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Chapter 1 

INTRODUCTION: 

PLURIPOTENT STEM CELL DERIVED MODELS FOR THE STUDY OF MITOCHONDRIAL FITNESS IN 

HUMAN NEUROGENESIS 

Adapted from: 

Romero-Morales, AI & Gama, V. Revealing the impact of mitochondrial fitness during early neural 
development using human brain organoids. Under review, Frontiers in Molecular Neuroscience. 

 

I. Introduction 

From the brain, and from the brain only, arise our pleasures, joys, laughter and jests, as well as 
our sorrows, pains, griefs and tears. Through it, in particular, we think, see, hear, and distinguish 

the ugly from the beautiful, the bad from the good, the pleasant from the unpleasant, in some 
cases using custom as a test, in others perceiving them from their utility. 

(Hippocrates)-Hippocrates (c. 460 B.C. - c. 370 B.C.) 

 

Studies on human brain function and development have been a topic of controversy and 

ethical concerns throughout scientific history (Bredenoord et al., 2017; Farahany et al., 2018; 

National Academies of Sciences, Engineering, 2021; Di Pietro et al., 2012). It is undeniable that 

access to human-derived material has contributed greatly to the advance of therapies and drugs 

and expanded our understanding of the processes that have been studied in other biological 

models. The comparison between different organisms is critical to assess the specie-specific 

differences that have arisen from evolution and the similarities that have been conserved and 

can be advantageous for the use of non-human models in translational science. 

The human brain has unique characteristics that separate Homo sapiens from even our 

closest primate relatives. Cortical expansion, upper neuronal layer enlargement, increased 

neuronal diversity and function, complex connectivity and circuitry, are unique features of the 

human brain (Dehay and Kennedy, 2020; Forbes and Grafman, 2010; Fuster, 2002; Heide et al., 

2020; Kaas, 2008; Molnár et al., 2019). The study of how these differences evolved has proven 

challenging as access to developing human tissue has been limited due to ethical considerations 
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(Farahany et al., 2018; Greely et al., 2016; Presidential Commission for the Study of Bioethical, 

2015).  

Although simple in comparison to the human central nervous system (CNS), non-human 

models have been shown to reproduce the developmental stages, cellular composition, 

cytoarchitecture, and activity seen in the human brain (Arlotta and Paşca, 2019). The advent of 

human cellular models, like pluripotent stem cell (PSCs)-derived systems, and the intersection 

with research in non-human models have propelled human brain development research and 

complemented each other to advance the existing knowledge. 

As the brain consumes nearly 20% of the oxygen and calories from the body (Picard and 

McEwen, 2014; Raichle and Gusnard, 2002), energetic homeostasis is key for cellular 

maintenance and survival. Mitochondrial diseases, traditionally linked to disruption in oxidative 

phosphorylation (OXPHOS), are usually associated with neurological phenotypes such as 

developmental delay, atrophy, and epileptic encephalopathy (Ortiz-González, 2021; Povea-

Cabello et al., 2021). Advances in genomic testing suggests that the causal mutations of 

mitochondrial diseases includes not only metabolic genes but proteins that affect the 

mitochondrial shape, motility, recycling and organelle interaction (Baum and Gama, 2021). 

Hence, mitochondrial adaptation and homeostasis its essential for the execution of the intrinsic 

developmental programs of neural differentiation and corticogenesis. 

 

II. Human brain development: a finely orchestrated choreography of commitment, 

migration, and expansion. 

The human CNS is composed of approximately 86 billion neurons, with a roughly equal 

number of glial cells (Herculano-Houzel et al., 2015). Ninety-nine percent of all neurons are 

located inside the cranium. The cerebral cortex is composed by ~20% of all neurons, although it 

represents ~50% of the CNS volume (Herculano-Houzel et al., 2015, 2016; Molnár and Pollen, 

2014; Sousa et al., 2017) 

The human brain has specie-specific characteristics that highlight the need for more 

representative modeling of development. For example, the developing brain has expanded 
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proliferative zones (e.g., outer subventricular zone) with diverse subtypes of neural stem and 

progenitor cells (e.g., outer radial glia (oRGCs)) that facilitate the expansion of the neocortex 

(Bystron et al., 2008; Molnár et al., 2019; Sousa et al., 2017). The timing and duration of 

neurogenesis is also a factor to consider when examining the differences between species. 

Extended human neurogenesis results in an increased number of progenitor cells that give rise 

to larger neocortical structures with increased number of upper-layer neurons (Hutsler et al., 

2005; Smart et al., 2002; Taverna et al., 2014). In addition to the ventricular zone and the cortical 

plate (discussed in detail below), the human brain contains an additional layer, called the outer 

subventricular zone. The outer subventricular zone is characteristic for primate brains and it 

contains oRGCs or basal radial glia cells. In rodent brains, these cells are not present, or present 

in only very small numbers (Kalebic and Huttner, 2020; Wang et al., 2011a, 2011b). But, in 

primates, they act as a transit amplifying population during neurogenesis (Fietz et al., 2010; 

Hansen et al., 2010; Sauerland et al., 2018) contributing to the expansion of the cortex. 

Developmental studies in rodents segregate the birth of excitatory neurons and interneurons to 

the progenitors in the cortex and ganglionic eminence, respectively, yet lineage tracing of 

primary human neural progenitors show that individual cortical progenitors have the capacity to 

generate both excitatory and cortical interneurons (Delgado et al., 2022). 

Human brain development is a prolonged and intricate process that starts around 2 weeks 

post conception and continues until early adulthood. The initial stages of this process rely 

primarily on the genetic control and the correct activation of neural programs, although, 

environmental factors can also affect the efficiency of the process.  

a) Initial development: neural tube formation 

The genesis of the nervous system initiates about 2 weeks post conception. At this stage, 

the developing embryo is organized as a three-layered spherical structure. Cells in ectoderm, one 

of the three germ layers, thicken to form the neural plate. The lateral edges of the neural plate 

will give rise to the neural folds that will folds on itself and join at the midline forming the neural 

tube. The closure of these tube occurs from the center to the cranial and caudal ends and defects 

at this point can cause developmental conditions such as anencephalia and spina bifida. The 

formation of the neural tube leads to the formation of the central nervous system by the cells 
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located in the inner part of the tube, while the outer cells will give rise to the peripheral nervous 

system (Bayer and Altman, 2007; O’Rahilly and Müller, 2005). 

Once the neural tube closes, around 4 weeks post-conception, the cranial end of the 

neural tube will expand to become a three-vesicle structure: the prosencephalon, the 

mesencephalon, and the rhombencephalon. By week 5 post-conception, the prosencephalon will 

give rise to the telencephalon, which will correspond with the forebrain and includes the cerebral 

hemispheres; and the diencephalon that will develop into the thalamus and hypothalamus 

(O’Rahilly and Müller, 2008). The mesencephalon will give rise to the mature midbrain; and the 

rhombencephalon will generate the metencephalon which in time will derived the pons and the 

cerebellum, and the myelencephalon that will develop into the medulla (Bayer and Altman, 2007; 

O’Rahilly and Müller, 2005, 2010) 

Morphogen signaling during this period is crucial for the establishment of the 

development axis (Figure 1-1). The notochord, a structure derived from the axial mesoderm 

immediately ventral to the ectoderm (Di Gregorio, 2020; Grow, 2018), and the somites, transient 

paired structures derived from mesenchymal paraxial mesoderm that flank the neural tube (Cook 

et al., 2017), define the dorso-ventral axis of the embryo by releasing different signaling 

molecules (Seal and Monsoro-Burq, 2020). 

Fibroblast growth factors (FGF), in particular FGF8, are produced by the paraxial 

mesoderm, and it’s downregulated before neural differentiation (Bertrand et al., 2000; Muñoz-

Sanjuán and Brivanlou, 2002). This downregulation is necessary for the expression of early neural 

transcription factors such as NEUROM, PAX3, HES4, TFAP2A and MSX1 in the neural tube (Bang 

et al., 1997; Diez del Corral et al., 2002; Garnett et al., 2012; Monsoro-Burq et al., 2005). 

Retinoic acid (RA) signaling is produced by the paraxial mesoderm for the induction of 

neural differentiation and patterning by downregulating the FGF production (Colas and 

Schoenwolf, 2001; Diez del Corral and Storey, 2004; Franco et al., 1999). Sonic hedgehog (SHH) 

is produced by the notochord for the ventralization of neural cell types in a concentration 

dependent manner (Jessell and Dodd, 1990; Liem et al., 2000). WNT signaling is secreted by the 

paraxial mesoderm and the non-neural ectoderm. Its activation, especially from Wnt3a, is also 
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important for the induction of posterior patterning (Kiecker and Niehrs, 2001; McGrew et al., 

1995). WNT signaling repression is critical for the generation of the anterior neural fate 

(Yamaguchi, 2001). 

Bone morphogenetic proteins (BMPs) are produced by the non-neural ectoderm and the 

ventral mesoderm. High BMP signaling in the ventral ectoderm promotes the epidermal fate and 

represses the neural fate. BMP antagonists, such as Noggin, Chordin, Cerberus and Follistatin, 

are secreted by the Spemann-Mangold organizer (Muñoz-Sanjuán and Brivanlou, 2002; Spemann 

and Mangold, 1924, 2001), generating a low-to-high gradient of BMP signaling from the midline 

towards the lateral zones that allows for the neural specification of the dorsal ectoderm (Barth 

et al., 1999; Lee and Jessell, 1999; Lee et al., 1998; Liem et al., 2000; Nguyen et al., 2000; Ybot-

Gonzalez et al., 2007).  

b) NPC expansion and Radial Glia cell proliferation 

Once the closure of the neural tube is complete, the cells lining the lumen of the tube will 

develop into the ventricles. This single cell layer of neuroepithelia is a pseudostratified epithelium 

composed by neuroepithelial progenitor cells (Götz and Huttner, 2005) (Figure 1-2A). These are 

highly polarized along the apical-basal axis (Chenn et al., 1998). Transmembrane proteins such as 

prominin-1 are found in the apical plasma membrane, while tight and adherens junctions are 

present at the apical end of the lateral plasma membrane (Aaku-Saraste et al., 1996; Chenn et 

al., 1998; Manabe et al., 2002; Zhadanov et al., 1999). Receptors for basal lamina components, 

such as integrins, are located in the basal plasma membrane that is in contact with the basal 

lamina (Wodarz and Huttner, 2003). 

This epithelium appears as stratified due to the cell nuclei migrating up and down the 

apical–basal axis during the cell cycle in a process known as interkinetic nuclear migration (Bayer 

and Altman, 2007; Frade, 2002; His, 1889; Rodrigues et al., 2019; Sauer, 1935; Schaper, 1897). In 

this process the nuclei migrate to the apical side during mitosis and remains basally during the S 

phase. This movement exposes the nuclei to diffused morphogens, such as Notch receptor ligand 

Delta, and influence the fate of the daughter cells (Azizi et al., 2020; Del Bene et al., 2008; Chenn 

and McConnell, 1995; Chenn et al., 1998; Murciano et al., 2002; Spear and Erickson, 2012).  
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The neuroepithelial progenitor cells divide in either a symmetric or asymmetric manner 

(Götz and Huttner, 2005; Huttner and Brand, 1997). Symmetric cell division generate two 

daughter cells that remain mitotically active and can expand the population of progenitor cells 

(Kornack and Rakic, 1995; Mione et al., 1997). In contrast, in an asymmetric division at least one 

of the daughter cells exist the cell cycle and differentiates into a specialized cell (Fishell and 

Kriegstein, 2003; Qian et al., 1998; Reid et al., 1997; Wodarz and Huttner, 2003).  

Rounds of cell division from the neuroepithelial cells form several layers surrounding the 

lumen (Figure 1-2A-B). The inner-most apical layer becomes populated with the progenitor cells 

and due to the proximity with the ventricles is known as the ventricular zone (VZ). As asymmetric 

division mark the beginning of neurogenesis, neuroepithelial cells have been shown to 

downregulate the expression of tight junction and certain apical plasma membrane proteins 

(Aaku-Saraste et al., 1996, 1997) 

Neuroepithelial cells give rise to a progenitor cell type that is more cell fate-restricted, the 

radial glial cells (RGC) (Bentivoglio and Mazzarello, 1999; Koelliker, 1896; Magini, 1888). These 

cells can be observed in the developing embryo as early as week 6 post conception (Choi, 1981). 

RGCs are characterized by bipolar processes extending to reach the pial and ventricular surfaces, 

while their cell bodies remain in the VZ (Haubensak et al., 2004; Levitt and Rakic, 1980; Rakic, 

1972, 1978). These processes help guide the radial migration of newborn neurons from the 

ventricular zone. Moreover, these cells share some astrocytic characteristics such as glycogen 

granules and the expression of the intermediate filament protein, glial fibrillary acidic protein 

(GFAP) (Choi, 1981; Levitt and Rakic, 1980) and VIMENTIN, as well as brain-lipid-binding protein 

(BLBP) (Hartfuss et al., 2001). RGCs also maintain the expression of the neuroepithelial marker 

NESTIN (Campbell and Götz, 2002; Chanas-Sacre et al., 2000; Pixley and de Vellis, 1984), apical-

basal polarity with the presence of adherence junctions (Aaku-Saraste et al., 1996; Wodarz and 

Huttner, 2003), basal lamina contact (Halfter et al., 2002), and interkinetic nuclear migration. 

Regionalization of the brain is also an ongoing process at this stage. Dorsal RGCs express the 

neural progenitor marker Paired box protein 6 (PAX6) (Götz et al., 1998) which commit them into 

a cortical fate; while the ventral RGCs express the cellular retinol-binding protein (RBP-1) 

(Toresson et al., 1999) and will commit to form the basal ganglia. 
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Prior to the peak in neurogenesis, RGCs divide symmetrically to amplify the progenitor 

cell population. However, during the peak phase of neurogenesis, radial glial cells primarily divide 

asymmetrically to both self-renew and giving rise to outer radial glia (oRGCs), intermediate 

progenitors (IPCs), astrocytes or neurons (Alvarez-Buylla et al., 2001; Anthony et al., 2004; 

Kriegstein and Alvarez-Buylla, 2009; Malatesta et al., 2000, 2003; Miyata et al., 2001; Noctor et 

al., 2001). The cell fate specification during the asymmetrical neurogenesis has been associated 

with the subcellular distribution of the mammalian partition defective protein 3 (mPAR3) by 

differentially regulating Notch signaling activity in the two daughter cells (Bultje et al., 2009) 

Outer radial glia and intermediate progenitors will establish the subventricular zone (SVZ) 

around week 9 post conception (Zecevic et al., 2005). oRGs retain the basal processes but lack 

the apical junctions (Miyata et al., 2001), and undergo a distinct migratory behavior or mitotic 

somal translocation before undergoing cell division (Fietz et al., 2010; Hansen et al., 2010; Wang 

et al., 2011b). These cells can also undergo proliferative and asymmetric cell divisions and require 

Notch signaling to induce neuronal differentiation (Hansen et al., 2010; Kowalczyk et al., 2009). 

IPCs are transient amplifying cells with limited proliferative divisions, which are predominantly 

symmetrical to produce two neurons (Haubensak et al., 2004; Kowalczyk et al., 2009; Noctor et 

al., 2001; Sessa et al., 2008, 2010; Wu et al., 2005). These cells have multipolar morphology and 

are not anchored to either the apical or basal cortical surface (Haubensak et al., 2004; Noctor et 

al., 2001). IPCs contribute to radial expansion and folding of the human brain (Baala et al., 2007; 

Englund, 2005; Miller et al., 2019) and have been associated to the generation of the upper 

cortical layers (Arnold et al., 2008; Lv et al., 2019; Martínez-Cerdeño et al., 2006). 

