purity of the 

fractionation 
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Figure 6.10. The LIR-dependent LMX1B-LC3B interaction is context dependent. (A) GFP-TRAP immunoprecipitation of nuclear and cytosolic fractions from 

lysates of HEK293T cells co-expressing GFP-LC3B and LMX1B-FLAG. Comparisons of pull-downs in full nutrients or after 2h starvation. LaminB and GAPDH 

levels are shown to demonstrate the purity of the fractionation. (B) GFP-TRAP immunoprecipitation of cytosolic fraction from lysates of HEK293T cells co-

expressing wild-type, and unlipidated (G120A) GFP-LC3B and LMX1B-FLAG. (C) GFP-TRAP immunoprecipitation of LMX1B-FLAG in HEK293T cells co-

expressing wild-type, acetylation-deficient (K49R/K51R) and acetylation mimic (K49Q/K51Q) GFP-LC3B. 5% protein lysate from equivalent GFP-expressing cells 

is shown as “input”.  
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LMX1A showed that, unlike LMX1B, the steady state LMX1A interaction with GFP-

LC3B in fed cells occurred primarily in the cytosol, similarly to p62, although this 

should be interpreted with some caution since LMX1A is not normally expressed 

in HEK293T cells (location-specific interactions with the GABARAP family were 

not tested). In common with LMX1B, GFP-TRAP pull-downs of cytosolic and 

nuclear fraction from HEK293T transfected with GFP-LC3B and LMX1A showed 

that this cytosolic interaction strengthened during starvation (Fig. 6.11B), and 

LMX1A expressed in HEK293T cells treated with cycloheximide (50µg/mL, 16h) 

and BafA1 (20nM) or MG132 (10µM) indicated that LMX1A was also turned over 

by both lysosomal and proteasomal routes (Fig. 6.11C). In addition, and in 

common with LMX1B, coIPs of LMX1A in HEK293T cells expressing acetylation-

resistant (K49R/K51R) and acetylation mimic (K49Q/K51Q) GFP-LC3B, 

suggested that LMX1A associated strongly with K49R/K51R LC3B, but not with 

K49Q/K51Q LC3B, suggesting that LMX1A also preferably binds to the non-

acetylated form of LC3B (Fig. 6.11D). However, GFP-TRAPs of HEK293T lysates 

transfected with LC3B-GFP and LMX1A with a mutation in the key residues in the 

core LIR (Y290A/L293A) did not affect binding to the ATG8 family compared to 

the wild type LMX1A (Fig. 6.11E). This suggests that there may be other LIR 

motifs in LMX1A, or the presence of stabilising interactions around the LIR motif 

that we targeted. Overall, these data indicate that LMX1A binding to LC3B 

depends on LC3B acetylation/deacetylation state, and that in basal conditions this 

interaction is predominantly cytosolic and increases under starvation conditions in 

HEK293T cells. 

6.2.3.2. Studying the LMX1A/B interaction with ATG8 family members 

in iPSC-derived mDANs 

In order to characterise the interaction between LMX1A/B and the ATG8 

family in iPSC-derived mDANs, we carried out GPF-TRAP pull-downs in mDANs 

(D37) transduced with GFP-LC3B (or GFP as a control) and hsyn-tet TRE-

LMX1B-FLAG (expression induced with doxycycline, 500ng/mL, 3 days). As 

shown in Appendix-C: Fig. 8.6, no interaction was found with LMX1B-FLAG or 

the positive control p62. This suggest that we probably need a more sensitive 

technique to detect protein interaction, possibly because of relatively low levels 

of LC3B expression. 
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Figure 6.11. LMX1A binds ATG8 family members in vitro (A) GFP-TRAP 
immunoprecipitation of nuclear and cytosolic fractions from lysates of HEK293T cells co-

expressing GFP-LC3A, B, C – and GFP as a control – and LMX1A under basal conditions. 

Arrow indicates position of the LMX1A band. (B) GFP-TRAP immunoprecipitation of nuclear 

and cytosolic fractions from lysates of HEK293T cells co-expressing GFP-LC3B and LMX1A. 

Comparisons of pull-downs in full nutrients or after 2h starvation. Arrow indicates position of the 

LMX1A band. (C) Representative immunoblot of LMX1A turnover experiment in HEK293T 

transfected with LMX1A. Cells were treated with cycloheximide (50µg/ml, 16h) in the presence 

or absence of MG132 (10µM, 16h) or BafA1 (20nM, 16h). Below, densitometric quantification 
of representative blots relative to GAPDH. Data are mean ± SEM (n = 3). Statistical analysis 

was performed using two-way ANOVA followed by a Tukey’s multiple comparison post-hoc test. 

*p<0.05, ** p<0.01 and *** p<0.001. (D) GFP-TRAP immunoprecipitation of LMX1A in HEK293T 

cells co-expressing wild-type, acetylation-deficient (K49R/K51R) and acetylation mimic 

(K49Q/K51Q) GFP-LC3B. Arrow indicates position of the LMX1A band. (E) GFP-trap pull downs 

of lysates of HEK293T cells expressing LIR mutant (Y290A/L293A) or wild type LMX1A and 

GFP-LC3B. Arrow indicates position of the LMX1A band.  
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We therefore carried out TMT proteomics (see Chapter 2) following 

immunoprecipitation of endogenous LXM1A and LMX1B from iPSC-derived 

mDANs (with rabbit IgG used as a control). As shown in Appendix-E: Extended 

File 1 and Appendix-C: Fig. 8.7, the amount of precipitated LMX1A/B was 7-

fold and 33-fold, respectively, and several proteins were detected above a 2-

fold threshold, mostly share by both transcription factors. As expected, LMX1B 

was immunoprecipitated in the LMX1A IP and vice versa, suggesting the 

formation of heterodimers (Chapter 4, Fig. 4.1B). In addition, we found a known 

interactor, LDB1, but neither the other identified proteins such as MYO1C and 

HSP70 (Hoekstra et al., 2013a). In this dataset, the ATG8 family was not 

detected (nor were any other autophagy proteins). However, we did detect 

several proteins involved in signalling (e.g. tyrosine-protein kinase receptor);  

neuronal activities (e.g. TH, cadherin 2, neurofilament medium polypeptide, 

MAP1A and MAP1B (Fifre et al., 2006; Martinez-Garay et al., 2016); metabolism 

(e.g. 2-oxoglutarate dehydrogenase); and immune responses (e.g. complement 

component C3 (Presumey et al., 2017)). However, the majority of the interactors 

belonged to the ‘binding’ category that included co-factors, thus several nuclear 

proteins (e.g. eukaryotic translation initiation factor 3, EF1a) (Appendix-C: Fig. 

8.7A). To analyse this further, as an alternative approach, we carried out parallel 

immunoprecipitations of endogenous LC3B together with LMX1B for TMT 

analysis. As shown in Appendix-E: Extended File 2 and Appendix-C: Fig. 

8.7B, we successfully immunoprecipitated LMX1B and LC3B (with 100-fold and 

74-fold respectively). In this analysis, we found LC3B in LMX1B coIP and vice 

versa. However, as we did not previously detect LC3B in our LMX1B 

immunoprecipitations, we need to take these results with caution because 

although highly unlikely, cross-contamination between samples might have 

occurred in the proteomics facility. In addition, unexpectedly, the interactome for 

LMX1B and LC3B presented high levels of similarity (Appendix-C: Fig. 8.7B). 

Strikingly, in our analysis for LC3B immunoprecipitation, we did not find 

autophagy proteins known to bind LC3B such as p62 or the ATG machinery. 

Due to the requirement for such high large amounts of mDANs for TMT analysis, 

these experiments could not be repeated further. 

These preliminary results suggest that with TMT we can identify some 

(mainly cytosolic) interactions with endogenous LMX1A/B. However, we were 

unable to confirm an interaction of LMX1B with LC3B, possibly because we were 
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looking at basal conditions, and were focusing on cytosolic interactions for 

practical reasons.   

6.2.4. Binding to ATG8 family members stimulates transcription 

of LMX1B-regulated genes and protects against rotenone toxicity 

in human iPSC-derived mDANs 

6.2.4.1. Mutagenesis of the LIR motif and its impact on ATG8 

interaction: binding to ATG8 family members protects against 

rotenone toxicity in human iPSC-derived mDANs 

We have described, for the first time, an interaction between ATG8s and 

transcription factors in the nucleus in human cells. To study if binding influences 

LMX1B-regulated gene expression, we first mutated the key tyrosine/leucine 

residues within the proposed LMX1B LIR motif (Y309A/L312A). These mutations 

did not affect its nuclear localisation (Fig. 6.12A). As shown in Fig. 6.12B, GFP-

TRAP pull-downs in HEK293T cells expressing GFP-ATG8s and LMX1B-FLAG 

(Y309A/L312A) showed reduced binding of LMX1B LIR mutant only to GFP-LC3B 

and GFP-GABARAPL2 in comparison to wild type LMX1B-FLAG. Binding to GFP-

LC3A, GFP-LC3B, GFP-GABARAP and GFP-GABRAPL1 was not affected (Fig. 

6.12B). This could indicate the presence of an alternative LIR(s) or that there are 

other stabilising interactions outside of the core LIR(s). ATG8s binding to p62 

binding was unaffected as expected. We next tested whether LMX1B-FLAG 

turnover was affected by the (Y309A/L312A) mutation. As shown in Fig. 6.12C, 

lysosomal turnover occurred at comparable rates to the wild type LMX1B-FLAG in 

HEK293T treated with cycloheximide (50µg/mL, 16h) in the presence or absence 

of BafA1 (20nM). This is consistent with its sustained binding to most ATG8s, or 

that LMX1B degradation occurs in a LIR-independent manner. 

To study whether the Y309A/L312A mutation affected LMX1B function in 

iPSC-derived mDANs, we performed a cell death protection assay. TRE-empty, 

TRE-LMX1B and TRE-LMX1B (Y309A/L312A) were expressed in a doxycycline 

inducible system (hsyn-tet) for 3 days. As previously described in Chapter 4 (Fig. 

4.7B), overexpression of wild type LMX1B significantly reduced rotenone-induced 

cell death in iPSC-derived mDANs. However, overexpression of LMX1B LIR 

mutant (Y309A/L312A) did not protect against rotenone toxicity, with levels 
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comparable to the TRE-empty condition (Fig. 6.12D). This suggests that LMX1B 

binding to LC3B and GABARAPL2 (and potentially other ATG8 family members) 

is needed for its protective influence in human mDANs. These data imply that the 

nuclear LMX1B-LC3B interaction could be involved in the transcriptional regulation 

of LMX1B-target genes.  

To clarify if binding to ATG8 family is involved in the regulation of LMX1B 

transcriptional control, we created different constructs designed to reduce 

interactions with every ATG8 protein. First, we mutated the key residues in a 

second putative LIR motifs identified by the iLIR search tool; 105QDYQQL110 

(Y107A/L110A). This mutation did not affect nuclear localization (Fig. 6.13A). As 

shown in Fig. 6.13B, GFP-TRAP immunoprecipitation from HEK293T lysates 

showed that the GFP-LC3B interaction with LMX1B-FLAG (Y107A/L110A) or with 

a double LIR mutant LMX1B-FLAG (Y107A/L110A/Y309A/L312A) was not 

reduced by comparison to LMX1B LIR motif (Y309A/L312A). Again, this could 

indicate the presence of another LIR(s) in the sequence – the iLIR search 

database identified another LIR motif 347SIFHDI352, but we disregarded this due to 

the low PSSM score – or the presence of another stabilising interaction near the 

core LIR. To analyse this last scenario, our first approach was to generate the 

following mutant: Y309A/L312A/Q316A. The glutamine at position 316 was 

identified in the protein simulations as possibly stabilising the interaction with 

LC3B (Fig. 6.6B). As expected, nuclear localization was retained for LMX1B-

FLAG (Y309A/L312A/Q316A) (Fig. 6.13C); however, GFP-TRAP pull-downs in 

HEK293T cells expressing GFP-LC3s and LMX1B-FLAG (Y309A/L312A/Q316A) 

showed that the interaction was retained at similar strength (Fig. 6.13D). This was 

unexpected for LC3B, given the reduced binding with the LIR mutant 

(Y309/L312A) LMX1B, but might be explained by a stabilization effect by the other 

glutamine residues in position Q317 and/or Q318. 

Finally, as a last attempt to test if there were several stabilising interactions 

outside the core LIR, as has been reported (Wirth et al., 2019), we targeted the 

region downstream of the core LIR by generating a Δ308-317 deletion construct, 

beginning at S208 (as serine residues close to LIR motifs could be phosphorylated 

and influence ATG8 recruitment (Rogov et al., 2017b)), and ending at the second 

glutamine after the LIR motif, Q317. This deletion approach has been used 

similarly in previous publications (Abert et al., 2016; Skytte Rasmussen et al., 
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2017; Wirth et al., 2019). GFP-TRAP pull-down experiments from HEK293T 

lysates  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. LIR mutant (Y309A/L312A) affects binding to LC3B and GABARAPL2 and 

fails to protect mDANs during rotenone stress. (A) Immunofluorescence staining of LIR 

mutant (Y309A/L312A) LMX1B-FLAG expressed in HEK293T cells. Scale bar 20µm. (B) GFP-

trap immunoprecipitates of wild-type or LIR mutant (Y309A/L312A) LMX1B-FLAG HEK293T 

lysates co-expressing GFP-ATG8 family members. 5% of protein lysate from equivalent GFP-
expressing cells is shown as a representative of “input”. (C) LMX1B turnover in HEK293T 

expressing wild-type or Y309A/L312A LMX1B-FLAG. Cells were treated with CHX (50µg/mL; 

16h) in the absence or presence BafA1 (20nM). Representative blot (top) and quantification 

relative to GAPDH (bottom). Mean ± SEM (n = 3); one-way ANOVA followed by Tukey’s multiple 

comparison post-hoc test: **p<0.01 and ***p<0.001 vs LMX1B-FLAG and #p<0.05 and 

###p<0.001 vs Y309A/L312A LMX1B-FLAG (D) Rotenone-induced cell death (15µM; 24h) of 

iPSC-derived mDANs (D30-50) transduced with TRE-empty (control), TRE-LMX1B, or TRE-
Y309A/L312A LMX1B (expression induced with doxycycline: 500ng/mL; 3d). Active caspase 

fluorescence relative to total protein levels was normalized to TRE-empty untreated values. 

Mean ± SEM (n=3); one-way ANOVA followed by Tukey’s multiple comparison post-hoc test: 

*p<0.05 vs rotenone-treated and #p<0.05 and ##p<0.01 untreated vs rotenone-treated cells.  
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Figure 6.13. Mutagenesis of a different LIR motif or Q316 in LMX1B does not affect ATG8 

binding. (A) Immunofluorescence staining of LIR mutant (Y107A/L110A) LMX1B-FLAG 

expressed in HEK293T cells. Scale bar 20µm. (B) GFP-trap immunoprecipitates of wild-type or 

LIR mutant (Y309A/L312A) or/and (Y107A/L110A) LMX1B-FLAG in lysates of HEK293T co-

expressing GFP-LC3B. 5% of protein lysate from equivalent GFP-expressing cells is shown as 

a representative of “input”. (C) Immunofluorescence staining of LIR mutant 
(Y309A/L312A/Q316A) LMX1B-FLAG expressed in HEK293T cells. Scale bar 20µm. (D) GFP-

trap immunoprecipitates of wild-type or LIR mutant (Y309A/L312A/Q316A) LMX1B-FLAG in 

lysates of HEK293T co-expressing GFP-LC3s. 5% of protein lysate from equivalent GFP-

expressing cells is shown as a representative of “input”.  
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2017; Wirth et al., 2019). GFP-TRAP pull-down experiments from HEK293T 

lysates expressing GFP-ATG8s and wild type or Δ308-317 LMX1B-FLAG showed 

that Δ308-317 LMX1B substantially reduced binding to all ATG8 family members 

(Fig. 6.14A), but the mutated LMX1B targeted normally to the nucleus (Fig. 

6.14B). In addition, a failure to bind strongly to LC3B in in the Δ308-317 LMX1B 

LIR mutant was a feature of both nuclear and cytosolic fractions, under both fed 

conditions and starvation conditions (Fig. 6.14C). Despite this, turnover 

experiments comparing wild type and Δ308-317 LMX1B-FLAG in HEK293T 

treated with cycloheximide (50µg/mL, 16h), in the presence or absence of BafA1 

(20nM), showed that lysosomal turnover occurred at comparable rates (Fig. 

6.14D). In keeping with these results, under prolonged starvation conditions (6h), 

Δ308-317 LMX1B-FLAG accumulated in cytosolic puncta that co-localised with 

GFP-LC3B in stable GFP-LC3B HEK293T, suggesting that its lysosomal 

degradation might be LIR-independent (i.e. through cargo receptors), or that the 

residual interactions with ATG8s are sufficient for degradation (Fig. 6.14E). In 

addition, the general pattern was very similar to the wild type LMX1B-FLAG (Fig. 