The different types of progenitors can be identified not only by their morphology and 

presence of polarizing membrane proteins, but by the expression of certain fate markers (Figure 

1-2C). Radial glia express PAX6, a homeodomain transcription factor, in contrast IPCs upregulate 

T-Box Brain Protein 2 (TBR2), a T-domain transcription factor, and downregulate PAX6 (Englund, 

2005). oRGCs and SVZ progenitors also express the non-coding RNA subventricular-expressed 

transcript 1 (SVET1) (Tarabykin et al., 2001), as well as the transcription factor Cut Like 

Homeobox2 (CUX2) (Nieto et al., 2004; Zimmer et al., 2004). Moreover, oRGs preferentially 
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express genes related to extracellular matrix formation, migration, and stemness (Fan et al., 

2020; Nowakowski et al., 2017; Pollen et al., 2015). 

c) Corticogenesis: neural differentiation and migration 

The generation of cortical neurons, or corticogenesis, can be distinguished by the 

enlargement of the SVZ that has an inner (ISVZ) and outer region (OSVZ), and it is separated by a 

thin fiber layer (Zecevic et al., 2005). Cells undergoing mitosis can be observed in all levels of the 

SVZ, in contrast with the VZ where mitotic cells are only found in the ventricular surface (Smart 

et al., 2002) (Figure 1-2A-B).  

Early born neurons migrate away from the ventricular surface, segregating themselves 

from the progenitors and forming the preplate. The first wave of neurons is composed by 

specialized pioneering cells or Cajal-Retzius neurons. These neurons organize adjacent to the pial 

surface forming the marginal zone, that in the adult human brain correspond with Layer I (Marin-

Padilla, 1978; Raedler and Raedler, 1978) and that act as the stop sign for neuronal migration 

(Tissir and Goffinet, 2003). These cells secrete REELIN, a large extracellular matrix glycoprotein. 

REELIN regulate processes of neuronal migration and positioning in the developing brain by 

controlling cell–cell interactions specifically by binding to the transmembrane receptors, the very 

low–density lipoprotein receptor (Vldlr), and the apolipoprotein E receptor 2 (ApoER2) present 

on migrating neurons (D’Arcangelo et al., 1995; Hiesberger et al., 1999). The binding of REELIN 

to the previously mentioned receptors induces the phosphorylation of Disabled 1 (Dab1), a 

cytosolic protein that activates tyrosine kinases (Kim et al., 2002; Trommsdorff et al., 1999) that 

in time modulates the phosphorylation of Tau affecting the assembly and stability of the neuronal 

cytoskeleton (Hiesberger et al., 1999; Rice and Curran, 2001). REELIN also interacts with α3β1 

integrin, which regulates neuron–glia interactions by and promoting the detachment of the 

migratory neuron from the radial glia via Dab1 and is required to achieve proper laminar 

organization (Dulabon et al., 2000). 

As new neurons are born and start migrating into the preplate, this area is divided into 

the marginal zone, which is pushed outwards, and the subplate (Molnár et al., 2019). The 

subplate is a voluminous yet transient compartment in the cerebral wall composed of post-
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migratory and migratory neurons, glia and axons; as well as of abundant extracellular matrix 

(Hoerder-Suabedissen and Molnár, 2015; Kostovic and Rakic, 1990). This structure is key for the 

correct formation and subsequent function of the brain as it is involved in the formation of neural 

circuits (Kostovic and Rakic, 1990). 

Between the marginal zone and the subplate, new born neurons migrate and organize 

forming the cortical plate around post-conception weeks 8-9 (Clancy et al., 2001). In this area, 

the nascent neurons stop migrating and differentiate into their final laminar identity in an inside-

out fashion (Greig et al., 2013), with newer born neurons positioning closer to the marginal zone 

(Leone et al., 2008; Marín-Padilla, 2014; Molyneaux et al., 2007; Shibata et al., 2015). Hence, 

neurons of the deepest layers (VI and V) are generated at the earliest stages, followed by neurons 

of layers IV, III, and II. For the neuronal maturation process, final positioning of the neurons is 

required; and can last until early adulthood in humans (Huttenlocher, 1979; Petanjek et al., 2008, 

2011).  

Cortical neurons are generated primarily (~80%) by IPCs, while the other 10-20% can be 

traced back to RGCs (Kowalczyk et al., 2009; Vasistha et al., 2015) (Figure 1-2A). Moreover, 

cortical progenitors undergo fate restriction as they produce new neurons. Late cortical 

progenitors are not capable to generate earlier neuronal fates even when exposed to 

environments that mimic the early stages of corticogenesis (Desai and McConnell, 2000; Frantz 

and McConnell, 1996; Walsh and Cepko, 1993). This fate restriction has been associated with 

changes in the length of the cell cycle and the number of divisions before terminal differentiation 

(Calegari et al., 2005; Pilaz et al., 2009; Shen et al., 2006). 

Fate acquisition has also been linked with the expression of subtype-specific transcription 

factors expressed in progenitors before neurogenesis; suggesting an early commitment to a 

particular cortical layer (Greig et al., 2013) (Figure 1-2C). The transition from the pioneering Cajal-

Retzius cells into the generation of deep-layer neurons has been shown to be mediated by the 

repression of the transcription factor Forkhead Box G1 (FOXG1) in neural progenitors (Hanashima 

et al., 2004). 
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Deep-layer progenitors express the transcription factors FEZF2 (Fez family zinc finger 2), 

OTX1 (Orthodenticle Homeobox 1), and EMX2 (Empty Spiracles Homeobox 2) (Chen et al., 2005; 

Frantz et al., 1994; Inoue et al., 2004; Leingärtner et al., 2003; Lodato et al., 2014; McKenna et 

al., 2011) that have been associated with neurons present in layers VI and V. OTX1, for example, 

is expressed in ventricular zone precursors that will give rise to cortical layers VI and V, but it is 

downregulates in progenitor cells that are committed to upper layer neurogenesis (Frantz et al., 

1994; Weimann et al., 1999). 

The generation of layer VI neurons, around post-conception week 11-12 (Clancy et al., 

2001), is mediated by the expression of the transcription factor T-Box Brain Protein 1 (TBR1) 

(Bedogni et al., 2010; Hevner et al., 2001). TBR1 downregulates the expression of FEZF2 (Han et 

al., 2011) and CTIP2 (COUP-TF-Interacting Protein 2) (McKenna et al., 2011) by binding to the 

FEZF2 gene and inhibiting its transcription. FEZF2 acts upstream of CTIP2 to control the 

differentiation of layer V neurons (Arlotta et al., 2005; Chen et al., 2005) by reducing TBR1 

expression (McKenna et al., 2011). TBR1 expression is also downregulated directly by FOXG1 and 

indirectly by the FOXG1 mediated upregulation of FEZF2 (Toma et al., 2014). Moreover, SOX5 

(Sex Determining Region Y-Box 5) directly represses FEZF2 by binding to a required enhancer 

element for its expression (Kwan et al., 2008; Lai et al., 2008; Shim et al., 2012) and induces the 

activation and maintenance of TBR1 (Bedogni et al., 2010). 

As deep layer progenitors express OTX1 before neurogenesis, upper layer progenitors 

express the noncoding RNA SVET1. The expression of this marker is exclusive of layer II-IV and its 

activation is dependent on the correct expression of PAX6 (Tarabykin et al., 2001). Expression of 

SVET1 has been also identified in IPC-derived upper cortical layer neurons (Molyneaux et al., 

2007) 

Transition to the production of upper layer neurons is mediated by the interaction of 

FEZF2, CTIP2, TBR1, and SATB2 (Special AT-Rich Sequence-Binding Protein 2). TBR1 is a 

downstream target of SATB2, and its repression is necessary for the differentiation of layer IV 

neurons (Srinivasan et al., 2012). Moreover, downregulation of FEZF2 by negative feedback 

(Toma et al., 2014) is necessary for the acquisition of SATB2 expression (Chen et al., 2008), and 



11 

in time, SATB2 binds to and represses the expression of CTIP2 (Alcamo et al., 2008; Britanova et 

al., 2008). 

Co-expression of Brain-Specific Homeobox/POU Domain Protein 1 (BRN1) and Brain-

Specific Homeobox/POU Domain Protein 2 (BRN2/POU3F2) in most layer II-V cortical neurons is 

preceded by its expression in VZ progenitors and they are required for the control of radial 

migration in neurons residing in those cortical layers (Dominguez et al., 2013; McEvilly et al., 

2002). Moreover, disruption in the expression of these transcription factors causes defective 

migration of neurons due to the inability of the neurons to express Dab1 (Sugitani et al., 2002) 

Expression of the transcription factor CUX2 in progenitors has been associated with the 

generation of cortical neurons from layers II/III (Molyneaux et al., 2009; Nieto et al., 2004; 

Zimmer et al., 2004) at post-conception week 12 (Clancy et al., 2001). This predisposition to 

generate upper layer neurons is observed in the progenitor cells in the VZ that undergo 

proliferative cell division during the phase of deep-layer neuronal generation. These cells then 

switch to neurogenic differentiation to generate superficial-layer neurons (Franco et al., 2012). 

CUX1 and CUX2 are also part of the regulatory network modulated by FEZF2, where its 

inactivation allows for the progression to upper layer specification (Lodato et al., 2014). 

 

d) Gliogenesis 

During cortical neurogenesis, the promoters for astrocytic fate, such as GFAP, are heavily 

methylated and inaccessible to be activated by STAT3 (Signal Transducer And Activator Of 

Transcription 3) (Takizawa et al., 2001). Expression of Neurogin 1 (NGN1) competes with STAT3 

for the EP300-SMAD activator complexes and suppress the JAK/STAT and BMP signaling pathway 

(Sun et al., 2001). At the end of neurogenesis, levels of NGN1 drop and the GFAP promoter is 

demethylated to induce astrocytic fate and promote the differentiation of radial glia cells into 

glial progenitors (Takizawa et al., 2001). This demethylation of the astrocyte-specific genes is 

mediate by the Notch signaling pathway activation of the nuclear factor IA(NFIA) (Deneen et al., 

2006; Namihira et al., 2009). NFIA is also directly regulated by SOX9 (Sex Determining Region Y-



12 

Box 9), with the SOX9/NFIA complex directly regulating genes implicated in astrocyte precursor 

migration and metabolism (Kang et al., 2012). 

Astrocytes arise from radial glia in the ventricular zone and PAX6+/HOPX+ oRGs in the 

outer subventricular zone (Cameron and Rakic, 1991; Ge et al., 2012; Kriegstein and Alvarez-

Buylla, 2009; Noctor et al., 2008; Rash et al., 2019; Zweifel et al., 2018) around post-conception 

week 12 (Empie et al., 2015). Local proliferation of differentiated astrocytes that undergo 

symmetric division generate mature astrocytes (García-Marqués and López-Mascaraque, 2013) 

that are able to form endfeet with blood vessels and are perform functions such as glutamate 

uptake (Ge et al., 2012). 

Another class of glial cells, oligodendrocytes, originate from precursors in the proliferative 

dorsal and ventral zones of the developing brain (Richardson et al., 2006). These cells migrate to 

the developing white matter, divide, and terminally differentiate. The activation of the 

transcription factors OLIG1 (Oligodendrocyte Transcription Factor 1) and OLIG2 (Oligodendrocyte 

Transcription Factor 2) are indispensable for the oligodendroglial fate acquisition. OLIG1 directly 

binds to DLX1/2 (Distal-Less Homeobox 1/2) enhancers to repress neurogenic fate and induce 

the expression of OLIG2 (Petryniak et al., 2007; Silbereis et al., 2014). ASCL1 (Achaete-Scute 

Family BHLH Transcription Factor 1) is also downregulated in the transition from NPCs to 

oligodendrocyte progenitor cell, although its expression in these cells is biphasic as it needs to be 

upregulated again for oligodendrocyte terminal differentiation (Battiste et al., 2007; Dimou et 

al., 2008; Sugimori et al., 2008). Expression of several SOX (Sex Determining Region Y-Box) 

members is key for the specification and differentiation of oligodendrocytes. SOX5 and SOX6 are 

expressed in oligodendrocyte progenitor cells and influence migration patterns, while SOX10 

induces terminal differentiation and myelin gene expression (Stolt et al., 2002, 2006) 

SHH signaling, through the activation of OLIG2, is necessary for oligodendrocyte 

development (Agius et al., 2004); yet their maturation is SHH independent (Orentas et al., 1999; 

Soula et al., 2001). Expression of the EGF receptor has also been associated with the generation 

of OPCs (Huang et al., 2020). EGFR-expressing oRGs may act as intermediate progenitors for 

oligodendrogenesis and potentially amplify the OPC progenitor pool (Huang et al., 2020). BMP 

and WNT expression have been shown to oppose oligodendrocyte cell fate and directing the 
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progenitors into an astrocyte fate (Mekki-Dauriac et al., 2002; Samanta and Kessler, 2004; 

Shimizu et al., 2005).  

 

III. hPSC derived models for the study of brain development 

The study of human embryonic development in vitro, specifically organogenesis and cell 

fate specification, has been greatly improved by the isolation and maintenance of pluripotent 

stem cells (Evans and Kaufman, 1981; Thomson and Marshall, 1998; Thomson et al., 1995, 1998). 

The accessibility to somatic cells and the ability to reprogram them into induced pluripotent stem 

cells (Takahashi and Yamanaka, 2006; Takahashi et al., 2007) has increase the ability to model 

developmental diseases that are considered rare or difficult to phenocopy in model organisms 

(Saha and Jaenisch, 2009). This, coupled with the ability to generate differentiated cells such as 

neurons (Vierbuchen et al., 2010; Zhang et al., 2001), has allowed for the expansion of the 

repertoire of techniques to model and study human brain development in vitro (Figure 1-3). 

a) 2-D derived neurons 

The generation of neural cells was based on observations of the grafting effects of mouse 

teratocarcinoma lines in early embryos and in vitro (Jones-Villeneuve et al., 1983). Cell 

aggregation in addition to treatment with retinoic acid (RA) was observed to promote the 

differentiation of mouse stem cells into cells expressing neuronal genes and capable of 

generating action potentials (Bain et al., 1995). The use of morphogens for the maintenance and 

generation of neuroepithelial precursors was highlighted by the use of basic fibroblast growth 

factor (bFGF or FGF2) (Mujtaba et al., 1999; Okabe et al., 1996). Removal of this compound 

promoted the differentiation of functional neuronal cells that were able to be cultured long term 

(Okabe et al., 1996). Furthermore, these ESCs-derived neural precursors were shown to be able 

to graft to embryonic ventricles and migrate without positional cues into the host brain to 

contribute to the three lineages of the nervous system (Brüstle et al., 1997). 

The first account of human neural precursor cells differentiation from hESC was 

generated by the Thomson and Ben-Hur laboratories in 2001. After aggregation in embryoid 

bodies, generated neural tube-like structures in the presence of FGF2 (Reubinoff et al., 2001; 
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Zhang et al., 2001). Removal of this morphogen promoted differentiation into the neural lineages 

in vitro, while transplantation into the neonatal mouse brain allowed for their incorporation to 

different brain regions and further maturation into neurons and astrocytes. 

An improved protocol that did not rely on embryoid bodies was generated by the Studer 

lab in 2009. Rapid and highly efficient neural conversion under adherent culture conditions was 

obtained by the synergistic use of two SMAD signaling pathway inhibitors: Noggin and SB431542 

(Chambers et al., 2009). Noggin is a bone morphogenic protein (BMP) inhibitor identified initially 

in Xenopus laevis with neural-inducing properties following a dorsal fate pattern (Gerrard et al., 

2005; Lee et al., 2007; Smith and Harland, 1992; Valenzuela et al., 1995). The drug SB431542 is 

an antagonist that inhibits the Nodal/Activin/Transforming growth factor β (TGFβ) pathways by 

blocking phosphorylation of the ALK4, ALK5 and ALK7 receptors. Activin and Nodal are 

responsible of mesodermal and endodermal differentiation during gastrulation, the inhibition of 

these pathways allows for an ectodermal and neural fate induction both in vivo and in vitro 

(Schier, 2003; Smith et al., 2008). 

NPC fate is determined by the expression of neuroectoderm markers such as Sex 

Determining Region Y-Box 1 (SOX1), PAX6 and Neuroepithelial stem cell protein (NESTIN). The 

intermediate filament NESTIN is expressed in both neuroepithelial cells and radial glial cells with 

different morphologies depending on the cell type and size (Götz and Barde, 2005). Expression 

of SOX1 can be observed upon neuroectoderm formation. Subsequent expression of PAX6 is 

noted as early as the first somite formation and the closing of the neural fold in the cranial region 

(E8.0 in mouse and stage 10 in human). PAX6 is also expressed in radial glial cells, the precursors 

for most neurons of the cerebral cortex (Callaerts et al., 1997; Englund, 2005; Thakurela et al., 

2016). The switch between SOX1 and PAX6 during neural fate commitment is required for the 

correct differentiation into committed cell types. Continuous expression of SOX1 inhibits the 

expression of PAX6 and other radial glial cell markers. PAX6 expression induces cell migration and 

differentiation into neurons (Cartier et al., 2006; Heins et al., 2002; Suter et al., 2009). 

Further differentiation to different neuronal cell types from different parts of the CNS 

have been achieved (Pankratz et al., 2007; Zeng et al., 2010). Previous studies using mice and 

other model organisms expanded the knowledge on morphogens and growth factors required 
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for neural development (Gaspard et al., 2008). NPCs with anterior patterning fate have been used 

to generate dopaminergic neurons after exposure to FGF8 for anterior-posterior axis induction 

and signal SHH as a ventralizing signal (Perrier et al., 2004). Spinal motoneurons can be generated 

by the presence of SHH and the retinoic acid to promote the posterior axis fate (Lee et al., 2007; 

Li et al., 2005). Functional cortical glutamatergic neurons and telencephalic GABAergic neurons 

can also be generated by the manipulation of the endogenous WNT signaling in the NPCs (Li et 

al., 2009). Cerebral cortex development can also be recapitulated by the sequential generation 

of pyramidal neurons that express the markers of the different cortical layers (Espuny-Camacho 

et al., 2013; Shi et al., 2012). 

As an alternative to hPSC-derived neurons, direct differentiation from somatic cells into 

functional NPCs and neurons have been achieved, using either genetic or chemical manipulation 

of the embryonic pathways that promote transdifferentiation. The transcription factors BRN2, 

ASCL1, Myelin Transcription Factor 1-Like Protein (MYTL1), and Neurogenic differentiation 1 

(NEUROD1); as well as the microRNAs miR-9* and miR-124, were initially used to generate 

different types of neurons from fibroblasts (Ambasudhan et al., 2011; Caiazzo et al., 2011; Pang 

et al., 2011; Pfisterer et al., 2011b, 2011a; Son et al., 2011; Yoo et al., 2011). Single transcription 

factors, such as Sex Determining Region Y-Box 2 (SOX2) (Ring et al., 2012) and NEUROGENIN-2 

(NGN2) (Zhang et al., 2013) have been utilized to generate functional excitatory cortical neurons.  

b) Neural rosettes 

The earliest in vitro recapitulation of nervous system development are neural rosettes 

(NR). These structures correspond to the third week of gestation (Chandrasekaran et al., 2017) 

and recapitulate the initial stages of central nervous system development. NRs are composed of 

long, radially organized, columnar neuroepithelial cells surrounding a central cavity or lumen 

(Chandrasekaran et al., 2017; Elkabetz et al., 2008; Hříbková et al., 2018; Zhang et al., 2001). NRs 

present apical-basal polarity, with the localization of apical markers (e.g. ZO1, N-Cadherin, β-

Catenin) and interkinetic nuclear migration. Additionally, cells in NRs are positive for 

neuroepithelial markers such as PAX6, SOX1, NESTIN, Mushahi-1 (MSI1) and polysialylated 

neuronal cell adhesion molecule (PSA-NCAM). These cells also show self-renewal capacity, 

engraftment capacity, and can differentiate into different region-specific neural and glial types in 
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response to developmental cues (Elkabetz et al., 2008; Grabiec et al., 2016; Knight et al., 2018; 

Koch et al., 2009; Li et al., 2005; Perrier et al., 2004; Zhang et al., 2001). 

NR-neural stem cells (NR-NSCs) can be isolated, expanded, and regionally specified 

without losing the rosette properties. Maintenance of the multipotency capacity has been shown 

to depend on the Notch signaling pathway, as low plating densities or the pharmacological 

inhibition of the pathway, increases the neuronal differentiation and causes a reduction in the 

rosette formation efficiency. Activation of the SHH has also been shown to be a key pathway in 

the maintenance of multipotency of NR-NSCs. Inhibition of both pathways cause rapid loss of 

rosette organization and reduction in the differentiation capacity (Elkabetz et al., 2008). 

Although the default fate pathway for NR cells is the anterior CNS pattern by the 

expression of FOXG1 (Koch et al., 2009; Tao and Lai, 1992), re-specification towards caudal fates 

can be accomplished: midbrain and hindbrain neurons can be obtained by FGF8/SHH treatments, 

and spinal motor neurons can be generated by incubation in RA/SHH (Elkabetz et al., 2008; 

Perrier et al., 2004). Furthermore, NRs with ZO1 expression and interkinetic nuclear migration 

can also be spontaneously generated from NPC monolayer differentiation via dual SMAD 

inhibition (Chambers et al., 2009). 

Neural rosettes formation consists of five morphogenetic changes: intercalation of two 

or more cell rows, cellular constriction or shrinkage, polarization, elongation, and lumen 

formation. The formation of the lumen is mediated by apoptosis, abolition of the cell death via 

caspase inhibition disrupts lumen formation and retard neurogenesis. Moreover, Ca2+ regulation 

plays a critical role in the formation of the NR by regulating multiple cytoskeletal proteins during 

the first three morphogenesis events. Calcium dysregulation also affects the localization of the 

polarizing proteins ZO1, PARD3 and β-catenin, which in turn impairs lumen formation. Disruption 

of the cytoskeleton (specifically actin, myosin II and tubulin) promotes premature neurogenesis 

and astrogenesis (Hříbková et al., 2018). 

FGF and BMP signaling are also necessary for the correct formation of the NRs. FGF2 and 

its receptor FGFR1 present an apical polarization in the lumen of the NR. FGF2 overexpression or 

inhibition disrupts the formation of the NRs and affects ZO1 expression and localization. The 
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malformation of the NRs can be mediated by the displacement of ZO1 from the apical membrane 

which in time disrupts the membrane anchorage of FGFR1, causing the disruption on FGF2 

signaling gradient, reduced cell proliferation, cell cycle exit and the premature differentiation of 

the NPCs (Grabiec et al., 2016). BMP signaling has been associated to the complex cluster 

formation of the NR. Inhibition of the pathway causes disrupted rosette morphology and alters 

the expression of the NSC markers PAX6, SOX2 and SOX1 (Fedorova et al., 2019). 

c) Brain organoids 

The brain organoid field started with the groundbreaking observations of the Yoshiki Sasai 

group. These initial studies demonstrated the ability of mouse ESCs to directly differentiate into 

telencephalic precursors in a serum-free suspension culture (SFEB culture). Treatments with WNT 

and Nodal antagonist resulted in a high yield of PAX6+ cells that could be further differentiated 

into ventral or dorsal fate after WNT3a or SHH, respectively (Watanabe et al., 2005). Optimization 

of the SFEB culture media by the inclusion of a BMP inhibitor and the introduction of Y-27632, 

the selective Rho-associated kinase (ROCK) inhibitor, allowed to translate these findings to 

human derived systems (Watanabe et al., 2007). 

The derivation of optimized mouse and human culture media allowed for the generation 

of three-dimensional aggregates that recapitulate embryonic corticogenesis and regional 

specification (Eiraku et al., 2008). Polarized cortical neurepithelia resembling neural rosettes 

positive for the expected markers were observed in the floating aggregates. Moreover, cortical 

specification was obtained, mimicking early corticogenesis with the segregation of discrete layers 

containing radial glia, neuronal progenitors, and early neurons (Eiraku et al., 2008; Kadoshima et 

al., 2013; Mariani et al., 2012). Additionally, gene expression profile in these aggregates correlate 

with the embryonic telencephalon, specifically to the transcriptional program active at 8-10 

weeks after conception (Mariani et al., 2012).  

Cerebral organoids can be generated via undirected or directed differentiation. The 

undirected differentiation technique was described by the Knoblich group in 2013 (Lancaster et 

al., 2013). Single cell hPSCs were aggregated in a serum free media and then embedded in an 

extracellular matrix (ECM). The presence of ECM supports the formation of neuroepithelial buds 
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that expand into cortical structures under constant agitation (Lancaster and Knoblich, 2014; 

Lancaster et al., 2013; Renner et al., 2017). The lack of external signaling to induce patterning 

allows for the formation of organoids with various brain region identities and non-neural 

derivatives (Camp et al., 2015; Quadrato et al., 2017). Although variable, undirected organoids 

allow for a high degree of diversity in the cultures that serve as a platform to explore the CNS 

diversity and the effects of diseases onto different cell types (Kanton et al., 2019; Lancaster et 

al., 2017; Pașca, 2018; Velasco et al., 2019). 

Directed differentiation uses small molecules to induce regional specification (Kadoshima 

et al., 2013). The absence of ECM, as well as static conditions, allows for the formation of 

spherical cultures that can be further differentiated into dorsal and ventral aggregates (Birey et 

al., 2017; Paşca et al., 2015; Sloan et al., 2018), enriched with astrocytes (Sloan et al., 2017) or 

oligodendrocytes (Marton et al., 2019). Long term culture of these spheroids allows for the 

continuous maturation and differentiation of the structures allowing for the exploration of brain 

development in mid-fetal stages (Gordon et al., 2021; Paşca et al., 2015; Sloan et al., 2017; Yoon 

et al., 2019). Regional patterning can also be achieved using shaking conditions such as 

miniaturized bioreactors to generate forebrain, midbrain and hypothalamus organoids (Qian et 

al., 2016, 2018). 

 

d) Challenges and limitations of iPSCs models 

Although a remarkable system to study neural development, iPSC-derived models present 

a set of limitations: cellular variability, lack of maturation, and limited reproduction of the brain 

cellular complexity (Dolmetsch and Geschwind, 2011; McTague et al., 2021; Qian and TCW, 2021; 

Volpato and Webber, 2020; Yamanaka, 2020). These limitations must be considered when 

translating findings to human development. 

The generation of NPCs relied on the differentiation of the hPSCs into neuroectodermal 

fate (Chambers et al., 2009; Dhara and Stice, 2008), which continues into a preferential 

acquisition of dorsal forebrain identity (Nat et al., 2007; Watanabe et al., 2005; Zhang et al., 

2018). Supplementation of exogenous SHH is necessary for a ventral fate acquisition (Liu et al., 
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2013; Maroof et al., 2013; Nicholas et al., 2013; Ribes and Briscoe, 2009; Tao and Zhang, 2016), 

as the default dorsal identity is partially due to NPC expression of WNT ligands (Li et al., 2009). 

Moreover, variability in the capacity of the cells to generate NPCs based on its embryonic or 

induced origin has been reported (Koyanagi-Aoi et al., 2013), but a more in depth proteomic and 

genomic characterization has not been done. 

Similarities of iPSC-derived cortical neurons to primary cortical neurons have been 

established through single cell analysis but, layer-specific subtype characterization remains 

challenging (Handel et al., 2016). NPC cultures are heterogeneous, with mixed populations of 

neural stem and progenitor cells during the first stages of differentiation. At later stages, 

combinations of neuron and astrocyte populations can be obtained in an stochastic manner 

(Hoffman et al., 2017, 2019). This can affect not only the functionality of each subtype but their 

maturation stage (Brennand et al., 2015). A cleaner, more mature neuronal population can be 

obtained using direct differentiation methods (Meijer et al., 2019; Mertens et al., 2018; Rhee et 

al., 2019), yet transfection and selection stress can influence the quality of the cell types that are 

generated. 

Generation of astrocytes and oligodendrocytes is also challenging. Glial cell types appear 

later in development and require changes in the developmental cues. Current protocols, 

especially for oligodendrocyte generation, require the use of multiple small molecules and 

morphogens as well as month-long maintenance to generate cell populations suitable for 

experimentation (Douvaras and Fossati, 2015; Douvaras et al., 2014; TCW et al., 2017). 

Due to the lack of vascularization, brain organoids display limited growth (Lancaster et al., 

2013). Brain organoids generate neurons positive for the six different cortical layers, but layer 

organization as well as axonal projection patterns lack the expansion seen in similar 

developmental stages. Moreover, certain structures that are clearly delimitated in the developing 

brain -such as the subplate and the cortical plate- are difficult to differentiate (Qian et al., 2019). 

Likewise, intrinsic generation of non-neural cell types such as microglia, vascular cells, and 

immune cells; requires co-culturing conditions. 
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Another limitation of the brain organoid system is the inability to recapitulate 

developmental gradients. Fusion of regional aggregates has been useful to study neural 

migratory patterns and complex interregional interactions (Bagley et al., 2017; Birey et al., 2017; 

Miura et al., 2020; Xiang et al., 2017, 2019), but this approach requires the individual generation 

of the brain regions. The main hurdle to overcome is the correct localization and concentration 

of morphogens. A pioneering study by the Studer laboratory generated a SHH ventralizing 

gradient by utilizing a two-step EB formation process (Cederquist et al., 2019). First, a 

doxycycline-inducible hPSC line capable of expression of the morphogen was used. Sequentially, 

additional hPSCs were seeded around the SHH signaling EB, creating an organizing center. This 

approach successfully produces telencephalic organoids with a dorsal-ventral axis. Organoid-on-

chip approaches are also being explored. Morphogen-soaked beads positioned near developing 

cerebral organoids have shown the effects of WNT and BMP4 gradients (Ben-Reuven and Reiner, 

2020). WNT inhibition and BMP4 induction generated changes in the transcriptional profile of 

the areas proximal and distal to the bead, in a concentration dependent manner. These results 

suggest that recapitulating developmental morphogen gradients may require a combined 

approach between engineering and developmental biology. The brain organoids system 

recapitulates some aspects of human CNS development and complementation with other model 

systems and approaches can expand their capability and potential.  

 

IV. Mitochondrial homeostasis and neural development 

Mitochondria are ubiquitous and essential organelles for cell survival. Known primarily 

for their capacity to generate energy via oxidative phosphorylation (OXPHOS) and their role in 

cell death, mitochondria also act as a signaling hub and coordination center for a myriad of 

cellular processes including metabolite synthesis and calcium buffering. Mitochondrial network 

remodeling, through fusion and fission, is necessary for discarding damaged or not functional 

mitochondria (mitophagy), to adapt to new energetic requirements, and to redistribute the 

organelle throughout the cytoplasm (motility) (Anesti and Scorrano, 2006; Barnhart, 2016; Chan, 

2012; Cogliati et al., 2013; Giacomello et al., 2020; Schwarz, 2013). 
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a) Mitochondrial form and function 

i) Bioenergetics 

The energy producing machinery of the mitochondria is located in the crista, invaginations 

of the inner mitochondrial membrane that increase the surface area (Cogliati et al., 2016). The 

proteins responsible for OXPHOS comprise five different complexes that assemble further into 

supercomplexes (Acín-Pérez et al., 2008; Dudkina et al., 2005; Schägger and Pfeiffer, 2001). These 

complexes couple the oxidation of reducing molecules, such as NADH and FADH2, to the 

translocation of protons across the inner membrane. This influx of protons generates a proton 

electrochemical gradient that is used by the ATP synthase to generate ATP from ADP. 