6.2A), where in basal conditions, LMX1B localisation was mainly nuclear with 

occasional non-LC3B cytosolic puncta, including discrete cytosolic LMX1B-FLAG 

foci that strongly co-localised with p62 aggresomes (Fig. 6.14F), and following 

extended starvation, Δ308-317 LMX1B-FLAG moved to the cytosol where it 

colocalised with GFP-LC3B positive puncta (Fig. 6.14E). 

As an alternative approach to LIR dependency for LMX1B-ATG8 binding, 

we generated two additional constructs: (i) with residues 308-317 mutated to 

alanine (308[A10]317); and (ii) a chimera in which the ATG4B N-terminal LIR (7T-

16E) was inserted into the Δ308-317 LMX1B mutant (ATG4B LIR LMX1B-FLAG). 

As expected, GFP-TRAP pull-downs in HEK293T cells co-transfected with GFP-

GABARAPs and wild type or 308[A10]317 LMX1B-FLAG showed reduced 

interactions (GFP-LC3s were not tested) (Fig. 6.15A). In addition, as shown in 

Fig. 6.15B, GFP-TRAP immunoprecipitates from HEK293T lysates expressing 

GFP-LC3A and GFP-LC3B with wild type, Δ308-317 or ATG4B LIR LMX1B-FLAG 

demonstrated binding of the ATG4B LIR LMX1B-FLAG chimera that was similar 

to the Δ308-317 LMX1B, suggesting that ATG4B LIR region is unable to 

compensate for the endogenous LMX1B LIR. 

 



Chapter 6. Results IV 

 256 
 



Chapter 6. Results IV 

 257 

 

 

 

 

 

 

 

 

Figure 6.14. LMX1B binding to ATG8 proteins is blocked by deletion of an extended LIR 

(Δ308-317). (A) GFP-trap immunoprecipitates of wild-type or ΔLIR mutant (Δ308-317) LMX1B-

FLAG in lysates of HEK293T co-expressing GFP-ATG8s. 5% of protein lysate from equivalent 

GFP-expressing cells is shown as a representative of “input”. (B) Immunofluorescence staining 

of ΔLIR mutant (Δ308-317) LMX1B-FLAG expressed in HEK293T cells. (C) GFP-TRAP 

immunoprecipitation of nuclear and cytosolic fractions from lysates of HEK293T cells co-
expressing GFP-LC3B and ΔLIR mutant (Δ308-317) LMX1B-FLAG. Comparisons of pull-downs 

in full nutrients or after 2h starvation. LaminB and GAPDH levels are shown to demonstrate the 

purity of the fractionation. (D) LMX1B turnover in HEK293T expressing wild-type or Δ308-317 

LMX1B-FLAG. Cells were treated with CHX (50µg/mL; 16h) in the absence or presence BafA1 

(20nM). Representative blot (top) and quantification relative to GAPDH (bottom). Mean ± SEM 

(n = 3); one-way ANOVA followed by Tukey’s multiple comparison post-hoc test: **p<0.01 and 

***p<0.001 vs LMX1B-FLAG and #p<0.05 and ###p<0.001 vs Δ308-317 LMX1B-FLAG. (E)  
Representative immunofluorescences labelling with anti-FLAG (red) antibody from HEK293T 

cells co-transfected with GFP-LC3B (green) and ΔLIR mutant (Δ308-317) LMX1B-FLAG after 

6h starvation – or normal media as a control –. This experiment was repeated twice with identical 

results. (F) Representative immunofluorescences from (E) including labelling with anti-P62 

(blue) antibody in HEK293T (GFP-LC3B (green) and ΔLIR mutant (red)). Scale bars 20µm. 



Chapter 6. Results IV 

 258 

 

 

 

 

 

 

 

 

Figure 6.15. LMX1B binding to ATG8 proteins is blocked by loss of an extended and 

irreplaceable and unique LIR (308-317). (A) GFP-trap immunoprecipitates of wild-type or LIR 

mutant (308-[A10]-317) LMX1B-FLAG in lysates of HEK293T co-expressing GFP-GABARAPs. 

5% of protein lysate from equivalent GFP-expressing cells is shown as a representative of 

“input”. (B) Comparison of the LIR sequences for LMX1B and ATG4B, which was used to make 

the chimera construct (top). GFP-trap immunoprecipitates of wild-type or ΔLIR mutant (Δ308-

317) or chimera (ATG4B LIR) LMX1B-FLAG in lysates of HEK293T co-expressing GFP-LC3A 

and GFP-LC3B. 5% of protein lysate from equivalent GFP-expressing cells is shown as a 

representative of “input (below). 
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To test whether LMX1B function was compromised by the ΔLIR mutation 

(Δ308-317), as previously described for the LIR mutant (Y309A/L312A) LMX1B 

(Fig. 6.12D), we carried out a rotenone-induced cell death assay in iPSC-derived 

mDANs (D25-D45) comparing wild type, LIR mutant and ΔLIR mutant LMX1B 

(expressed in a doxycycline inducible system hsyn-tet for 3 days). As shown in 

Fig. 6.16A, overexpression of ΔLIR mutant LMX1B did not protect against 

rotenone toxicity, with caspase levels significantly higher than when wild type 

LMX1B was overexpressed. This suggests that LMX1B binding to ATG8s is 

important for its protective role in human mDANs after rotenone stress. Again, 

these data imply that the interaction with ATG8s is critical for LMX1B function, 

suggesting that it could be involved in the transcriptional regulation of LMX1B-

target genes.  

6.2.4.2. Binding to ATG8 family members stimulates transcription of 

LMX1B-regulated genes 

To test for ATG8-binding dependency during LMX1B-mediated 

transcriptional control, we used tandem approaches. First, we performed rescue 

experiments to compare the capability of wild type, Y309A/L312A and Δ308-317 

LMX1B-FLAG to rescue autophagy target gene expression after knocking down 

endogenous LMX1B levels (constructs were modified to be siRNA-resistant). As 

shown in Fig. 6.16B, in HEK293T cells, the LMX1B Δ308-317 LIR deletion 

construct failed to rescue expression of the core autophagy genes ATG2B, 

UVRAG, TFEB, PINK1 and OPTN in comparison with the wild type LMX1B. On 

the other hand, the Y309A/L312A LMX1B construct only failed to rescue 

expression of ATG2B and UVRAG. These data perhaps correlate with our 

previous results showing that only LC3B and GABARAPL2 interactions are 

affected by the Y309A/L312A mutant LMX1B; thus, the effect on transcriptional 

regulation is not as clear as the Δ308-317 LMX1B construct where interactions 

with all ATG8s are compromised. As results could vary depending on the cell type, 

to further characterise if this interaction is important in mDANs, we performed 

knockdown/rescue experiments in iPSC-derived mDANs (D30-D45) with hsyn-tet 

and wild type, Y309A/L312A and Δ308-317 LMX1B (these constructs were 

modified through codon optimization in order to not to be targeted by the shRNAs, 

expression was induced by doxycycline (500ng/mL, 3 days)). As shown in Fig. 
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6.16C, the Y309A/L312A LMX1B construct did not rescue expression levels of 

ULK1, ATG2B, ATG7, ATG16L1 and OPTN, whereas ΔLIR construct failed to 

rescue expression of ULK1, ATG2B, ATG7, ATG16L1, OPTN and NURR1 

(expression being significantly reduced in comparison to the wild type rescue for 

ULK1 and ATG16L1), highlighting the importance of these interactions for the 

regulation of autophagy genes.   

These data indicate that in HEK293T and iPSC-derived mDANs, ATG8s 

might act as LMX1B co-factors to enhance LMX1B-driven transcription, with 

stronger effects recorded with the ΔLIR construct in which all ATG8s are 

compromised, by comparison with Y309A/L312A which apparently impacts 

binding only to LC3B and GABARAPL2.   

To further test this idea, we measured LMX1B-directed transcriptional 

control of luciferase reporter constructs driven by tandem FLAT sequences in 

HEK293T cells for the LMX1B target genes: insulin (see (German et al., 1992)), 

NURR1, TFEB, and ULK1 (tandem repeats of the LMX1B-binding sequences 

found by bioinformatic analysis, see Chapter 2 and Table 5.1). In keeping with 

the shRNA knockdown/rescue experiments, the LMX1B Δ308-317 LIR deletion 

construct failed to stimulate luciferase reporter expression for insulin, NURR1, 

TFEB and ULK1 in comparison with wild type and Y309A/L312A LMX1B (in these 

assays, the TFEB FLAT gave weak luciferase activity) (Fig. 6.17A). Finally, to 

highlight the importance of LC3B in transcriptional regulation, we suppressed 

LC3B expression levels by siRNA in HEK293T (Fig. 6.17B), and analysed 

NURR1, insulin and ULK1 FLAT sequence-driven luciferase reporter expression 

(they presented the strongest luciferase expression). We found that luciferase 

levels driven by insulin, NURR1 and ULK1 FLAT sequences were significantly 

reduced in cells siRNA depleted for LC3B (Fig. 6.17B). As expected, the 

dampened luciferase readout was not affected by LC3B suppression in HEK293T 

cells expressing the LMX1B Δ308-317 LIR deletion construct (Fig. 6.17B). 

Together, these data suggest that LIR binding to ATG8 family proteins 

stimulates LMX1B-mediated transcription to protect cells during acute stress. This 

represents a new role for ATG8s as LIR-dependent transcription factor cofactors 

with implications for the maintenance and stress resilience of mDANs in the adult 

brain. 
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Figure 6.16. ATG8 binding stimulates LMX1B-mediated transcription I. (A) Rotenone-

induced cell death (15µM; 24h) of iPSC-derived mDAN cultures (D25-45) transduced with TRE-

LMX1B, TRE-Y309A/L312A or TRE-D308-317 LMX1B (expression induced with doxycycline: 

500ng/mL; 3d). Active caspase fluorescence relative to total protein levels was normalized to 

TRE-LMX1B untreated values. Mean ± SEM (n=3); one-way ANOVA followed by Tukey’s 

multiple comparison post-hoc test: *p<0.05 vs rotenone-treated and #p<0.05, ##p<0.01 and 

###p<0.001 untreated vs rotenone-treated cells. (B) HEK293T cells were double co-transfected 

with 50nM smartpool LMX1B siRNA and codon optimised, siRNA-resistant wild-type or 

Y309A/L312A LIR mutant LMX1B (or empty vector control). Mean ± SEM (n=3); one-way 

ANOVA followed by Dunnett’s multiple comparison post-hoc test comparing the three different 

LMX1B constructs to empty vector: *p<0.05 and ** p<0.01 and student’s t test: #p<0.05 LIR 

mutants to wild type LMX1B rescue. (C) iPSC-derived mDANs (D30-D45) were transduced with 

the hsyn-GFP-U6-shLMX1B and LMX1B levels were rescued with codon optimised, shRNA-

resistant wild-type, Y309A/L312A LIR mutant or D308-317 DLIR LMX1B (or empty vector as a 

control). Mean ± SEM (n = 3); one-way ANOVA followed by Dunnett’s multiple comparison post-

hoc test comparing the three different LMX1B constructs to empty vector: *p<0.05, ** p<0.01 

and ***p<0.001 and student’s t test: #p<0.05 LIR mutants to wild type LMX1B rescue. 
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Figure 6.17. ATG8 binding stimulates LMX1B-mediated transcription II. (A) Schematic of luciferase plasmid with the FLAT elements for the indicated genes in 
the promoter driven luciferase expression (top). Induced expression of NURR1 and pro-insulin FLAT; and ULK1 and TFEB FLAT promoter-driven luciferase 

(LightSwitch™) by wild-type, LIR mutant (Y309A/L312A) or ΔLIR mutant (Δ308-317) LMX1B-FLAG. Levels are presented relative to the control signal (pcDNA 3.1 

condition). Mean ± SEM (n = 3); one-way ANOVA followed by Tukey’s multiple comparison post-hoc test. *p<0.05, ** p<0.01 and *** p<0.001. (B) HEK293T cells 

were double transfected with 50nM LC3B siRNA and 50nM control GL2. Representative immunoblots for the indicated proteins (top). Induced expression of NURR1, 

pro-insulin and ULK1 FLAT – and scramble as a control – promoter-driven luciferase (LightSwitch™) by wild-type or ΔLIR mutant (Δ308-317) LMX1B-FLAG in 

HEK293T previously transfected with 50nM LC3B siRNA and 50nM control GL2. Levels are presented relative to the control signal (pcDNA 3.1 condition). Mean ± 

SEM (n = 3); one-way ANOVA followed by Sidak’s multiple comparison post-hoc test * p<0.05, ** p<0.01 and *** p<0.001, comparing wild type and ΔLIR mutant 

conditions and Student’s t #p<0.05 and ##p<0.01 comparing siGL2 and siLC3B conditions. 
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6.3. Discussion and future work 

In this Chapter, we have described a novel regulatory pathway for LMX1B 

(and for LMX1A to a limit extent) (Fig. 6.18).  

We have described how LMX1B nucleus-to-cytoplasmic shuttling is 

affected by nutrient availability. Early nutrient starvation triggers LMX1B 

translocation to the nucleus, from where it would be able to boost the autophagy 

response, but during prolonged stress, LMX1B is subsequently re-exported to be 

targeted by the autophagy pathway to limit the duration of this protection (Fig. 
6.18). This describes a negative feedback mechanism to control autophagy, 

similar to those described for other transcription factors such as TFEB and 

FOXO3a (Fitzwalter et al., 2018; Puertollano et al., 2018). In addition, it would be 

interesting to study the role of LMX1B post-translational modification (e.g. 

phosphorylation; acetylation) during bidirectional nucleus-to-cytoplasmic 

transport. Such regulation has been described for TFEB (phosphorylation via 

mTOR, ERK2 and GSK3b (Puertollano et al., 2018)), and for LC3B 

(acetylation/deacetylation regulated by DOR/SIRT1 (Huang et al., 2015)), with 

exportin 1 being the best characterised nuclear export protein required for 

translocation of LC3B (Shim et al., 2019)).  

Crucially, we provide the first evidence that LMX1A and LMX1B interact 

with ATG8 family members via conserved LIRs, and that these interactions are 

both localization and context dependent: under full nutrient conditions, the LMX1B-

LC3B interaction is predominantly nuclear, but during starvation, an additional 

interaction emerged in the cytosol. This could be indicative of cytosolic LMX1B 

degradation, or perhaps point to other unknown function of LMX1B in the cytosol 

(Fig. 6.18). We propose, for LMX1B at least, that ATG8s have cofactor activities 

to mediate transcriptional activities in the nucleus.  

To determine the biological meaning of the LMX1B-ATG8 interaction, we 

used targeted mutagenesis to disable the proposed LIR motif. Mutating the two 

key residues in the core LIR (X1 and X4) (Birgisdottir et al., 2013) (for LMX1B, the 

aromatic tyrosine and the aliphatic leucine respectively at the first and fourth 

positions of the LIR) was sufficient to reduce binding to LC3B and GABARAPL2, 

but did not impact markedly on interactions with other ATG8s. Alternative LMX1B 

LIRs and/or the influence of amino acids flanking the core LIR domain were 
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therefore implicated, although mutation of other LIR motifs, or altering the 

glutamine residue in position X8, did not affect binding. Importantly, however, 

whilst LMX1B protected human mDANs against rotenone, the same was not true 

when using the Y309A/L312A LMX1B construct, arguing that ATG8 (LC3B or 

GABARAPL2) binding may be needed for LMX1B-mediated mDAN protection. In 

a recent study, Wirth et al. explored the significance of residues C-terminal to the 

core LIR in mediating interactions with the GABARAP family (Wirth et al., 2019). 

We therefore extended the LIR mutagenesis approach by deleting residues 308-

317, thereby effectively disabling the core LIR along with its downstream residues, 

including a serine residue in position X-1, a putative phosphorylation site with the 

potential to influence ATG8 binding, as similarly reported for the mitochondrial 

autophagy receptor NIX (Rogov et al., 2017b). Crucially, the Δ308-317 LIR 

deletion construct bound poorly to all ATG8s, failed to protect mDANs against 

rotenone poisoning and failed to rescue autophagy gene expression in 

shRNA/rescue experiments. Furthermore, it was unable to stimulate FLAT-

promoter luciferase reporter expression, while using an orthogonal approach, we 

also determined that siRNA suppression of LC3B specifically reduced LMX1B-

mediated FLAT reporter expression, highlighting the prominence of LC3B in this 

role (Fig. 6.18). As future work, we will carry out siRNA suppression for at least 

one member of the GABARAP family and analyse the effect on LMX1B-mediated 

FLAT reporter expression, and thus, extend our results of the ATG8 family as co-

factors to mediate transcriptional activities in the nucleus. 