All five complexes are localized along the cristae membrane with an overlapping 

distribution (Wilkens et al., 2013). The formation of supercomplexes optimizes the electro 

transport and proton shuttling through the inner membrane (Acín-Pérez et al., 2008; Letts and 

Sazanov, 2017). ATP synthase is localized on the edges of the cristae forming dimers, with the 

other complexes located along both sides (Davies et al., 2011). This configuration seems to be 

fundamental for the creation of the proton gradient that accumulates in the concave side of the 

cristae (Rieger et al., 2014; Strauss et al., 2008). 

The correct formation and maturation of the cristae is considered a hallmark of cellular 

maturation and differentiation. Pluripotent stem cells have fragmented mitochondria with 

immature cristae (Rafalski et al., 2012) and while oxidative phosphorylation still occurs, they rely 

preferentially on glycolysis for energy production (Chung et al., 2010; Piccoli et al., 2005; Prigione 

et al., 2010; Zhang et al., 2011). The differentiation of stem cells into neural stem cells is coupled 

to metabolic shifts that are essential. Inability to transition from glycolysis to OXPHOS during 

neural induction causes cell death in ESCs and iPSCs (Zheng et al., 2016a). 

Besides ATP production, the mitochondria is a signaling organelle central to the 

production of TCA cycle metabolites such as citrate and oxaloacetate that can then generate 

macromolecules such as lipids and nucleotides (Chakrabarty and Chandel, 2021; DeBerardinis 

and Chandel, 2020; Martínez-Reyes and Chandel, 2020). The mitochondria also mediates the 

release of signaling molecules from the mitochondria (e.g., acetyl-coA, cytochrome c, and free 
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calcium) that control cell fate and function (Martínez-Reyes and Chandel, 2020). These aspects 

of mitochondrial signaling beyond ATP production are certainly crucial during the cellular 

transitions that underlie human brain development.  

 

ii) Mitochondrial dynamics 

The active remodeling of the mitochondrial network is crucial for the homeostatic and 

metabolic adaptation of the cell. Mitochondria are highly dynamic organelles that undergo fission 

and fusion event according to the cellular and environmental necessities. These highly conserved 

processes are regulated by large dynamin-related GTPases (Chan, 2012; Chen and Chan, 2004; 

Hoppins et al., 2007; Praefcke and McMahon, 2004). 

Mitochondrial fission or fragmentation is executed by the highly conserved protein 

Dynamin-related protein 1 (DRP1) (Labrousse et al., 1999; Otsuga et al., 1998; Smirnova et al., 

1998). Activation of DRP1, by multiple post-translational modifications, is required for its function 

at the outer mitochondrial membrane (Chang and Blackstone, 2010; Chou et al., 2012; Han et al., 

2008; Prieto et al., 2016; Taguchi et al., 2007). At this site, DRP1 binds to adaptors located at the 

outer mitochondrial membrane. Mitochondrial fission 1 (FIS1), mitochondrial fission factor 

(MFF), and mitochondrial dynamics protein 49/51 (MID49/MID51) have been shown to be 

involved in DRP1 mediated fission (Gandre-Babbe and Van Der Bliek, 2008; Griffin et al., 2005; 

James et al., 2003; Liu and Chan, 2015; Mozdy et al., 2000; Osellame et al., 2016; Otera et al., 

2010; Palmer et al., 2013; Shen et al., 2014; Tieu et al., 2002). DRP1 self-assembles in rings around 

the mitochondrial membranes where undergoes conformational changes mediated by GTP 

hydrolysis and constricts the organelle until it divides (Ingerman et al., 2005; Mears et al., 2011). 

Mitochondrial fusion occurs when the outer and inner mitochondrial membrane merge 

with the corresponding membranes on another mitochondrion. Both fusion events are 

coordinated and occur simultaneously, resulting in the mixing of the mitochondrial contents in 

the matrix, membranes and intermembrane space and the homogenization of the mitochondrial 

DNA (mtDNA) and the formation and assembly of the electron transport chain (ETC) (Chan, 2012). 

Although coordinated, the fusion of the membranes is directed by distinct mechanisms. 
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Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2) are the proteins responsible for the outer membrane 

fusion, while optic atrophy 1 (OPA1) mediates inner membrane fusion (Alexander et al., 2000; 

Chen et al., 2003; Delettre et al., 2000; Rojo et al., 2002; Santel and Fuller, 2001). MFN1 and 2 

can homo- or hetero-dimerize with mitofusins in the adjacent mitochondria. OPA1 have two 

proteolytically cleaved proteins: long OPA1 (OPA1-L) and short OPA1 (OPA1-S). OPA1-L is 

anchored in the inner mitochondria membrane and coordinated the fusion process by forming 

homodimers with the opposite target membrane. OPA1-S has been associated with the 

stabilization of the mitochondrial cristae, maintenance of the mtDNA content and energetic 

competence (Del Dotto et al., 2017; Mishra et al., 2014). 

Neurodevelopmental studies have shown mitochondrial dynamics are essential in 

neurogenesis. Mouse models deficient in DRP1 show smaller brain size and reduced 

developmental apoptosis in the neural tube (Lewis et al., 2018; Wakabayashi et al., 2009); as well 

as high mortality of newborn deep layer neurons (Ishihara et al., 2009). Although rare, mutations 

in DRP1 have been identified in patients with severe neurodevelopmental delays (Baum and 

Gama, 2021). Mutations in the adaptor proteins MFF and MID49 have also been associated with 

developmental delay, myopathies, and neuropathies (Bartsakoulia et al., 2018; Baum and Gama, 

2021; Koch et al., 2016; Shamseldin et al., 2012). Mutations in MFNs and OPA1 have also 

identified as the causal mechanism behind neurodegenerative diseases such as Charcot-Marie-

Tooth syndrome, autosomal dominant optic atrophy, spastic paraplegia, syndromic Parkinson 

and dementia (Alavi et al., 2007; Carelli et al., 2015; Verny et al., 2008; Yu-Wai-Man et al., 2010; 

Züchner et al., 2004). 

 

b) Mitochondrial remodeling throughout neural differentiation and maturation 

Mitochondrial diseases, which are traditionally linked to disruption in OXPHOS, are 

usually associated with neurological phenotypes such as developmental delay, atrophy, and 

epileptic encephalopathy (Ortiz-González, 2021; Povea-Cabello et al., 2021). Due to advances in 

exome sequencing, the range of causal mutations for mitochondrial diseases has expanded to 

include not only metabolic genes but proteins that affect mitochondrial shape, cristae stability, 
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recycling, motility, and interactions with other organelles (Baum and Gama, 2021). Thus, the 

capacity of the mitochondria to adapt and maintain its homeostasis its key for the correct 

execution of the intrinsic developmental programs of neural and corticogenesis, while also being 

responsive to environmental and intercellular signals. 

Remodeling of the mitochondrial network as hPSCs commit to a neuronal cell fate is 

necessary for their survival and function (Figure 1-4) (Chan, 2012; Iwata et al., 2020; Khacho and 

Slack, 2018; Khacho et al., 2016; Schwarz, 2013). Likewise, neural processes such as development, 

migration, maturation, and plasticity; demand high levels of energy (Klein Gunnewiek et al., 

2020). Mitochondrial fragmentation is a hallmark of glycolytic cell types such as stem cells (Chen 

and Chan, 2017; Rastogi et al., 2019; Teslaa and Teitell, 2015; Zhang et al., 2018a), and the ability 

to transition to a more complex and elongated network that facilitates aerobic respiration is 

crucial for the survival of the newborn neurons (Chan, 2012; Schwarz, 2013; Zheng et al., 2016a). 

Studies in mouse models have shown significant cristae structural changes at the end of 

neural tube closure, as cells progress into neural progenitor stage. This modification in the 

mitochondria morphology correlates with the transition from a highly glycolytic metabolism to 

an OXPHOS dependent one (Fame et al., 2019). This switch in the mitochondrial structure, and 

the subsequent energetic requirements, are dependent on the downregulation of MYC, which 

has been shown to be a key regulator of ribosomal biogenesis, protein synthesis, and cellular 

proliferation at this stage (Chau et al., 2018). In vitro differentiation of mouse cortical neurons 

causes changes in mitochondrial mass due to increase mitochondrial biogenesis mediated by 

upregulation of mitochondrial transcription factor A (TFAM) and peroxisomal proliferating 

activating receptor γ coactivator-1α (PGC-1α) (Agostini et al., 2016). Glycolysis-to-OXPHOS 

transition was also observed during neuronal differentiation.  

Disruption of mitochondrial fission and fusion proteins has been shown to result in both 

neurodevelopmental and neurodegenerative disease, both age-associated and progressive 

(Khacho and Slack, 2018). Mitochondrial dysfunction and aberrant mitochondria morphology are 

hallmarks of impaired brain development in both animal and human derived models. (Fang et al., 

2016; Ishihara et al., 2009; Spiegel et al., 2016; Wakabayashi et al., 2009; Waterham et al., 2007). 
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The regulation of mitochondrial dynamics and its physiological relevance in the context 

of tissue architecture is still an unexplored landscape (Liesa and Shirihai, 2013; Noguchi and 

Kasahara, 2017). Studies of the mitochondrial morphology in adult mouse brain have shown that 

different cellular stages of differentiation possess a distinct mitochondrial morphology. Adult 

hippocampal radial glia-like NSCs have mixed globular and tubular shape mitochondria, while 

IPCs have more thin and more elongated network and adult neurons featured a wider and highly 

elongated morphology (Beckervordersandforth et al., 2017). Neurons also have higher 

mitochondrial volume, which can be correlated with an increase in bioenergetics mediated by 

the ETC and OXPHOS activity (Bélanger et al., 2011).  

In the developing mouse brain, Khacho et al. (2016) described the morphology of the 

mitochondria at different cortical compartments. Neural stem cells in the VZ, positive for the 

marker SOX2, presented an elongated mitochondrial network; while IPC, stained with the marker 

TBR2, in the SVZ have a fragmented morphology. Newly committed neurons expressing TUJ1 

(βIII-tubulin), regained an elongated mitochondria structure in the cortical plate. Deletion of 

OPA1 and MFN1/2, GTPases that mediate mitochondrial membrane fusion, impaired neural stem 

cell self-renewal and promote early differentiation as a result of the sustained mitochondrial 

fragmentation. Promotion of highly fused mitochondria by manipulation of DRP-1, the main 

effector of mitochondrial fission, had the opposite effect by increasing the ability of neural stem 

cells to self-renew. 

In a follow up study, Iwata et al. (2020) analyzed the changes of the mitochondrial 

network through the early stages of neurogenesis in 2D cultures of mouse and human neural 

cells. From their results, PAX6+ RGC displayed fused mitochondria and TBR2+ IPCs had an 

intermediate mitochondrial size. In their case, βIII-tubulin expressing neurons had a fragmented 

mitochondrion. Interestingly, they showed that the cell fate specification occurs during a 

restricted time window during the postmitotic period where daughter cells inheriting fragmented 

mitochondria differentiate and daughter cells inheriting a fused network will retain the capacity 

to self-renew. 

Although we are beginning to elucidate the role of mitochondria morphology and 

homeostasis during neuronal specification, little is known in human models about the role that 
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these organelles play during gliogenesis. Astrocytes rely on glycolysis more than OXPHOS for their 

energy production, specially by the utilization of fatty-acids as source of fuel (Eraso-Pichot et al., 

2018; Fecher et al., 2019; White et al., 2020). Moreover, developing astrocytes contain a highly 

interconnected functional network of mitochondria and upregulation of the mitochondrial 

network is crucial for coordinating post-natal astrocyte maturation and synaptogenesis (Zehnder 

et al., 2021). 

Oligodendrocytes, on the other hand, rely on OXPHOS during the progenitor stage and 

switch to glycolysis when mature (Amaral et al., 2016; Fecher et al., 2019; Fünfschilling et al., 

2012; Rao et al., 2017; Rinholm et al., 2011). Mitochondrial fragmentation is key in mature 

oligodendrocytes as myelin sheets contained smaller mitochondria if compared to the network 

surrounding the nucleus (Battefeld et al., 2019; Rinholm et al., 2016). Yet, the effects of the 

mitochondrial dynamics during their development and specification remains unknown. 
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Summary 

The brain is one of the most complex and mysterious organs in the human body. Centuries of 

research have shown that it is generated by a finely orchestrated series of events that take place 

in the first weeks of life up to early adulthood. How does a cluster of cells acquire the fate 

necessary to generate millions of neurons, astrocytes, and oligodendrocytes? Our laboratory 

proposes that mitochondrial homeostasis provides guidance to the intrinsic developmental 

programs of neuro and corticogenesis, while also being responsive to environmental and 

intercellular signals. To address this hypothesis, I utilize 2D and 3D platforms to interrogate the 

capacity of cells to generate neuronal and glia progeny in a background of metabolic 

dysregulation. In Chapter 2, I discuss the generation of Spinꝏ, an optimization of published 

bioreactors. We addressed deficiencies perceived by the use of the original design and proposed 

changes that not only increased the lifespan of the bioreactor but also optimized the generation 

of cerebral organoids for our laboratory. The effects of dysregulation of the mitochondria are 

analyzed in Chapter 3. We generated and characterized three commercially available fibroblast 

cell lines from Leigh Syndrome (LS) patients. LS is a fatal neurometabolic disease that is 

characterized by defective energy production, with highly metabolic tissues such as the brain 

being deeply affected. We generated iPSCs from these fibroblasts and analyzed their capacity to 

generate neuronal lineages in 2D and 3D models. I discovered that the causing mutations affect 

the generation of upper cortical neurons in all phenotypes and that this dysregulation could be 

mediated by the deficient switch of the LS-derived neurons to transition from a glycolytic state 

to an aerobic respiration paradigm. Finally, Chapter 4 highlights the use of brain organoids as a 

model system to interrogate the required mitochondrial changes necessary for brain 

development and how this system can be used to assess the effects of mitochondrial health 

during corticogenesis. 
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Figure 1-1. The schematic of the neural patterning principle. 

A). Development of the neural tube and the signaling governing the Dorsal-ventral axis. B). 
Regional patterning of the developing CNS.  
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Figure 1-2. Human neocortical development. 

A). Schematic illustration of neurogenesis in the human cortex. B). Cortical expansion in humans 
allows for the formation of different areas where progenitor lineages migrate, proliferate, and 
differentiate. C). Transcriptional regulators and genes governing cell fate acquisition and 
specification during neurogenesis. 
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Figure 1-3. Neural development research approach utilizing induced pluripotent stem cells (iPSCs). 

Skin fibroblast can be derived from patients and controls by a minimally invasive biopsy. These fibroblasts can be reprogrammed using 
the Yamanaka factors into induced pluripotent stem cells. iPSCs can be the utilized to generate neural cells under 2-dimensional and 
3-dimensional paradigms. This allows for the study of neural development under health and disease conditions. 
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Figure 1-4. Changes in the morphology of the mitochondrial network are required for the 
commitment of neuronal fate. 

During neurogenesis, the mitochondrial network undergoes crucial remodeling to adapt to the 
bioenergetic necessities of the cell, as well as the requirements of the environment. NSC have 
been shown to present a mildly elongated mitochondrial network with a mix of globular and 
tubular mitochondrion. IPCs cells are characterized for fragmented, thin, and elongated 
networks. Committed neurons have a wider and elongated mitochondrial network. A metabolic 
switch from glycolysis to OXPHOS is necessary for the acquisition of the neuronal fate and it is 
associated with remodeling of the mitochondrial cristae, as well as with the increase of the 
number of mitochondria and mitochondrial mass. 
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Chapter 2 

IMPROVING CURRENT MODELS OF BRAIN DEVELOPMENT 

 

Adapted with permission from: 

Romero-Morales, AI.#, O’Grady, B. #, Balotin, K., Bellan, L., Lippmann, ES., Gama, V. Spinꝏ: An 
update on a miniaturized spinning bioreactor design for the generation of human forebrain 
organoids. #Equal contribution. HardwareX. 2019, 9(e00084). PMID: 32864515 

Romero-Morales, AI.#, O’Grady, B. #, Balotin, K., Bellan, L., Lippmann, ES. & Gama, V. Spinꝏ: An 
update on a miniaturized spinning bioreactor design for the generation of human forebrain 
organoids. #Equal contribution. VU19193P1; MBF Ref. 093386-9276-US01; Appl. No. 62/868,332 

 

Abstract 

Three-dimensional (3D) brain organoids derived from human pluripotent stem cells 

(hPSCs), including human embryonic stem cells (hESCs) and induced pluripotent stem cells 

(iPSCs), have become a powerful system to study early development events and to model human 

disease. Cerebral organoids are generally produced in static culture or in a culture vessel with 

active mixing, and the two most widely used systems for mixing are a large spinning flask and a 

miniaturized multi-well spinning bioreactor (also known as Spin Omega (SpinΩ)). The SpinΩ 

provides a system that is amenable to drug testing, has increased throughput and reproducibility, 

and utilizes less culture media. However, technical limitations of this system include poor stability 

of select components and an elevated risk of contamination due to the inability to sterilize the 

device preassembled. Here, we report a new design of the miniaturized bioreactor system, which 

we term Spinfinity (Spinꝏ) that overcomes these concerns to permit long-term experiments. 