As a different approach, we also tried to understand the significance of this 

interaction using HeLa cell-lines that had been knocked out (using CRISPR/Cas-

9) for all members of either of the LC3 or GABARAP subfamilies, as well as a 

HeLa cell-line missing all six ATG homologs (Nguyen et al., 2016) (kindly provided 

by Dr. Michael Lazarou (Monash University, Australia)). However, LMX1B 

transfection was not very efficient in these cells, and even at high levels of 

overexpression in wild type HeLa cells from the same source, LMX1B did not 

consistently drive expression in our luciferase assays (data not shown).  

Together, this constitutes the first evidence for ATG8s – in particular, LC3B 

– acting as transcriptional cofactors in mammalian cells. Interestingly, a second 

transcription factor with LIR-dependent ATG8-binding capability (Sequoia) has 

recently been identified in Drosophila, but differing from our work on LMX1B, 
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Sequoia may behave as a transcriptional repressor, with its interaction with 

Drosophila ATG8a indirectly activating autophagy gene transcription in nutrient 

replete conditions (Jacomin et al., 2019). Notably, human LC3 has been shown to 

cycle through the nucleus in a SIRT1 and DOR-dependent fashion (Huang et al., 

2015), thereby increasing its likelihood of encountering transcription factors to 

modulate their behaviour. A fraction of LC3 is also targeted to the nucleolus where 

it interacts with a range of ribosomal proteins (Kraft et al., 2016), including the 

ribosome receptor NUFIP1 (Shim et al., 2019). In addition, in response to 

oncogenic stimuli, nuclear LC3 mediates Lamin B1 degradation (Dou et al., 2015). 

It is likely that further roles for ATG8 family members in the nucleus will be 

revealed, with the identification of additional transcription factors that are 

influenced by ATG8 binding being a key objective. 

In conclusion, we have described the LIR-dependent interaction between 

the autophagy transcription factors LMX1A and LMX1B and the ATG8 family. We 

propose a novel regulatory axis in which ATG8s act as cofactors for stress-

responsive transcription factors such as these, thereby influencing autophagy 

gene expression when cells are challenged, being particularly important for the 

survival of dopaminergic neurons (e.g. rotenone-poisoning). Our data show that, 

LMX1A/LMX1B are also degraded by the autophagy pathway, suggesting a 

mechanism by which the duration and/or strength of the autophagy response is 

strictly regulated and can be restricted under chronic, sustained stress (Fig. 6.18).  
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Figure 6.18. Conclusion: LIR dependent LMX1A/B autophagy crosstalk, LMX1A/B interact with the deacetylated form LC3/GABARAP in the nucleus 

(acetylation/deacetylation pathway of LC3B described in (Huang et al., 2015)). This interaction is necessary for the transcriptional control of LMX1B target genes, 

including the autophagy genes, and ultimately to maintain cellular protection (i.e. rotenone-induced cell death). In the cytosol, LMX1B will translocate to the nucleus 

under starvation conditions but under longer starvation conditions, LMX1B gets degraded in an autophagy-dependent pathway, providing a negative feedback loop 

to restrict the autophagy response under stress conditions. 
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Chapter 7. Conclusion 

and final discussion 
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Chapter 7. Conclusion and Final Discussion 

The main purpose of this study was to explore the regulation of autophagy 

with respect to region-specific neuronal specializsation, particularly in mDANs – 

the neurons lost in PD. We were able to generate iPSC-derived human mDANs in 

culture, and have optimised these cultures as a tool to study the autophagy 

process in a disease-relevant cell-type. In addition, we have characterised both 

transcription-dependent and transcription-independent (via ATG8 interaction) 

regulation of autophagy by the LIM homeobox transcription factors, LMX1A and 

LMX1B, previously reported to be involved in mDAN differentiation, proliferation 

survival, and maintenance (Doucet-Beaupre et al., 2015) (Fig. 6.18). We 

speculate that LMX1A and LMX1B are representatives of a broader family of 

(autophagy-regulating) transcription factors that are themselves regulated via 

interactions with the ATG8 family of autophagy proteins. 

 As briefly mentioned in Chapter 3, CRISPR-Cas9 technology has emerged 

as a powerful gene editing tool that can be performed in human iPSCs with the 

idea of providing isogenic controls (repair mutation(s) from patient cell lines), or 

introduce new mutations or deletions in wild type clones (Bassett, 2017; Maguire 

et al., 2019). This is particularly important for neuronal study, as we described in 

Chapter 1, until now the majority of neuronal studies (including autophagy) have 

been performed in mouse primary neurons; thus, iPSC technology has provided 

researchers with the tools to study human neuronal function. Accordingly, we 

propose the generation of LMX1A/B knockout iPSC-derived mDANs, or 

alternatively, the generation of conditional LMX1A/B knockout iPSCs (Snijders et 

al., 2019) – the differentiation efficiency of LMX1A/B knockout iPSCs might be 

affected as suggested by the reported phenotype of Lmx1a/b knockout mouse, i.e. 

reduction in mDA progenitors and differentiated mDANs (Yan et al., 2011) –  to 

better understand their role in the survival of mDANs, and particularly in 

autophagy. Another member of our laboratory, Miss Joanna Moss, tried 

unsuccessfully to generate HEK293T LMX1B knockout cells using CRISPR-Cas9 

technology; LMX1B knockout cells died shortly after selection (data not shown). 

Alternatively, we propose using CRISPR interference (CRISPRi) technology in 

HEK293Ts – this method allows silencing of transcription by targeting the 

promoter region, with very little off-target effects (Larson et al., 2013) – to increase 
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LMX1B knock down efficiency (CRISPRi usually achieves 90-99% knock down 

efficiency (Gilbert et al., 2014)) and thus, theoretically, observe a stronger effect. 

In addition, Miss Joanna Moss, is currently generating heterozygous Lmx1b 

(lmx1b1; lmx1b2) knockout zebrafish, that might help understand LMX1B role in 

the brain – previous Lmx1b work in zebrafish was carried out only with 

morpholinos (O'Hara et al., 2005). 

Although the expression of Lmx1a/b during neurodevelopment is well 

characterised (Arenas et al., 2015), little is known about the mechanistic regulation 

of these two transcription factors in adults – e.g. Lin et al. identified the 

transcription factors SP1 (specificity protein 1) and EZH2 (enhancer of zeste 

homolog 2) as regulators or LMX1A in cancer cells under oncogenic stress (Lin et 

al., 2013). Accordingly, in terms of LMX1A/B transcriptional regulation, it would be 

of interest to study if autophagy can induce the expression of these transcription 

factors (e.g. TFEB, ZKSCAN3 or NRF2). We found that autophagy is involved in 

LMX1B – and possibly LMX1A – regulation by inducing its translocation to the 

nucleus after autophagy has been induced (i.e. starvation), and being involved in 

its degradation. We propose that this comprises a negative feedback loop to stop 

autophagy induction, so autophagy might also be involved in the regulation of 

LMX1A/B expression to initially trigger the autophagy response.  

Similarly, it remains elusive if post-translational modifications can affect 

LMX1A/B function. Looking at the primary protein sequence, we could identify 

several putative phosphorylation clusters (serine-rich regions) and preliminary 

results in the laboratory with phosphoserine antibodies suggested the presence of 

phosphorylated serine residues (data not shown). We would need to test this 

further using recombinant proteins (e.g. autophagy related ULK1 kinase) and 

mutagenesis with in vitro kinase assays, and possibly phosphor-proteomics, for 

confirmation. In addition, post-translational modifications might be necessary for 

the interaction with co-factors. LMX1A/B work as heterodimers and homodimers 

(see Chapter 4), and they work in complex with cofactors (e.g. LDB-1) (Gill, 2003); 

in this study we propose for LMX1B at least, that ATG8s have cofactor activities 

to mediate transcriptional activities in the nucleus.  

Human LC3B localises to the nucleus under basal conditions in a SIRT1 

and DOR-dependent fashion, as described by Huang et al. (Huang et al., 2015), 

thereby increasing its likelihood of encountering transcription factors to modulate 
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their behaviour. The question then arises about the putative role of LC3B in the 

nucleus. Recently, several studies have proposed different functions of LC3B in 

the nucleus (e.g. interactions with ribosomal proteins and LaminB1 degradation) 

(Dou et al., 2015; Shim et al., 2019). Crucially, we provide the first evidence that 

LMX1A and LMX1B interact with ATG8s via conserved LIRs, and propose for 

LMX1B at least that ATG8 family members have cofactor activities to mediate 

transcription in the nucleus, suggesting a double role of ATG8s in the autophagy 

process via autophagosome formation/maturation in the cytosol and modulating 

autophagy gene expression in the nucleus. It is likely that further roles of ATG8 

family members modulating other transcription factors will be described (Jacomin 

et al., 2019).   

 However, it still remains elusive what particular conditions are required for 

LMX1A/B interaction with the ATG8 family. Here, we report that the non-acetylated 

form of LC3B is the one binding to LMX1B, and also that in the cytosol it also binds 

to the unlipidated form. However, other proteins might be involved, or post-

translational modifications might be required (LC3B can also be phosphorylated 

(Cherra et al., 2010)). In addition, we found that the cytoprotective role of LXM1B 

requires the ATG8 interaction against PD-associated neuronal stress in mDANs. 

Also, we are trying to optimize the pull-down conditions to observe interaction with 

endogenous ATG8s proteins in HEK293T and ultimately, in mDANs, where we 

expect this interaction to be crucial for neuronal survival. In addition, in the next 

couple of months, we will analyse if LC3B binds (directly or via other proteins, e.g. 

LMX1B) to the promoters of autophagy genes by ChIP, so we could clarify the role 

of LC3B as a transcription factor. 

Several studies have highlighted the potential benefits of autophagy 

induction in neurons, and it has emerged as a possible therapeutic approach for 

PD (e.g. rapamycin, TFEB, Beclin1 or LAMP2 overexpression (Decressac et al., 

2013; Harris and Rubinsztein, 2011; Moors et al., 2017; Tanji et al., 2015a)). Our 

work is another important example of how autophagy upregulation via 

transcriptional control can have a positive impact in a disease-relevant context, 

with the added benefit of LMX1A/B acting in regulatory pathways that are strongly 

associated with the mDAN population (Doucet-Beaupre et al., 2015), supporting 

previous results suggesting a role of LMX1B in autophagy in mouse midbrain 

(Laguna et al., 2015). However, the exact mechanism by which LMX1A/B affects 
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neuronal survival remains unclear (i.e. LMX1A/B also regulates expression of 

other genes, including mitochondrial and inflammatory genes (Doucet-Beaupre et 

al., 2016)). For that, we propose to analyse the transcriptome profile after 

LMX1A/B overexpression after cell-induced stress (e.g. rotenone) in mDANs using 

RNA-seq or microarrays. In addition, we propose expanding our results to other in 

vitro PD models, including a-synuclein overexpression, MPTP or 6-OHDA (Zeng 

et al., 2018). Most importantly, we will attempt to use the a-synuclein triplication 

AST23 iPSC line – sibling of the control NAS2 line – expressing double the amount 

of α-synuclein protein as neurons in comparison to NAS2 neurons derived from 

the unaffected sibling (Devine et al., 2011). Crucially, our monolayer protocol can 

be used in AST23 lines for the efficient differentiation to mDANs (data not shown) 

and Dr. Petros Stathakos’s preliminary results suggested morphological 

differences in long-term conditions (60-120 days) (Stathakos, 2017); however, 

more assessments will be needed to analyse the cause of this morphological 

difference (e.g. autophagic vacuoles accumulation or swelling due to a-synuclein 

aggregation) and to assess other cell features that could be affected (e.g. 

mitochondrial dynamics, increase levels of oxidative stress or disruption in axonal 

transport). Thus, we propose to analyse the effect of LMX1A/B loss and/or the 

overexpression (including the LMX1B LIR mutant) in iPSC-derived mDANs from 

AST23 in comparison to the NAS2 line.  

 A large proportion of the presented data in this dissertation have been 

submitted to Journal Cell Biology, and the paper is currently under review; an 

outdated version of this paper can also be found in the bioRxiv repository 

(https://www.biorxiv.org/content/10.1101/636712v1). 

In conclusion, we have described the LIR-dependent interaction between 

the autophagy transcription factors LMX1A and LMX1B and the ATG8 family. We 

propose a novel regulatory axis in which ATG8s act as cofactors for stress-

responsive transcription factors such as these, thereby influencing autophagy 

gene expression when cells are challenged. Our data show that, LMX1A/LMX1B 

are also degraded by the autophagy pathway, suggesting a mechanism by which 

the duration and/or strength of the autophagy response can be restricted under 

chronic, sustained stress. This finding has implications for our broader 

understanding of the control of autophagy in disease-susceptible tissues 

throughout the life course.
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At a glance 

This Chapter contains all supplementary material, figures and 

tables, including information about plasmid sequences, 

supplementary movies and proteomics data.  
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Chapter 8. Appendices 

8.1. Appendix-A: Plasmid sequences 

This section collates all sequenced plasmids – or alternatively, a fragment 

of the plasmid – used in this study (see Table 2.8). Recommended programme for 

the analysis: SnapGene (https://www.snapgene.com; free alternative version 

available: SnapGene viewer).  

8.2. Appendix-B: Movies 

Movie 1. Representative phase contrast time lapse movie monitoring iPSC-

derived mDANs at 4min intervals from a live imaging analysis for 11h 

corresponding to Fig. 3.4. Scale bar 10µm. (Size: 3.9 MB). 

Movie 2. Representative phase contrast time lapse movie monitoring iPSC-

derived mDANs at 4min intervals from a live imaging analysis for 15h 

corresponding to Fig. 3.5. Scale bar 10µm. (Size: 8.9 MB). 

Movie 3. Representative time lapse movie monitoring iPSC-derived mDANs 

expressing GFP-LC3B at 20sec intervals, indicating the presence of autophagic 

vacuoles. Autophagolysosomes (yellow) were tracked labelling lysosomes with 

Red Lysotracker probe (0.5µM, 10min). Live imaging analysis for 2 min 

corresponding to Fig. 3.7A. Scale bar 10µm. (Size: 4.8 MB). 

Movie 4. Representative time lapse movie monitoring iPSC-derived mDANs 

expressing GFP-ATG5 and treated with AZD8055 (1µM, 4h) at 5min intervals, 

showing nascent autophagosomes. Live imaging analysis for 1h corresponding to 

Fig. 3.7B. Scale bar 10µm. (Size: 435 KB). 

Movie 5. Representative time lapse image showing the autophagic vacuoles 

labelled with CytoID (30min) in iPSC-derived mDANs for 20min. Scale bar 10µm. 

(Size: 2 MB). 

Movie 6. Representative time lapse images at 1h intervals, showing the 

expression of GFP in iPSC-derived mDANs previously transduced with hsyn-tet 

TRE-GFP-LMX1B after the addition of doxycycline (500ng/mL). Live imaging 

analysis for 15h corresponding to Fig. 4.9D. Scale bar 10µm. (Size: 1.2 MB). 
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Movie 7. Representative time lapse movie at 1h intervals showing the expression 

of GFP in HEK293T previously transfected with TRE-GFP-LMX1B after the 

addition of doxycycline (500ng/mL). Live imaging analysis for 20h corresponding 

to Appendix-C: Figure 8.3. Scale bar 10µm. (Size: 558 KB). 

Movie 8. Computer simulation of the interaction between the LMX1B LIR and 

LC3B performed by Dr. Deborah Shoemark. Movie of an example computer 

simulation of the LIR-dependent LMX1B-LC3B interaction (relates to Fig. 6.5D). 

The LMX1B LIR motif was docked by molecular replacement in the position 

adopted by the FYCO1 LIR (5d94.pdb). LC3B is shown in cyan; LMX1B LIR in 

magenta. The movie spans 50ns. (Size: 2.4 MB). 

8.3. Appendix-C: Supplementary figures  

 

 

 

 

Appendix-C: Figure 8.1. Transfection of NAS2 iPSCs with GFP using Lonza nucleofector. 

1x106 iPSC cells were transfected with GFP plasmids driven by eF1a promoter (A) or SFFV 

promoter (B) using the nucleofector CB-150 programme with P3 Primary Cell 4D-Nucleofector® 

kit. Scale bar 100µm. 
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Appendix-C: Figure 8.2. Hsyn-LMX1B-FLAG overexpression in iPSC-derived mDANs. 

Double immunofluorescence labelling with anti-TH (red) and anti-FLAG (green) antibodies in 
iPSC-derived mDANs (differentiated at D40) previously transduced with the construct hsyn-

LMX1B-FLAG. Scale bar 20µm. 
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Appendix-C: Figure 8.3. TRE-GFP-LMX1B expression in HEK293T. HEK293T cells were 

transfected with GFP-LMX1B controlled by Tet-On system. GFP fluorescence at different times 

as indicated from a live imaging analysis for 20 hours after addition of doxycycline (500ng/ml). 