This updated device is amenable to months-long (over 200 days) experiments without concern 

of unexpected malfunctions. 

 

Introduction  

Brain organoids are three-dimensional (3D) structures formed from neural stem cells 

(NSCs) derived from human pluripotent stem cells (hPSCs) that can effectively model human 

brain development up to 12-14 weeks post-conception (Camp et al., 2015; Lancaster et al., 2013; 
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Quadrato et al., 2017; Subramanian et al., 2017), a time period which includes critical patterning 

events in the cerebral cortex and other brain regions (Paşca et al., 2015; Pașca et al., 2019). On a 

cellular level, brain organoids show a high level of similarity to the in vivo developing human brain 

in the early stages of development, including progenitor zones (ventricular zone and 

subventricular zone consisting of PAX6+/SOX2+ NSCs) that form around central lumens 

(Lancaster et al., 2013; Subramanian et al., 2017). These 3D organoid cultures therefore provide 

a robust system amenable to extended cultivation and manipulation, which makes them a useful 

tool to model development and disease in the context of the complex brain microenvironment 

(Kadoshima et al., 2013; Kelava and Lancaster, 2016; Lancaster and Knoblich, 2014). 

Recently, two protocols have been published on enhancing cortical plate formation within 

hPSC-derived cerebral organoids: one using large spinner flasks and microfilaments as a solid 

support (Lancaster et al., 2013, 2017) and another that uses a miniature spinning bioreactor 

termed Spin Omega (SpinΩ) (Qian et al., 2016, 2018), which consists of 3D printed gears and 

paddles driven by a single electric motor. The SpinΩ provide an accessible and versatile format 

for culturing brain-region-specific organoids due to its reduced incubator footprint, decreased 

media consumption, and increased throughput, but several technical caveats limit its use in long-

term experiments, most prominently the choice of components used to fabricate the device and 

the design of the device with respect to limiting the chances of contamination and mechanical 

failure. Here, we redesigned the SpinΩ to overcome these problems, leading to the creation of a 

device that we have termed Spinfinity (Spin∞). 

To develop this improved device, we first considered the choice of motor that drives the 

spinning bioreactor. Motor life span inside an incubator can be a major hurdle when using a 

bioreactor system because motors that are not designed to withstand harsh environments (high 

humidity, 5% carbon dioxide, and elevated heat) can easily corrode and break, leading to 

unexpected failures in the middle of long-term experiments. We therefore selected a motor with 

the ability to operate at increased temperatures (max 70°C) and humidity (90% humidity). 

Additionally, parylene vapor deposition was applied to the motor to provide an additional 

moisture barrier to further the lifetime of the motor and increase durability (Tan and Craighead, 
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2010). Next, we considered the basic design of the bioreactor. Due to the humidity issue raised 

above, we used stainless steel screws, standoffs, nuts, and washers in order to reduce the 

oxidation of the metal and prolong the life of the bioreactor. These parts also have the advantage 

of being autoclavable as separate components or with the assembled bioreactor, and the 

updated design now allows the majority of the equipment (including the 3D printed parts) to be 

assembled and autoclaved to reduce external handling and improve sterility. The addition of an 

upper acrylic lid on the bioreactor (where the motor is anchored) further enhances stability and 

consistency of the device. The SpinΩ motor was anchored in two points on the upper lid, which 

frequently caused the motor to shift and oscillate, thereby putting unnecessary additional stress 

on the motor leading to eventual failure. Because the updated Spin∞ was designed using a 

separate acrylic sheet, hex standoffs, and a larger, more durable motor, all components are kept 

in perpendicular alignment to the well plate, thus preventing shifting and oscillation. Additionally, 

because the Spin∞ is designed with hex standoffs and an autoclavable 3D printed base, the lid is 

securely placed on the 12-well plate, which prevents spills and possible contamination points. By 

comparison, the original SpinΩ design freely rests on the top of the plate, making this design 

prone to spillage and contamination. Overall, these changes yield a miniaturized spinning 

bioreactor that is exceptionally easy to maintain and performs consistently. This updated device 

is amenable to months-long experiments without concern of unexpected malfunctions. 

Hardware description 

The Spin∞ is built primarily from 3D printed ULTEM 1010 resin to permit autoclaving. 

Alternate 3D printing filaments, such as acrylonitrile butadiene styrene (ABS), can be used but 

require more extensive sterilization steps such as sequential washes in 10% bleach, 70% ethanol, 

distilled water washes and UV irradiation. The bottom 3D printed frame contains an inset to hold 

a 12-well plate, as well as inserts for the metal standoffs. The top 3D printed frame houses PTFE 

collars, gears, and paddles, which are manually assembled. All the gears except one are used 

solely for turning, while the remaining gear connects directly to a DC 12V 100RPM gear motor 

(Greartisan) attached to an acrylic plate. The acrylic plate rests on the metal standoffs and is 

screwed into place to ensure mechanical stability. All components can be optionally coated with 

parylene to prevent corrosion of the metal housing on the motor and to add an additional 
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hydrophobic barrier to prevent absorption of media into the 3D printed parts. The motor 

connects to a L298n bridge and a Raspberry Pi 3A+ that controls the motor speed through a 

touchscreen interface.  

• Increased motor life span under high temperature and humidity conditions. 

• Can be autoclaved after assembly, thus removing the need for disassembly for cleaning 

and sterilization. 

• Sturdy, fully enclosed assembly to prevent leaks and spills while ensuring consistent 

operation. 

• Integrated touch screen for changing motor speed. 

 

Results and Discussion 

Brain organoids were generated using the STEMdiff™ Cerebral Organoid Kit (Stem Cell 

Technologies) with some modifications (Figure 2-1A and 2-1B) (Lancaster and Knoblich, 2014; 

Lancaster et al., 2013; Qian et al., 2016; Sutcliffe and Lancaster, 2017). As the generation of 

homogeneous embryoid bodies (EBs) is critical for achieving homogenous organoids, we utilize a 

24-well plate AggreWell™ 800 (Stem Cell Technologies, catalog 34815) (Marton et al., 2019; Yoon 

et al., 2019) to increase the reproducibility and the yield of EBs (Figure 2-2A and 2-2B). After 4 

days of culture in the AggreWells, we transfer the organoids to a 10 cm ultra-low attachment 

plate to allow further growth of the EBs before the Matrigel embedding process (Figure 2-1B). 

The diameter of the EBs increased over time; by the embedding day (day 7) the average diameter 

was 387 μm (±57) and by the bioreactor transfer day (day 10) the average diameter was 661 μm 

(±112) (Figure 2-2B). High resolution images show the formation of organized neural rosettes 

within the EBs at day 8 (Lancaster et al., 2013; Qian et al., 2016). Alpha-tubulin (α-tubulin 

filaments) can be seen organized radially from the lumen (Figure 2-2C) (Elkabetz et al., 2008; 

Gerrard et al., 2005; Hříbková et al., 2018; Zhang et al., 2001). These polarized neuroepithelium-

like structures resemble neural tube formation and are the precursors to the formation of the 

brain lobules (Lancaster et al., 2017). 
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Characterization of the organoids was performed at day 60 and day 150. Organoids were 

fixed in 4% PFA for 15 min at 4°C, followed three 5 min washes in PBS and 30% sucrose 

dehydration overnight at 4°C. Embedding for sectioning was performed as reported previously 

(Lancaster et al., 2013). Cryosections (15 μm thick) were stained using neural progenitor cell 

(NPC), mature pan-neuronal, and cortical layer markers. As previously reported for day 60 

organoids (Qian et al., 2016), the cells that stain positive for neural progenitor markers are 

localized in the periphery to the ventricle-like structures (Figure 2-3A). Multi-layer stratified 

structures can be readily seen and are comprised of NPC+ cells marked by SOX1, SOX2, and PAX6 

marking the progenitor zone (Figure 2-3A-C). PAX6 expression confirmed the forebrain identity 

in the regions of interest (Lancaster et al., 2013). NESTIN positive cells mark radial glia, key 

structures for the expansion of the mammalian cortex by differentiating into neurons and 

intermediate progenitor cells (Figure 19A and 19B) (Kriegstein and Alvarez-Buylla, 2009). 

Pre-plate formation was confirmed by the presence of TBR1+ cells (Figure 2-3B and 2-3C). 

This marker also identifies cells localized to the early-born layer VI of the cortex (Hevner et al., 

2001). TBR1+ neurons are vital for guiding the subsequent neuronal migrations (Hevner et al., 

2001). Radial organization can be seen by MAP2, a neuronal marker for dendritic outgrowth and 

branching (Figure 2-3C) (Shafit-Zagardo and Kalcheva, 1998). Cajal-Retzius cells, a cell population 

crucial to the generation of the cortical plate architecture, is present by REELIN+ neurons located 

along the organoid surface (Figure 2-4A). These early born cells localize to the marginal zone of 

the cortex (layer I) and contribute to the formation of the inside-out layering of the neurons in 

the neocortex (Frotscher, 1998). 

At day 60, early born neurons from layer V were positive for CTIP2 (also known as BCL11B) 

(Figure 2-4A and 2-4B). Furthermore, late-born neurons from the superficial layers (layer IV) can 

be seen as SATB2+ cells (Figure 2-4C). Interestingly, these markers show a clear separation from 

the neural progenitor zone, indicating a spatial separation of the different neuronal lineages, as 

well as the recapitulation of the cortical architecture observed in other brain organoid protocols. 

Neurons expressing layer II/III markers CUX1 and BRN2 are present by day 150 (Figure 2-

5A and 2-5B). Presence of these late born neurons (Kadoshima et al., 2013; Lancaster et al., 2013; 
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Paşca et al., 2015; Qian et al., 2016) underlie the capacity of the organoid system to recapitulate 

the cytoarchitecture of the developing cortex. 

Finally, we analyzed the expression of the apoptosis marker cleaved Caspase 3 (ClC3). At 

day 60 and day 150, the presence of apoptosis is evident, but the integrity of the cortical 

structures is maintained (Figure 2-6A and 2-6B). Apoptosis is a key process during brain 

formation, controlling cellularity in the developing brain (Kuan et al., 2000; Nonomura et al., 

2013). Work in human (Anlar et al., 2003), mouse (Nonomura et al., 2013), and rat (White and 

Barone, 2001) brain samples shows high incidence of cell death during the development of the 

neocortex. As the overall architecture of the organoids was maintained, the observed cell death 

may be the result of the normal elimination of cells that takes place in the developing brain. 

Here we have shown that organoids cultured Spin∞ have the growth capacity and laminar 

organization previously reported in the literature (Lancaster and Knoblich, 2014; Lancaster et al., 

2013; Qian et al., 2016; Sutcliffe and Lancaster, 2017). Brain organoids grow above 3 mm in 

diameter and have distinct and organized segregation between all cortical layers. Human NPC 

markers, as well as deep cortical and pan-neuronal markers can be identified in a structured 

manner and in the expected stages. Evaluation of the apoptotic marker ClC3 shows cell death in 

the core of the organoid as expected with no major compromise of the organoid integrity.  

Our system demonstrated the following capabilities: 

• While the data shown here only include brain organoids grown up to day 150, we have 

successfully culture them over 200 days without the need to change motors, which 

demonstrates the increased motor life span of Spin∞ under high temperature and humidity 

conditions. 

• No contamination was detected even after long-term culture, which we suggest is due in 

part to the ability to autoclave most of the Spin∞ components after assembly.   
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Figures  

 

Figure 2-1. Protocol for the generation of brain organoids using Spin∞.  

A) Schematic of the major stages in the culture protocol. B) Macroscopic images of the organoid 

growth and development. Scale bars: 0.5mm. 
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Figure 2-2. Embryoid body generation and size over time. 

A) Four days old Embryoid bodies generated using microwells. B) Relative growth of the embryoid 

bodies over time. C) Light sheet microscope images of day 7 embryoid body showing the 

formation of organized neural rosettes. C’’ and C’’ show close up to the rosettes Data are mean 

± s.d. Scale bars: (A) 0.5mm, (C’) 100 μm, (C’’) 50μm, (C’’’) 100μm. 
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Figure 2-3. Staining for neural progenitor cells and cortical neurons. 

A) Day 60 organoids showing the presence of neural progenitor markers PAX6 and NESTIN. B) 

Cortical plate marker TBR1 shows the organization of the pre-plate. C) MAP2 positive cells 

indicate the presence of committed neurons at this stage. Scale bars: (A-C) 100μm. 

  



43 
 



44 

Figure 2-4. Characterization of cortical layers presents after 60 days in culture. 

A) Cajal-Retzius neurons stained for reelin show the presence of marginal zone. B) Staining for 

deep-layer neurons (CTIP2) and neuronal markers (TUJ1). C) Upper-layer marker SATB2 indicates 

the presence of neurons belonging to the cortical layer IV. Stitched images at 20X, scale bars: 

500μm. 
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Figure 2-5. Long-term culture of brain organoids allows upper layer specification. 

Sample images of immunostaining for superficial layer neuron markers (A) BRN2 and (B) CUX1 in 

cerebral organoids at day 150. Scale bars: 100 μm. 
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Figure 2-6. Immunostaining for apoptosis marker Caspase 3. 

A) Cells positive for cleavage caspase 3 at day 60 B) and day 150 show no structural compromise 

of the cortical architecture. Scale bars: 100μm. (B) stitched image. 
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Supplemental Figures 

 

 

Supplemental Figure 2-1. All individual components used to build the Spin∞. 

A) Hardware and 3D printed components. B) Electronic components. 
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Supplemental Figure 2-2. Motor preparation. 
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Supplemental Figure 2-3. Acrylic plate dimensions for laser cutting. 

 

Supplemental Figure 2-4. Insertion of paddles into the 12-Well Plate Lid. 

A) Positioning of the CW Paddles and CCW Paddles are noted. B) Positioning of the PTFE collars 

are shown on the opposite side of the lid. 
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Supplemental Figure 2-5. Assembly pattern of the Gears to ensure proper operation. 

Make sure each gear is properly threaded before moving on to the next one. The position of the 

Motor Shaft Gear is noted.  
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Supplemental Figure 2-6. Proper positioning of screws in the Gears. 

Screws should not be overtightened. 

 

 

Supplemental Figure 2-7. Attachment of the 45 mm hex standoffs to the Base. 

A) Each nut is placed into the side of the Base. B) A washer is added to the 45 mm hex standoff, 

which is then screwed into the nut. C) Image showing all hex standoffs attached to the Base. 
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Supplemental Figure 2-8. Attachment of the 35 mm hex standoffs to the 12-Well Plate Lid. 

 

 

Supplemental Figure 2-9. Preparation of the bioreactor for autoclaving. 

A) The Base with the hex standoffs, the 12-Well Plate Lid with the Paddles and Gears, and the 

stainless-steel screws can all be autoclaved. B) The piece should be placed upside down in an 

autoclavable bag (the Base should face the clear side of the bag). 
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Supplemental Figure 2-10. Attachment of the motor to the acrylic plate. 