(Movie 7) Scale bar 10µm. 
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Appendix-C: Figure 8.4. LMX1A/B overexpression does not modify gene expression in 

stable HEK293. (A) Stable HEK293 cells with a Tet-On system expressing an empty vector (a), 

LMX1B (b) or LMX1A (c). Expression was induced with the addition of doxycycline (500ng/mL) 

for 2 and 4 days. mRNA levels of the indicated genes were determined by qRT-PCR and 

normalized by GAPDH levels. Experiment was performed once in triplicates. (B) Stable HEK293 

cells with a Tet-On system expressing LMX1A, LMX1B or an empty vector as a control. 

Expression was induced with the addition of doxycycline (500ng/mL) for 2 and 4 days. 
Representative immunoblots for the indicated proteins. 
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Appendix-C: Figure 8.5. LMX1B endogenous interaction with LC3B in HEK293T. GFP-

TRAP immunoprecipitation of nuclear and cytosolic fractions from lysates of HEK293T cells 

expressing GFP-LC3B – and GFP as a control – under basal conditions. Arrow indicates 

possible position of the LMX1B band. LaminB and GAPDH levels are shown to demonstrate 

the purity of the fractionation. 
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Appendix-C: Figure 8.6. Studying LMX1A/B interaction with LC3B in iPSC-derived 

mDANs. GFP-TRAP immunoprecipitation in iPSC-derived mDANs (D37) co-transduced with 

GFP-LC3B – or GFP for the control – and hsyn tet TRE-LMX1B-FLAG. 
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Appendix-C: Figure 8.7. Analysis of the LMX1A, LMX1B and LC3B interactome in iPSC-

derived mDANs. (A) LMX1A (a) and LMX1B (b) immunoprecipitation in iPSC-derived mDANs 

(D36). Samples were subjected to TMT proteomic analysis. Analysis of the proteins with 

enrichment of >2 fold (single peptides were excluded) by molecular function (left) and biological 

process (right) using the online software Panther (http://pantherdb.org) (Mi et al., 2019) (see 

Appendix-D: Extended File 1). (B) LMX1B (a) and LC3B (b) immunoprecipitation in iPSC-
derived mDANs (D32). Samples were subjected to TMT proteomic analysis. Analysis of the 

proteins with enrichment of >2 fold (single peptides were excluded) by molecular function (left) 

and biological process (right) using the online software Panther (http://pantherdb.org) (see 

Appendix-D: Extended File 2). 
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8.4. Appendix-D: Supplementary tables  

 

 

 

 

 

 

 

 

shRNA Target gene(s) Query cover* E-value* 

shLMX1A#1  LMX1A 
FARS2  

100% 
90% 

0.006 
0.096 

shLMX1A#2 LMX1A 100% 0.006 
shLMX1B#1  LMX1B 

RBM20 
PRKCE 
PLCB1 
PCDH9 
CHM 
BDNF 
BDNFOS 

100% 
80% 
95% 
90% 
95% 
80% 
95% 
95% 

0.006 
1.5 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 

shLMX1B#2 LMX1B 100% 0.006 
shControl - - - 

siRNA Target gene(s) Query cover* E-value* 

siLMX1B SMARTpool LMX1B (#) 
SLC9A3 
BNC2 
IP6K2 

100% 
89% 
84% 
89% 

0.048 
0.75 
3 
0.75 

siControl - - - 

Appendix-D: Table 8.1. List of potential off-target genes for the shRNAs 

 

* Only targets with a query cover higher than 78% and E-value lower than 10 are shown. 

Appendix-D: Table 8.2. List of potential off-target genes for the siRNAs 

 

* Only targets with a query cover higher than 78% and E-value lower than 10 are shown. 

# LMX1B was the only common target found for all the different siRNAs in the SMARTpool. 
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8.5. Appendix-E: Proteomics data 

Extended file 1. Excel file with TMT data for immunoprecipitation of endogenous 

LXM1A and LMX1B (using a-LMX1A or a-LMX1B antibodies (and rabbit IgG as a 

control) in iPSC-derived mDANs. Data was filtered to satisfy FDR of 5%.  Single 

peptide identities were excluded. (Size: 148 KB). 

Extended file 2. Excel file with TMT data for immunoprecipitation of endogenous 

LXM1B and LC3B (using a-LMX1B or a-LC3B antibodies (and rabbit IgG as a 

control) in iPSC-derived mDANs. Data was filtered to satisfy FDR of 5%.  Single 

peptide identities were excluded. (Size: 85 KB). 
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List of Abbreviations 

2D/3D Two- or three-dimensional 

5-HT 5-hydroxytryptamine; serotonin 

6-OHDA 6-hydroxydopamine 

AA Ascorbic acid 

AADC L-aromatic amino acid decarboxylase 

ABRA Actin binding Rho activating protein 

AD Autosomal dominant 

AD Alzheimer’s disease 

AKT Protein kinase B 

ALFY Autophagy-linked FYVE protein 

ALS Amyotrophic lateral sclerosis 

AMBRA1 Autophagy and beclin 1 regulator 1 

AMPA Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AMPAR AMPA receptor 

AMPK Adenosine monophosphate-activated protein kinase 

ANOVA Analysis of variance 

Anp Antarctic phosphatase 

APS Ammonium persulphate 

AR Autosomal recessive 

ASCL1 Achaete-Scute Family BHLH Transcription Factor 1 

AST23 a-synuclein Triplication 23 

ATF4 Activating transcription factor 4 

ATG Autophagy related protein 

ATP Adenosine triphosphate 

ATP13A2 ATPase type 13A2 

AV Autophagic vacuoles 

AZD AZD8055 

BafA1 Bafilomycin A1 

BBB Blood brain barrier 

BDNF Brain derived neurotrophic factor 

Beclin1 Coiled-coil myosin-like BCL-2-interacting protein 

BMP Bone morphogenic protein 
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BNR2 POU domain transcription factor 

bp Base pair 

BSA Bovine serum albumin 

c-MYC Myc proto-oncogene protein 

CALCOCO Calcium binding and coiled-coil domain 1 

Cas9 CRISPR-associated protein 9 

CCCP Carbonyl cyanide m-chlorophenylhydrazone 

cDNA Complementary DNA 

CEBPG CCAAT enhancer binding protein gamma 

ChIP Chromatin immunoprecipitation 

CHIR CHIR99021 

CHX Cycloheximide 

CMA Chaperone mediated autophagy 

CMV Cytomegalovirus 

CNBr Cyanogen bromide 

CNS Central nervous system 

COL4A3/4 a(3)IV and a(4)IV collagen 

COX Cytocrome c oxidase 

CRISPR Clustered regularly interspaced short palindromic repeats 

CRISPRi CRISPR interference 

Ct Cycle threshold 

CytoID CYTO-ID® Green detection reagent 

D1,2 Dopamine receptor 1,2 

DA Dopamine 

DABCO 1,4-diazabicyclo[2.2.2]octane 

DAN Dopaminergic neuron 

DAPI 4’,6-diamidino-2-phenylindole 

DAPT N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylgllycine t-
butyl ester 

DAT Dopamine transporter 

db-cAMP Dibutyryl cyclic adenosine monophosphate 

ddH2O Double distilled water 

DFCP1 FYVE domain-containing protein 1 

DJ-1 Deglycase 
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DKK1 Dickkopf1 

DMEM Dulbecco’s modified eagle’s medium 

DMSO Dimethylsulfoxide 

DNA Deoxyribonucleic acid 

DOR Diabetes- and obesity-regulated nuclear factor 

DOX Doxycycline 

DRG Dorsal root ganglia 

DTT Dithiotheritol 

EBs Embryonic bodies 

ECL Enhanced chemiluminescent substrate 

EDTA Ethylenediaminetetraacetic acid 

EF1a Eukaryotic translation elongation factor 1 alpha 1 

EM Electron microscopy 

EMT Epithelial-mesenchymal transition 

EN1 Engrailed 1 

ER Endoplasmic reticulum 

ERK Extracellular signal-regulated kinase 

ES Embryonic stem  

ESCRT Endosomal sorting complex required for transport 

EtBr Ethidium bromide 

ETC Electron transport chain 

FBS Fetal bovine serum 

FBXO7 F-Box only protein 7 

FCCP Carbonilcyanide p-trifluoromethodxyphenylhydrazone 

FDR False discovery rate 

FGF Fibroblast growth factor 

FIP200 Focal adhesion kinase-family interacting protein of 200 KDa 

FLAG DYKDDDDK peptide 

FOX Forkhead box 

FP Floor plate 

FUNDC1 FUN14-domain containing 1 

FXR Farnesoid X receptor 

FYCO1 FYVE and coiled-coil domain-containing 1 

G418 Geneticin 
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GABA Gamma-aminobutyric acid 