 

 

Supplemental Figure 2-11. Placement of a 12-well plate into the Base. 
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Supplemental Figure 2-12. Attachment of the beveled side of the motor shaft into the Motor 

Shaft Gear. 
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Supplemental Figure 2-13. Fully assembled bioreactor. 

 

 

Supplemental Figure 2-14. Removal of the jumpers from the L298n bridge.  
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Supplemental Figure 2-15. Example for how to connect an L298n bridge to two motors and a 

Raspberry Pi. 

The accompanying table provides pin locations for connecting the Raspberry Pi to up to five 

motors.  
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Supplemental Figure 2-16. Software installation setup. 

A-B) The Command Terminal is opened, and by entering the text shown in the figure, the 

repository will be cloned from Github into a folder on the Raspberry Pi. C-D) Opening of the 

repository. E-F) Opening of the software, which leads to the user interface with touchscreen 

control.  
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Chapter 3 

METABOLIC DISEASES AND THEIR EFFECT ON NEURAL IDENTITY AND BRAIN DEVELOPMENT 

 

Adapted from: 

Romero-Morales, AI, Robertson, GL., Rastogi, A., Rasmussen, ML., Temuri, H., McElroy, GS., 
Chakrabarty, RP., Hsu, L., Almonacid, P.M, Millis, B., Chandel, NS., Cartailler, JP. & Gama, V. 
Human iPSC-derived cerebral organoids model features of Leigh Syndrome and reveal abnormal 
corticogenesis. Under review, Development. 

 

Abstract 

Leigh syndrome (LS) is a rare, inherited neurometabolic disorder that presents with 

bilateral brain lesions caused by defects in the mitochondrial respiratory chain and associated 

nuclear-encoded proteins. We generated human induced pluripotent stem cells (iPSCs) from 

three LS patient-derived fibroblast lines. Using whole-exome and mitochondrial sequencing, we 

identified unreported mutations in pyruvate dehydrogenase (GM0372, PDH; GM13411, MT-

ATP6/PDH) and dihydrolipoyl dehydrogenase (GM01503, DLD). These LS patient-derived iPSC 

lines were viable and capable of differentiating into progenitor populations, but we identified 

several abnormalities in three-dimensional differentiation models of brain development. LS 

patient-derived cerebral organoids showed defects in neural epithelial bud generation, and 

cortical architecture at 100 days. The double mutant MT-ATP6/PDH line produced organoid 

neural precursor cells with abnormal mitochondrial morphology, characterized by fragmentation 

and disorganization, and showed an increased generation of astrocytes. These studies aim to 

provide a comprehensive phenotypic characterization of available patient-derived cell lines that 

can be used to study Leigh syndrome. 

 

Introduction  

Leigh syndrome (LS), or sub-acute necrotizing encephalomyelopathy, is an inherited 

neurometabolic disorder that affects the central nervous system (CNS) (Baertling et al., 2014; 

Gerards et al., 2016; Leigh, 1951; Sorbi and Blass, 1982). LS is a rare, progressive, early-onset 
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disease with a prevalence of 1 in 40,000 live births (Lake et al., 2016). The pathologic features of 

LS are focal, bilateral lesions in one or more areas of the CNS, including the brainstem, thalamus, 

basal ganglia, cerebellum, cortex, and spinal cord (Alves et al., 2020; Sofou et al., 2018). The most 

common underlying cause is defective oxidative phosphorylation (OXPHOS), due to mutations in 

genes encoding complexes of the mitochondrial respiratory chain (Baertling et al., 2014; Lake et 

al., 2015, 2016). 

The availability of animal models (Ferrari et al., 2017; Jain et al., 2016, 2019) and brain 

tissue from biopsies has provided critical insight into this disease. However, our understanding 

of the etiology and pathology of complex neurological diseases like LS would benefit from human-

derived platforms such as induced pluripotent stem cell-derived models (Quadrato et al., 2016). 

The ability to reprogram somatic cells into induced pluripotent stem cells (iPSCs), followed by 

differentiation into specific lineages has become a useful tool for complex disease modeling 

(Kelava and Lancaster, 2016; Di Lullo and Kriegstein, 2017; Pașca, 2018; Quadrato et al., 2016). In 

the context of LS, iPSCs have been successfully generated from patients with mutations in 

mitochondrially encoded ATP Synthase Membrane Subunit 6 (MT-ATP6) (Galera-Monge et al., 

2016; Grace et al., 2019; Lorenz et al., 2017; Ma et al., 2015), mitochondrially encoded 

NADH:Ubiquinone Oxidoreductase Core Subunit 3 (MT-ND3) subunit (Hattori et al., 2016), and 

the nuclear-encoded gene Surfeit locus protein 1 (SURF1) (Inak et al., 2021). These iPSC-model 

systems have been proposed for drug discovery (Inak et al., 2017; Lorenz et al., 2017) as well as 

testing platforms for potential metabolic rescue treatments (Ma et al., 2015). 

Many studies have used LS patient fibroblasts commercially available at the Coriell 

Institute (Galera-Monge et al., 2016; Hinman et al., 1989; Huh et al., 1990; Iyer et al., 2012; 

Johnson et al., 2019; Ma et al., 2015; Sorbi and Blass, 1982; Vo et al., 2007; Zheng et al., 2016a). 

Here we report our findings on the genomic and phenotypic characterization of iPSCs generated 

from these LS patient-derived fibroblast lines. Whole exome and mitochondrial sequencing 

revealed previously unidentified mutations in these patient-derived cell lines. Three-dimensional 

differentiation of LS patient-derived iPSCs into neural rosettes and cerebral organoids resulted in 

severe abnormalities. LS patient-derived cerebral organoids grown for 100 days showed defects 

in the generation of neural epithelial buds and impaired corticogenesis. These results indicate 
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that aberrant corticogenesis may drive LS pathogenesis and demonstrate the utility of iPSC-

derived systems to recapitulate CNS phenotypes and test potential strategies to restore 

neurogenesis in LS. 

 

Results 

Genomic characterization of Leigh syndrome fibroblasts. 

Due to the limited genomic information available for the three cell lines (Supplemental Table 

3-1), we performed whole-exome sequencing (WES) and mitochondrial sequencing of the 

fibroblasts before reprogramming (Figure 3-1 A-D and Supplemental Figure 3-1; data repository 

with the raw and analyzed WES and mitochondrial results can be found at 

https://www.ncbi.nlm.nih.gov/sra/PRJNA626388 & https://vandydata.github.io/Romero-

Morales-Gama-Leigh-Syndrome-WES/). Comparison between the high impact, moderate impact, 

and all variants for identified insertion/deletions (INDELs) and single-nucleotide polymorphisms 

(SNPs) showed significant overlap between the three cell lines (Supplemental Figure 3-1A & B In-

depth analysis of the top 15 high-impact SNPs (Supplemental Figure 3-1C) also confirmed an 

overlap between genotypes, with only three genes with confirmed SNPs related to neurological 

diseases (FRG2C for bipolar disorder and CDC27 and KIR2DL4 for white matter microstructure 

measurements) (Buniello et al., 2019). 

Targeted analysis of the genes associated with Leigh syndrome (Lake et al., 2016) revealed a 

loss of function INDEL frameshift in pyruvate dehydrogenase complex (PDHc) E1 alpha 1 subunit 

or pyruvate dehydrogenase (PDHA1, c.79delC, p.Arg27fs) in the lines GM03672 and GM13411 

(Figure 3-1E). A SNP in the PDHc E3 subunit or dihydrolipoyl dehydrogenase (DLD, c.100A>G, 

p.Thr34Ala) was identified in GM01503 (Figure 3-1E). In addition to being part of PDHc, DLD is 

also a component of the α-ketoglutarate and branched-chain α-ketoacid dehydrogenase 

complexes (Craigen, 1996). Despite the lack of genomic data, dysfunction of the PDH complex 

was previously suggested as the main driver of the disease in these patients (Hinman et al., 1989; 

Huh et al., 1990; Sorbi and Blass, 1982) (Supplemental Table 3-1). To our knowledge, mutations 

in the nuclear genome of GM13411 have not been reported to date. 

https://www.ncbi.nlm.nih.gov/sra/PRJNA626388
https://vandydata.github.io/Romero-Morales-Gama-Leigh-Syndrome-WES/
https://vandydata.github.io/Romero-Morales-Gama-Leigh-Syndrome-WES/
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Mitochondrial sequencing identified several SNPs in all the cell lines (Figure 3-1D). A loss of 

function SNP in the MT-ATP6 gene was identified in the GM13411 line. This mutation was 

reported in the original clinical case (Pastores et al., 1994). The authors described the T to G 

mutation at position 8993 that results in the substitution of a highly conserved leucine residue 

for an arginine (L156R). MT-ATP6 is part of the F0 domain of ATP synthase, which functions as a 

proton channel (Figure 3-1E). The L156R substitution prevents the induction of c-ring rotation of 

ATP synthase (Kühlbrandt and Davies, 2016), resulting in decreased ATP synthesis (Uittenbogaard 

et al., 2018). Heteroplasmy analysis of fibroblasts showed a 92% frequency of this mutation in 

the cell population, consistent with previous reports (Galera-Monge et al., 2016; Iyer et al., 2012; 

Pastores et al., 1994). 

 

Characterization of iPSCs derived from commercially available Leigh syndrome fibroblasts. 

Reprogramming of fibroblasts was performed as previously described (Takahashi et al., 

2007) (Supplemental Figure 3-2A). Pluripotency was evaluated using the microarray-based 

analysis PluriTest (Müller et al., 2011). All three LS cell lines showed a high pluripotency score 

and a low novelty score (Supplemental Figure 3-2B,C), congruent with the transcriptional profile 

of pluripotent stem cells. Moreover, all the reprogrammed cells expressed the pluripotency 

markers NANOG and POU5F1 (OCT4) (Supplemental Figure 3-2D). The MT-ATP6/PDH cell line 

showed increased levels of NANOG (p<0.0001) compared to control. 

To assess the ability of the LS and control cell lines to differentiate into the three germ layers, 

we performed trilineage differentiation as previously described (Kuang et al., 2019; Roberts et 

al., 2019) and measured expression of several genes using real time quantitative PCR (RT-qPCR). 

Commitment to ectodermal fate was evaluated by expression of the genes GATA3 and PAX6, 

endoderm fate was evaluated by the expression of the genes CDX2 and SOX17, and mesodermal 

fate was evaluated by the expression of the genes TBXT and NCAM (Supplemental Figure 3-2E). 

Although all the mutant cell lines can generate cells positive for the three germ layer markers 

without statistical differences, we observed an inherent variability in the differentiation 

efficiency among clones that may be due to differences in the genetic backgrounds 
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(heteroplasmy or potential X-linked gene silencing) (Juchniewicz et al., 2021; Lissens et al., 2000; 

Migeon, 2020). 

 

Two-dimensional neural differentiation is not significantly altered by Leigh syndrome-

associated mutations.  

To determine if the LS mutations impact the commitment and development of the neural 

lineage, neural precursor cells (NPCs) (a mixed population of neural stem and progenitor cells) 

were generated by a dual SMAD inhibition protocol (Chambers et al., 2009) (Supplemental Figure 

3-3A). NPCs expressed expected neural markers: PAX6, NESTIN, and SOX2 (Figure 3-2A and 

Supplemental Figure 3-3B). A slight increase was observed in PAX6+ nuclei in the PDH mutant 

(p=0.494, Figure 3-2B), but no other differences were identified (Figure 3-2B and Supplemental 

Figure 3-3B). The multipotent capacity of NPCs to generate neurons, astrocytes, and 

oligodendrocytes was evaluated using immunostaining and RT-qPCR (Figure 3-2A-C). We 

identified an increase in the mean fluorescence intensity of the astrocyte marker S100β in the 

DLD mutant line (p=0.0185), suggesting a propensity of these cells to commit to the astrocyte 

lineage.  

Neural cell death is a hallmark of LS; thus, we performed a cell viability assay to investigate 

the sensitivity of the LS patient-derived NPCs to different apoptotic stimuli (Supplemental Figure 

3-3C). Treatment with DNA damaging agents, etoposide and neocarzinostatin, and the 

microtubule depolymerizing agent nocodazole did not show increased sensitivity to cell death. 

Treatment with CCCP, a mitochondrial uncoupler, did not show increased susceptibility of the 

NPCs to mitochondrial damage. Thus, LS causing mutations do not affect the sensitivity of the 

NPCs to apoptotic stimuli. 

To investigate the metabolic effects of LS causing mutations at the iPSC and NPC states, we 

performed metabolic analyses using the Seahorse Mito Stress Test. This assay provides a readout 

of bioenergetic function by assessing several parameters including oxygen consumption rate 

(OCR) and extra cellular acidification rate (ECAR). Previous studies show that iPSCs mainly rely on 

glycolysis to generate ATP and intermediates that contribute to pluripotency and self-renewal 
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(Chandel et al., 2016; Folmes et al., 2011; Hamanaka and Chandel, 2010; Kondoh et al., 2007). 

The low levels of OXPHOS have been attributed at least in part to an immature and fragmented 

mitochondrial network (Cho et al., 2006; Chung et al., 2010; Folmes et al., 2011; Prigione et al., 

2010; Zhang et al., 2011). While LS patient-derived iPSCs do not show significant differences in 

OCR (Supplemental Figure 3-4A), ECAR (proxy of glycolysis) was reduced in the MT-ATP6/PDH 

mutants compared to control (Supplemental Figure 3-4B). Analysis of other bioenergetic 

parameters in these cells also showed dysregulation in the non-mitochondrial oxygen 

consumption rate (p=0.0284, Supplemental Figure 3-4C), which has been associated with highly 

proliferative cells (Herst and Berridge, 2007; Krisher and Prather, 2012; Manes and Lai, 1995; 

Muller et al., 2019; Starkov, 2008). 

Differentiated cells have more complex mitochondrial networks and utilize OXPHOS as the 

main source of ATP (Mandal et al., 2011; Suhr et al., 2010; Wu et al., 2016; Yanes et al., 2010). 

The metabolic switch from glycolysis to OXPHOS is a hallmark of NPC differentiation  

(Agathocleous et al., 2012; Zheng et al., 2016b). While all lines showed similar levels of glycolysis, 

only PDH and DLD NPCs showed similar levels of OXPHOS compared to control (Supplemental 

Figure 3-4D-E). OCR values in MT-ATP6/PDH mutant cells were significantly lower after FCCP 

treatment (Supplemental Figure 3-4D), which translate into a reduced spare respiratory capacity 

(Supplemental Figure 3-4F, p=0.0354), reflecting lower metabolic fitness and a deficiency in 

engaging the metabolic switch during differentiation. Non-mitochondrial oxygen consumption 

was also lower in MT-ATP6/PDH NPCs (p=0.0317). 

 

LS mutations cause morphological alterations in three-dimensional models of 

neurodevelopment. 

Previous studies using cells from LS patients carrying homozygous SURF1 (c.769G>A and 

c.530T>G) and MT-ATP6 (m.9185T>C) mutations showed an abnormal generation of neural 

lineages (Lorenz et al., 2017) and impaired neurogenesis in cerebral organoids (Inak et al., 2021). 

Therefore, we investigated the effects of the PDH, DLD, and MT-ATP6/PDH mutations on 
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neurogenesis using three-dimensional models of neural development (Lancaster and Knoblich, 

2014; Romero-Morales et al., 2019).  