GABARAP Gamma-aminobutyric acid receptor-associated protein 

GAPDH Glyceraldehyde-3-phosphate drehydrogenase 

GATA-1 GATA Binding Protein 1 

GBA Glucocerebrosidase 

GBX2 Gastrulation brain homeobox 2 

gDNA Genomic DNA 

GDNF Glial cell line derived neurotrophic factor 

GFP Green fluorescence protein 

GPe Globus pallidus external 

GPi Globus pallidus internal 

GRB2 Growth factor receptor-bound protein 2 

GSK-3b Glycogen synthase kinase-3b 

GTP Guanosine triphosphate 

GWAS Genome-wide association studies 

HD Huntington’s disease 

HEK293 Human embryonic kidney 293 

HES1 Hairy and enhancer of Split 1 

HIF1a Hypoxia-inducible Factor 1 

hIPSC Human induced pluripotent stem cells 

HOPS Homotypic fusion and protein sorting complex 

HOX Homeobox 

HP Hydrophobic pockets 

HRP Horseradish peroxidase 

HSC70 Heat shock 70kDa protein 8 

HSCs Hematopoietic stem cells 

HSP Heat-shock protein 

hsyn Human synapsin 

HTRA2 High Temperature Requirement Protein A2 

HTT Huntingtin 

IFNß Interferon beta 

IL-6 Interleukin-6 

iNs Induced neurons 
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IP Immunoprecipitation 

IP3 Inositol triphosphate 

iPSC Induced pluripotent stem cell 

IPTG Isopropyl β- d-1-thiogalactopyranoside 

IsO Isthmus organiser 

iTASSER Iterative Threading ASSEmbly Refinement 

JIP1 JNK-interacting protein 

JNK C-Jun N-terminal kinase 

JTT Jones-Taylor-Thornton 

KEAP1 Kelch like ECH associated protein 1 

KLF4 Kruppel Like Factor 4 

KO Knock out 

L-DOPA Levodopa; L-tyrosine to L-3,4-dihydroxyphenylalanine 

LAMP2A Lysosome-associated membrane protein type 2A 

LAP LC3-associated phagocytosis 

LB Lewy body 

LB Luria-Bertani 

LC3 Light chain 3 

LC3-I Unlipidated LC3 

LC3-II Lipidated LC3 

LDB1 LIM-domain-binding factor 

LDN LDN-193189 hydrochloride 

LIR LC3 interacting region 

LMX1A LIM homeovox transcription factor 1 alpha 

LMX1B LIM homeobox transcription factor 1 beta 

LMX1B-SG Streptavidin binding protein and protein G tagged LMX1B 

LOMETS Local meta-threading server 

LRRK2 Leucine-rich repeat kinase 2 

LTD Long term depression 

LTP Long term potentiation 

MAPK Mitogen-activated protein kinase 

MAPT Microtubule associated protein Tau 

MASH1 Achaete-schute homolog 1 

MCOLN1 Mucolipin 1 
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mDANs Midbrain dopaminergic neurons 

MEGA Molecular Evolutionary Genetics Analysis 

MHB Midbrain-hindbrain boundary 

MHO Midbrain-hindbrain organizer 

miRNA MicroRNA 

MitoSOX MitoSOX™ Red reagent 

ML Maximum likelihood 

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

MSX1 Muscle segment homeobox homolog 1 

mtDNA Mitochondrial DNA 

mTORC1 Mammalian target of rapamycin complex 1 

MYO1C Actin-based molecular motor 

MYT1L Myelin transcription factor 1 like 

MZ Marginal zone 

NADPH Nicotinamide adenine dinucleotide phosphate 

NAS2 Normal a-synuclein 2 

NDP52 Antigen nuclear dot 52 kDa protein 

NDUF NADH:Ubiquinone Oxidoreductase 

NEAA Non-essential amino acids 

NFκB Nuclear factor kappa B 

NGN2 Neurogenin 2 

NIPSNAP Non-neuronal SNAP25-like protein homolog 

NIX BCL2 Interacting Protein 3 Like 

NJ Neighbour Joning 

NKX NK2 homeobox 2 

NLS Nuclear localization signal 

NMDA N-methyl-D-aspartate 

NPS Nail patella syndrome 

NRB1 Neurabin-1 

NRF1 Nuclear respiratory factor 1 

NRF2 Nuclear factor erythroid 2-related factor 2 

NUFIP1 Nuclear FMR1 Interacting Protein 1 

NURR1 Nuclear receptor related 1 protein 

OCR Oxygen consumption rate 
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OCT3/4 Octamer binding transcription factor ¾ 

OD Optical density 

OPTN Optineurin 

OTX2 Orthodenticle homologue 2 

OXPHOS Oxidative phosphorylation 

P-BLAST Protein- Basic local alignment search tool 

P53 Tumor-suppressor protein TP53 

PAGE Polyacrylamide gel electrophoresis 

PARL Presenilin associated rhomboid-like protease 

PAX Paired box protein 

PBS Phosphate-buffered saline 

PCM1 Pericentriolar material 1 

PCR Polymerase chain reaction 

PD Parkinson’s disease 

PE Phosphatidyl ethanolamine 

PEI Polyethylenimine 

PFA Paraformaldehyde 

PI3K Phosphatidylinositol 3 kinase 

PI3P Phosphatidylinositol 3 phosphate 

PINK1 PTEN-induced putative kinase 1 

PITX3 Pituitary homeobox 3 

PLEKHM1 Pleckstrin homology domain containing protein family 
member 1 

PLXNC1 Plexin C1 

PML Promyelocytic leukemia protein 

PPAR Peroxisome proliferator-activated receptors 

PSD95 Post synaptic density 95 

PSF PTB-associated splicing factor 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

RAB Ras protein-related in brain 

RAG Recombination-activating genes 

RF Risk factor 

RHEB Ras homolog enriched in brain 

RIPA Radioimmunoprecipitation assay 
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ROS Reactive oxygen species 

RP Roof plate 

RPE Retinal pigment epithelium 

RRF Retrorubral field 

rRNA Ribosomal RNA 

RT Room temperature 

SB SB431542 

SCG10 Neuronal Growth-Associated Protein 

SD Standard deviation 

SDM Site-directed mutagenesis 

SDS Sodium dodecyl sulphate 

SEM Standard error of mean 

SFFV Silencing-prone spleen focus forming virus 

SHH Sonic hedgehog 

shRNA Small hairpin RNA 

siRNA Small interference RNA 

SIRT1 Sirtuin 1 

SNAP29 Synaptosomal-associated protein 29 

SNARE Soluble N-ethylmaleimide-sensitive factor activating protein 
receptor 

SNc Substancia nigra pars compacta 

SNCA a-synuclein 

SNP Single-nucleotide polymorphism 

SNr Substancia nigra pars reticulata 

SNTC Somatic cell nuclear transfer 

SOX2 SRY-related HMG-box 2 

SQSTM1 Sequestosome -1; p62 

STN Subthalamic nucleus 

STX17 Syntaxin 17 

SYNJ1 Synaptojanin 1 

T4 PNK T4 polynucleotide kinase 

TAE Trist-acetate-EDTA 

TAX1BP1 Tax1 Binding Protein 1 

TBE Tris-borate-EDTA buffer 
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TBR1 T-box transcription factor 

TBS Tris Buffered Saline 

TEM Transmission electron microscopy 

Tet-On/Off Tetracycline-controlled transcription activation On/Off 

TFEB Transcription factor EB 

TGF-b Transforming growth factor b 

TH Tyrosine hydroxylase 

TMT Tandem tag mass proteomics 

TNFa Tumour necrosis factor 

TRE Tet Response Element 

TRKB Tyrosine receptor kinase B 

TSC Tuberous Sclerosis Complex 

TUJ1 Class III b-tubulin 

Tw Tween 

Ub Ubiquitin 

UBL Ubiquitin-like 

ULK1 Unc51-like kinase 

UPS Ubiquitin proteasome system 

UQCRQ Ubiquinol-Cytochrome C Reductase Complex III Subunit VII 

USP24 Ubiquitin specific peptidase 24 

UVRAG UV Radiation Resistance Associated 

VAMP Vesicle-associated membrane protein 

VDAC1 Voltage-dependent anion selective channel protein 1 

VMAT2 Vesicle monoamine transporter 2 

VPS Vacuolar protein sorting  

VTA Ventral tegmental area 

VZ Ventricular zone 

WIPI1/2 WD repeat domain phosphoinositide-interacting ½ 

WNT Wingless-Type MMTV integration site family 

ZKSCAN3 Zinc finger with KRAB and SCAN domains 3 
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