To examine the effects of LS-associated mutations in the early stages of CNS development, 

we generated neural rosettes (NR) using embryoid bodies (EBs) grown in the presence of SMAD 

inhibitor media (Figure 3-3A) (Elkabetz et al., 2008; Zhang et al., 2001). These structures have 

previously been shown to recapitulate the early neural tube formation stage of development 

(Elkabetz et al., 2008; Wilson and Stice, 2006). NRs were stained with the tight junction marker 

ZO-1 (Elkabetz et al., 2008; Hříbková et al., 2018) and the centrosomal marker CDK5RAP2 (Figure 

3-3B). Quantification of the number of NRs per field of view showed fewer of these structures in 

the DLD mutant (Figure 3-3C, p<0.001). Lumen area quantification revealed that PDH and MT-

ATP6/PDH mutants have larger lumen areas, while the DLD mutant line showed a smaller area 

relative to controls (Figure 3-3D PDH: p<0.0001, DLD: p=0.0236 and MT-ATP6/PDH: p<0.0001). 

The NRs obtained from all cell lines followed the expected morphological changes described 

previously (Hříbková et al., 2018). The polymerization of α-tubulin and generation of the ZO-1 

ring at the apical region of the rosettes are conserved in the LS mutants. Increased NR lumen size 

has previously been associated with activation of the TGFβ pathway (Medelnik et al., 2018), 

Notch and sonic hedgehog (SHH) pathway, and inhibition of WNT (Elkabetz et al., 2008). Large 

rosette formation is thought to be a consequence of coalescence or fusion of smaller rosettes 

(Fedorova et al., 2019) or apical domain opening and expansion rather than a process dependent 

on cell proliferation (Medelnik et al., 2018). 

 

Leigh syndrome-associated mutations disrupt corticogenesis in cerebral organoids. 

Cortical abnormalities in LS have been associated with developmental delay and disease 

progression. Imaging studies have shown an incidence of cortical lesions over 20% of the patients, 

with this finding being highly associated with mtDNA etiology (Alves et al., 2020). To investigate 

the effects of these mutations during corticogenesis, we generated cerebral organoids from LS 

patient-derived iPSCs (Supplemental Figure 3-5A). 
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Differences between the cell lines became apparent as early as the neuroepithelial bud 

expansion phase. After Matrigel embedding, the MT-ATP6/PDH mutant cell line showed poor 

budding with large areas of non-neuroepithelial cells (Supplemental Figure 3-5B). Defective 

organoid formation in this cell line was significantly higher than control and the other two LS cell 

lines (Supplemental Figure 3-5C). A previous report showed that when iPSCs generated from 

fibroblasts harboring the same T8993G mitochondrial mutation were differentiated into EBs, 

there was rapid regression and death after 7 days in suspension, while the monolayer culture did 

not show obvious deficits in cell growth (Grace et al., 2019). Given that the neuroectoderm 

expansion phase happens during days 7-10, the degeneration of the MT-ATP6/PDH organoids 

after embedding is consistent with these reports. Higher metabolic requirements are associated 

with NPC proliferation and migration in three-dimensional scaffolds and development (Fang et 

al., 2020; Homem et al., 2015). As the PDH mutant line did not show this particular phenotype at 

this stage, the presence of the mitochondrial mutation in the MT-ATP6/PDH line may be 

responsible for the reduction in organoid formation efficiency. 

To assess the effect of the LS mutations during the first stages of neural development, we 

collected mRNA of day 30 organoids and evaluated the expression of NPC and cortical markers 

by RT-qPCR (Supplemental Figure 3-6A). SOX2, an NPC marker, expression was reduced in all 

three LS mutants (PDH: p=0.0156, DLD p=0.0303, MT-ATP6/DPH: p<0.0001). The expression of 

NPC markers NESTIN and PAX6 were increased in PDH mutant organoids (p=0.0156 and 

p=0.0134, respectively). MT-ATP6/PDH organoids showed a reduction in the expression of PAX6 

(p=0.0231) and an increase in the expression of the intermediate progenitor cell (IPC) marker 

TBR2 (p=0.0224). The cortical plate marker CTIP2 was found to be reduced in both DLD 

(p=0.0080) and MT-ATP6/PDH (p<0.0001); and the neuronal marker βIII-TUBULIN (TUBB3) was 

reduced in MT-ATP6/PDH (p=0.0302). No significant differences were noted in expression of the 

glycoprotein REELIN or the cortical plate marker TBR1 among the different genotypes.  

The reduction in expression of NPC markers SOX2 and PAX6 in MT-ATP6/PDH mutant 

organoids with a concomitant increase in TBR2 may suggest a premature commitment to IPCs 

(Englund, 2005; Hutton and Pevny, 2011; Sansom et al., 2009). This premature differentiation 
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into IPCs and reduced expression of committed neuronal markers, such as CTIP2 and TUBB3, may 

suggest an inability to acquire a neuronal fate in this genotype. 

Brain organoids were sectioned and stained for ventricular zone (VZ), subventricular zone 

(sVZ), and cortical plate (CP) markers (Supplemental Figure 3-6B-E). Day 30 organoids were 

obtained from at least 3 independent batches of differentiation and representative images were 

obtained from at least 4 individual organoids per batch. Quantification of immunofluorescence 

images revealed no significant differences in the number of NPCs positive for SOX2, PAX6, and 

NESTIN or the IPC marker TBR2 (Supplemental Figure 3-6F). In agreement with the defective 

neuroepithelial expansion, the overall architecture in MT-ATP6/PDH organoids was 

compromised. Few ventricle-like structures were present, and the foci of PAX6+ cells were not 

organized in the expected radial pattern. Migration of early-born neurons in vivo depends on 

pioneer Cajal-Retzius neurons that are positive for the glycoprotein REELIN (Lancaster et al., 

2017). Cells positive for this marker were identified in superficial regions of all organoids. Early 

born neurons positive for CTIP2+ and TBR1+ were observed in all genotypes. The neuronal marker 

Microtubule-associated protein 2 (MAP2) was also present in all samples at similar levels to 

control (Supplemental Figure 3-6E, F). Expression of the outer radial glia (oRG) marker 

Homeodomain-only protein (HOPX) was significantly reduced in the PDH (p<0.0001) and MT-

ATP6/PDH mutants (p=0.0417). Metabolic stress has been correlated with reduced specification 

in organoids, especially in oRG and newborn neurons (Bhaduri et al., 2020). Hence, lower levels 

of HOPX positive cells in the cell lines harboring a PDH mutation may be associated with defects 

in cellular fate specification at this timepoint. 

To assess cortical layer fate specification during development, we grew cerebral organoids 

until day 100 and probed for upper cortical layer markers (Florio and Huttner, 2014; Lui et al., 

2011; Saito et al., 2011). RT-qPCR analysis of the gene expression at this time point showed no 

significant differences in expression of NPC markers SOX2, and PAX6; oRG marker HOPX, and IPC 

marker TBR2. Major dysregulation was observed in the neuronal markers (Figure 3-4A). Cortical 

layer makers CTIP2 (p<0.0001 in all cases), TBR1 (p=0.0002 for PDH and DLD, p<0.0001 for MT-

ATP6/PDH), SATB2 (p<0.0001 in all cases), and BRN2 (p=0.0005 for PDH, p=0.0001 for DLD and 

p=0.0002 for MT-ATP6/PDH) were significantly reduced at this timepoint. Pan-neuronal marker 
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TUBB3 (p=0.0013 for PDH, p=0.0002 for DLD, and p=0.0003 for MT-ATP6/PDH) was also lower 

for all three mutants, suggesting a reduced capacity of commitment to a neuronal fate. 

Interestingly, the neuronal marker CUX1 did not show significant differences in expression among 

cell lines. While CUX1 is predominantly expressed in pyramidal neurons of the upper layers II-IV 

of the developing cortex (Leone et al., 2008; Nieto et al., 2004), its expression has been reported 

in the SVZ (Nieto et al., 2004) and cortical plate (Saito et al., 2011). It has also been reported as 

being co-expressed with PAX6+ and TBR2+ cells (Cipriani et al., 2015). Due to the reduced 

expression of the cortical and neuronal markers, the maintained expression of CUX1 could reflect 

its conserved expression in NPC and IPC populations rather than in committed upper-layer 

neurons. 

Quantification of the immunofluorescence images (Figure 3-4B-F) showed that the late-born 

superficial layer marker SATB2 (layer IV) was reduced in PDH (p=0.0305) and DLD (p=0.0013) 

organoids (Figure 3-4B, F). Cortical layer III marker BRN2 was reduced in the DLD mutant 

(p=0.0455, Figure 3-4C, F). CTIP2+ cells were also reduced in DLD and MT-ATP6/PDH organoids 

(p<0.0001 in both cases. Figure 3-4B, C, F). On day 100, MT-ATP6/PDH organoids had a significant 

increase in PAX6+ cells (p<0.0001, Figure 3-4B, C, F) suggesting an aberrant persistence of NPCs 

and lack of commitment to neuronal cell fate.  

As astrogliosis is a hallmark for LS (Lake et al., 2015), we looked at the expression of astrocyte 

markers at the mRNA and protein level. q-RT PCR analysis of the neuronal marker TUBB3 reveals 

a marked downregulation in all three lines (PDH p=0.0013, DLD p=0.0002, and MT-ATP6/PDH 

p=0.0003) that may be associated with the reduction in the number of cortical neurons. Astrocyte 

marker SOX9 (Sun et al., 2017) did not show major differences in expression. Analysis of other 

astrocyte markers such as Glial Fibrillary Acidic Protein (GFAP), S100 calcium-binding protein-β 

(S100B), Aldehyde Dehydrogenase Family 1 Member L1 (ALDH1L1), and VIMENTIN showed an 

increased, yet not significant, upregulation in some genotypes (Figure 3-5A). In the case of DLD, 

all the above-mentioned markers were increased compared to the control. The double mutant 

MT-ATP6/PDH had increased expression of VIMENTIN and ALDH1L1, while PDH showed an 

increment in S100B and VIMENTIN. At a protein level, DLD and PDH cerebral organoids showed 

increased staining of astrocyte markers GFAP and S100B, respectively, at day 100 (Figure 3-4C, 
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Figure 3-5B, D). S100B was also increased in the double mutant, but the results were not 

statistically significant. Staining for ALDH1L1 did not show major differences between the 

genotypes (Figure 3-5C, D). Immunofluorescence staining of the organoids for β3-TUBULIN 

showed a statistical difference between control and DLD (p=0.0174), but not in the other two 

mutants. The decrease in diversity of neuronal cell types and increase in the presence of S100β+ 

cells in the double mutants may suggest a switch to astrocyte fate during cortical development. 

Interestingly, the DLD organoids had higher GFAP staining (p=0.0141) that may suggest an 

increase in the reactivity of the astrocyte population. Upregulation of the astrocyte markers 

GFAP, S100β, and VIMENTIN have been associated with astrocyte reactivity and in response to 

injury (Clarke et al., 2018; Escartin et al., 2021; Liddelow and Barres, 2017; Liddelow et al., 2017; 

Qi et al., 2017; Zamanian et al., 2012). Although the gene expression of these pan-reactive 

markers was not significant, it may suggest activation of the glial population in response to the 

metabolic dysregulation in LS organoids. 

Metabolic dysregulation in Leigh syndrome-derived cerebral organoids  

To explore changes in metabolites, we performed metabolomic profiling of Day 40 

organoids. Metabolomic analysis showed 43 different metabolites that were significantly 

dysregulated in the LS organoids (Supplemental Table 3-2 and Supplemental Figure 3-7). Out of 

these metabolites, 8 were dysregulated in PDH, 16 in DLD, and 32 in MT-ATP6/PDH (Figure 3-7A 

and Supplemental Figure 3-7).  

The metabolites proline, 6-phosphogluconic acid, and hydroxyphenyllactic acid were 

dysregulated in all three LS mutants. High levels of proline have been associated with negative 

effects in brain function by interference in glutamatergic neurotransmission (Gogos et al., 1999; 

Vorstman et al., 2009). On the other hand, 6-phosphogluconic acid was reduced in all three LS 

cell lines. High concentrations of this metabolite have been associated with an active pentose 

phosphate pathway in early brain development in rats (Hakim et al., 1980) and its 

supplementation increased the diameter of neurospheres derived from the embryonic Ts1Cje 

mouse model of Down syndrome (Seth et al., 2020). Hydroxyphenyllactic acid was elevated in 

DLD and PDH mutant organoids but downregulated in MT-ATP6/PDH. High levels of this 
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metabolite have been reported in association with high lactate and pyruvate in pediatric lactic 

acidosis in patients with PDHc deficiency (Kumps et al., 2002; Stern, 1994). 

Pyruvate was also increased in the MT-ATP6/PDH mutant organoids, correlating with the 

lactic acidosis expected in the organoids based on the patient phenotypes and the presence of 

the PDH mutation that hinders flux from pyruvate into the TCA cycle through acetyl-CoA. 

Moreover, the glycolysis/gluconeogenesis intermediate phosphoenolpyruvate was also elevated 

in these mutants. Increased levels of phosphoenolpyruvate in rat brains after ischemic injury are 

thought to have a protective role in cerebral ischemia in vivo (Geng et al., 2021) and in 

oxygen/glucose deprivation in vitro (Jiang et al., 2019). 

Besides the previously mentioned metabolites, MT-ATP6/PDH mutant organoids presented 

increased levels of choline, cytidine, and leucine. Choline is a crucial metabolite for normal CNS 

development. Neural tube defects have been associated with a lack of choline during early 

pregnancy (Zeisel, 2006). It has also been shown to increase cell proliferation and decrease 

apoptosis in fetal rat hippocampal progenitor cells (Albright et al., 1999b, 1999a; Zeisel and 

Niculescu, 2006). Choline is also crucial for the production of the neurotransmitter acetylcholine, 

the sphingolipid sphingomyelin, and myelin (Oshida et al., 2003). Concomitantly, cytidine is used 

with choline for the generation of cytidine-5-diphosphocholine, a crucial intermediate in the 

biosynthesis of the cell membrane phospholipids phosphatidylcholine and 

phosphatidylethanolamine (Cansev, 2006; Rema et al., 2008). Increased abundance of the 

branched-chain amino acid leucine has been associated with the metabolic illness maple syrup 

urine disease and can be extremely neurotoxic (Bridi et al., 2005; García-Cazorla et al., 2014). This 

amino acid is considered ketogenic as its end products can enter the TCA cycle for energy 

generation or act as precursors for lipogenesis and ketone body production (Manoli and Venditti, 

2016). 

Pathway analysis of the dysregulated metabolites (Supplemental Tables 3-3 to 3-5) show 

overlap in pyrimidine metabolism, taurine and hypotaurine metabolism, pentose phosphate 

pathway, arginine and proline metabolism, and aminoacyl-tRNA biosynthesis. Pyrimidine 

nucleotides are essential precursors for nucleic acid synthesis and are involved in polysaccharide 

and phospholipid biosynthesis, detoxification processes, and protein and lipid glycosylation 
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(Fumagalli et al., 2017). Taurine and hypotaurine are osmotic regulators in the brain, as well as 

agonists to GABAergic and glycinergic neurons (Albrecht and Schousboe, 2005). Its presence in 

the developing brain is necessary for the correct development of axons and the formation of 

synaptic connections (Sturman, 1993). Dysregulation of the aminoacyl-tRNA biosynthesis 

pathways is well documented as causal etiology for several neurodevelopmental disorders such 

as leukoencephalopathies, microcephaly, and Leigh syndrome (Francklyn and Mullen, 2019; 

Ognjenović and Simonović, 2018). 

We also performed metabolite set enrichment analysis (Figure 3-7B-C). Besides the 

previously mentioned pathways, the Warburg effect or aerobic glycolysis was also shared among 

the LS mutants. Although this effect is considered one of the hallmarks of cancer, it has also been 

associated with several homeostatic processes, including cell turnover and proliferation, and 

brain development (Bubici and Papa, 2019). Energy generation through aerobic glycolysis as a 

compensatory mechanism to overcome the metabolic deficiency in LS could suggest a survival 

adaptation of the cerebral organoids. Moreover, the shutoff of aerobic glycolysis is critical to 

neuronal differentiation in human NPCs. Inability to transition to neuronal OXPHOS causes 

apoptosis due to excessive conversion of pyruvate to lactate, and potentially a cell fate shift into 

GFAP-positive glial cells (Zheng et al., 2016b). Considering our observations that there is a marked 

deficit in MT-ATP6/PDH mutants to commit and generate neuronal subtypes and an increased 

signal in astroglial markers, these mutations may be impairing the ability to transition from 

aerobic glycolysis to OXPHOS as previously described with SURF mutations (Inak et al., 2021). The 

preferential switch to a glial fate may be promoted by astrocytes having low expression levels or 

lower activity levels of the PDHα subunit (Bélanger et al., 2011; Halim et al., 2010; Itoh et al., 

2003; Laughton et al., 2007). 

 

Discussion 

Leigh syndrome is a rare inherited neurometabolic disease with more than 75 causal genes 

identified in both nuclear and mitochondrial DNA. It has an early onset, affecting most patients 

within their first year of life, although cases during teenage years and adulthood have been 
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reported (Finsterer, 2008; Lake et al., 2016). As it is a highly heterogeneous disease, 

establishment of animal and in vitro models have been challenging and limited to only select 

mutations. Here we report the characterization and the subsequent generation of brain 

organoids from three commercially available Leigh syndrome fibroblast cell lines and age-

matched control. 

Three-dimensional differentiation generates higher numbers of NPCs and more mature 

neurons than two-dimensional differentiation (Chandrasekaran et al., 2017; Di Lullo and 

Kriegstein, 2017; Muratore et al., 2014; Paşca et al., 2015) in part due to an improved spatial 

cellular environment that influences cell fate specification. We observed that all the LS cerebral 

organoids failed to thrive at different time points. Although organoid development initially 

appeared normal in cell lines with nuclear-encoded LS mutations, at later time points the 

developmental program was compromised, presumably due to failure to generate upper-layer 

neurons. 

Although the number of cells positive for the upper neural markers seems to be reduced, 

the organoid still maintains a cellular density similar to control. It would be interesting to reveal 

the fate and identity of these cells (Quadrato et al., 2017). Further analysis of these organoids at 

later times of maturation using single cell RNA sequencing (Kanton et al., 2019; Velasco et al., 

2019) or mass cytometry (Brockman et al., 2021; Leelatian et al., 2017) would be useful to identify 

the effects of the LS associated mutations in cortical cell fate specification. 

Clinical data from LS patients include marked gliosis as part of the characteristic findings 

(Baertling et al., 2014, 2016; Lake et al., 2015; Schubert and Vilarinho, 2020). While this gliosis 

phenotype is potentially associated with a reactive process secondary to neuronal damage, an 

intriguing alternate possibility is that NPCs may have an increased propensity to differentiate 

down the astrocyte lineage due to LS-causative mutations and mitochondrial-associated 

dysregulations. Previous studies have shown that reactive astrocytes acquire molecular 

hallmarks of radial glial cells. It was also shown through genetic fate mapping that mature 

astroglial cells can dedifferentiate and resume proliferation (Robel et al., 2009, 2011). Thus, the 

increase in the glial-specific marker S100β in PDH organoids and DLD multipotency cultures, as 

well as in GFAP staining in DLD organoids and the upregulation, albeit not significant, in mRNA 
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expression of the astrocyte markers could either reflect that chronic metabolic stress induced by 

Leigh syndrome mutations activates a brain injury response, or that the inhibition of 

mitochondrial metabolism in NPCs could cause defects in lineage selection (Escartin et al., 2021). 

Due to the differential expression and activation levels of the PDH complex in astrocytes 

(Bélanger et al., 2011; Halim et al., 2010), a predisposition of these cell lines to commit to an 

astroglial fate cannot be ruled out. Culturing these organoids for longer than 100 days is required 

to analyze the gliosis phenotype in more detail. Analysis of A1 specific reactivity markers may 

clarify whether the upregulation of GFAP, S100B, ALDH1L1, and VIMENTIN is associated with a 

neuroinflammation response to neuronal damage (Escartin et al., 2021; Liddelow et al., 2017). 

The formation of lesions in LS has been described as the result of OXPHOS dysfunction and 

subsequent ATP depletion. Neuronal dysfunction is suspected to trigger chronic gliosis (Baertling 

et al., 2016). In patients, the gliosis phenotype can be accompanied by vascular hypertrophy and 

the production of excess ROS, which increases neuronal damage (Lake et al., 2015). However, 

due to the lack of vascularization in the organoid model, replicating the vascular abnormalities 

associated with LS is not feasible. 

In a previous study (Hattori et al., 2016), the metabolic signature analysis of iPSCs derived 

from a mitochondrial encoded LS mutation (m.10191T>C) showed differences in the abundance 

of pyruvate and lactate, among others. In our study, metabolomic analysis from organoids shows 

that the observed changes in the metabolites are in line with the clinical observations of LS 

patients. Changes in blood and cerebral spinal fluid concentration of lactate and pyruvate are 

common diagnostic tools for LS (Hattori et al., 2016) and other mitochondrial diseases (Barshop, 

2004; Buzkova et al., 2018; Esterhuizen et al., 2017; Rahman and Rahman, 2018). While changes 

in the NADH/NAD+ ratio, de novo nucleotide synthesis, and in other metabolites from the ETC 

complex III and TCA cycle, were also identified, these were modest considering the genetic 

alterations in the mutant cell lines should directly affect these pathways. This could point to 

metabolic compensatory mechanisms that could be engaged during development. Moreover, the 

disruption in the metabolic network observed in LS cerebral organoids correlates with the 

severity and mortality of the disease in the probands. Although aerobic glycolysis was identified 

as a significantly affected pathway in all the mutants, the effects of the MT-ATP6/PDH mutation 
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reflected the importance of competent glycolysis to OXPHOS transition in early brain 

development. 

The metabolic dysregulation of the affected tissues in LS may have a direct effect on 

mitochondrial morphology and function. Mitochondrial fragmentation is a hallmark of glycolytic 

cell types such as stem cells and cancer cells (Chen and Chan, 2017; Rastogi et al., 2019). 

Moreover, neurogenesis defects have been observed in the context of mitochondrial morphology 

dysregulation and are considered to be upstream regulators of self-renewal and cell fate 

decisions in stem cells (Iwata et al., 2020; Khacho et al., 2016). Also, the capacity of cells to 

undergo a metabolic switch during neurodevelopment is crucial for their survival and correct fate 

determination (Zheng et al., 2016b). The double mutant MT-ATP6/PDH showed a reduced 

energetic capacity in both iPSC and NPC stages that does not appear to affect their ability to 

differentiate into the three neural lineages nor increase their sensitivity to apoptotic stimuli. The 

MT-ATP6/PDH NPCs did not show major alterations of the mitochondrial network in two-

dimensional cultures. 

Energetic requirements have been shown to directly impact the capacity of NPCs to survive, 

migrate and differentiate (Zanotelli et al., 2018, 2019). The effects of LS causing mutations on 

mitochondrial network integrity and overall development of the neural lineage became more 

apparent in the 3D systems. Tissue architecture, mechanical cues, cell-to-cell communication, 

nutrient accessibility, oxygen tension, and morphogen gradients characteristic of 3D systems aid 

to recapitulate the microenvironment in the developing CNS in a manner that is not supported 

by 2D neural differentiations (Pampaloni et al., 2007; Tibbitt and Anseth, 2012).  

To our knowledge, this is the first time that mitochondrial morphology in the cortex has been 

analyzed in a human model system of LS brain development and highlights the critical function 

of mitochondrial network plasticity for the proper specification of cell fate and survival. However, 

limitations in mitochondrial segmentation and resolution when using conventional confocal 

microscopy need to be addressed. Large, interconnected areas of mitochondrial network can be 

mistaken with aggregated mitochondria especially in high cellular density areas due to limitations 

in the spatial resolution and thresholding of the images. However, increased accessibility to super 

resolution microscopy, 2D and 3D structured illumination microscopy, high content imaging, 
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improved artificial intelligence and machine learning approaches may resolve these challenges 

(Chaudhry et al., 2020; Jakobs, 2006; Leonard et al., 2015). 

Taken together, our study sheds new light on the morphological and functional LS alterations 

impacting early events of neurogenesis. We identified new genetic alterations in LS samples by 

using whole-exome sequencing and mitochondrial DNA sequencing. We described the effects of 

LS mutations on early development, underscoring the critical function of metabolism in human 

neurogenesis. Our work also provides a comprehensive phenotypic characterization of available 

patient samples to encourage their utilization as model systems for uncovering the mechanisms 

underlying neuronal cell death in the context of LS and as human platforms for drug discovery. 
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Figure 3-1. Whole exome sequencing identifies novel mutations in Leigh syndrome-derived 

fibroblasts. 

A. Schematic of the WES and mitochondrial sequencing workflow. B-C. Representation of WES 

data, highlighting the top 20 genes containing high impact indels (B) and top 20 genes containing 

high impact SNPs (C, increased likelihood of disrupting protein function). D. Mitochondrial 

sequencing identifies novel mutations in LS fibroblasts. Representation of mitochondrial 

sequencing data, highlighting mitochondrial genes containing mutations (transitions, deletions, 

or transversions). Red dots: DLD line. Green dots: PDH line. Orange dots: MT-ATP6/PDH line. E. 

Representation of the affected proteins in the LS cell lines. PDH and DLD are part of the pyruvate 

dehydrogenase complex (PDHc). MT-ATP6 is a subunit of the ATP synthase, represented here as 

the electro transport chain complex V. PDH: Pyruvate dehydrogenase. DLD: Dihydrolipoyl 

dehydrogenase. MT-ATP6/PDH: Mitochondrially Encoded ATP Synthase Membrane Subunit 6/ 

Pyruvate dehydrogenase. 
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Figure 3-2. Leigh syndrome-derived NPCs are multipotent. 

A. Representative images of the expression of neural multipotency markers. NPCs stained by 

PAX6 and NESTIN, neurons marked with βIII-TUBULIN (TUBB3), oligodendrocyte progenitor cells 

(OPCs) were stained with Olig2, and astrocytes are marked with S100β. Merged panels show the 

color image of the grayscale lineage marker and the nuclear staining DAPI in blue. Scale bar: 

100μm. B. Immunofluorescence quantification. A slight increase in the number of PAX6+ cells 

was observed in PDH (p=0.494). Three independent differentiations were performed. Positive 

nuclei number for nuclear markers, and mean fluorescence intensity for cytoplasmatic markers 

were normalized to the nuclear DAPI intensity/number and the intensity values of control. C. RT-

qPCR Analysis of the NPC markers PAX6 and NESTIN, as well as the multipotency markers MAP2 

and TUBB3 for neuronal lineage, S100B and GFAP for astrocytic lineage, and OLIG2 and FOXO4 

for OPCs. Fold change normalized to GPI and GAPDH as house-keeping genes. 
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Figure 3-3. Three-dimensional differentiation reveals abnormalities during induction of neural 

rosettes in LS cell lines. 

A. Schematic of neural rosette generation protocol. B-D. Representative confocal images of 

neural rosettes (B) show decreased numbers of neural rosettes per field in the DLD mutant line 

(C). Quantification of the lumen area (μm2) indicates increased lumen area in the PDH and MT-

ATP6/PDH mutant cell lines and a decreased lumen area in the DLD mutant line (D). Scale bar: 

50μm. ∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001; ∗∗∗∗p<0.0001. Quantification was performed with 

images acquired using a 10X objective. Representative figures were acquired at 20X 

magnification to better appreciate the differences in morphology.  
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Figure 3-4. LS-derived brain organoids show defects in cortical layer formation at day 100. 

A. RT-qPCR quantification. NPCs populations were evaluated by the expression of SOX2 and PAX6. 

IPCs were identified with the marker TBR2 and oRG was evaluated by the expression of HOPX. 

Markers CTIP2, TBR1, SATB2, BRN2, and CUX1 were assessed for cortical development. B-D. 

Representative confocal images. LS patient-derived brain organoids present reduced expression 

of the upper layer markers SATB2 (B) and BRN2 (C) and deep layer marker CTIP2 (B,C). Expression 

of the astrocyte marker S100β was also observed in the cell lines (C). LS patient-derived brain 

organoids express the upper layer marker CUX1 and NPC marker PAX6 (D). Images were 

generated from at least three different organoids per genotype from independent organoid 

batches. Scale bar for B-D: 100μm. E. Schematic representation of the expected organization of 

the brain organoids at day 100. F. Quantification of immunofluorescence staining. Upper layer 

marker SATB2 was significantly reduced in PDH mutant (p=0.0305). DLD mutant presented 

reduced expression of the cortical layer markers CTIP2 (p<0.0001), SATB2 (p=0.0013), and BRN2 

(p=0.0455). The double mutant MT-ATP6/PDH shows a significant increase in the PAX6+ 

population (p<0.0001), as well as reduced expression of the cortical plate marker CTIP2 

(p<0.0001). Data are shown as mean ±SEM. Comparisons were performed as ordinary one-way 

ANOVA with a Dunnett's multiple comparisons test post-hoc. SVZ: subventricular zone, VZ: 

ventricular zone, DL: deep layers UL: upper layers, MZ: marginal zone. ∗p<0.05; ∗∗p<0.01; 

∗∗∗p<0.001; ∗∗∗∗p<0.0001.  
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Figure 3-5. LS-derived brain organoids show dysregulation of neuronal and glial markers at day 

100. 

A. RT-qPCR analysis of neuronal and astrocytic genes. Neuronal marker TUBB3 and astrocytic 

markers SOX9, GFAP, S100B, VIMENTIN, and ALDH1L1 were evaluated. A significant decrease in 

the expression of the neuronal marker TUBB3 was observed. Fold change normalized to GPI and 

GAPDH as housekeeping genes. B-C. Immunofluorescence images of astrocytic markers GFAP (B) 

and ALDH1L1 (C), and neuronal marker βIII TUBULIN (TUBB3). Nuclei in the merged image 

correspond to the blue channel. Scale bar: 100μm. D. Immunofluorescence quantification of the 

neuronal and astrocytic staining. DLD mutant presented decrease staining in the neuronal marker 

TUBB3 (p=0.0174) and an increase in the astrocytic marker GFAP (p=0.0141). PDH mutant shows 

a significant increase in the S100β+ population (p=0.0354). Scale bar: 100μm. Data are shown as 

mean ±SEM. Comparisons were performed as ordinary one-way ANOVA with a Dunnett's 

multiple comparisons test post-hoc. ∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001; ∗∗∗∗p<0.0001. 
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Figure 3-6. Day 40 LS-derived brain organoids show changes in their metabolic profiles. 

A. 43 metabolites were statistically dysregulated (p<0.05 and FDR of 0.01) segregated by affected 

cell line. A total of three batches of 40-day organoids per line (4 independent organoids per line 

per batch) were analyzed as described in methods. B. Metabolite Set Enrichment Analysis for 

dysregulated metabolites enriched in the PDH mutant. C. Metabolite Set Enrichment Analysis for 

dysregulated metabolites enriched in the DLD mutant. D. Metabolite Set Enrichment Analysis for 

dysregulated metabolites enriched in the MT-ATP6/PDH mutant. Diameter of the node is 

determined by the level of enrichment, while the color of the node represents the p-value of the 

interaction. 
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Supplemental Figure 3-1. Whole exome analysis of the Leigh syndrome patient derived cells 

reveals the presence of INDELS and SNPs. 

A-B. Venn diagram of the distribution of high, moderate and all impact annotations across 

samples for INDELs (A) and SNPs (B). Pie charts of the annotation distributions within samples. C. 

Top 15 genes with high impact SNP variants identified in the WES analysis. Number of overlapping 

SNPs per sample are denoted in as vertical bars, while the number of SNPs present in each 

phenotype are noted in the horizontal bars. ZNF717: Zinc finger protein 717, HYDIN: HYDIN 

axonemal central pair apparatus protein, FRG2C: FSHD region gene 2 family member C, CDC27: 

Cell division cycle 27, TRBV10-1: T cell receptor beta variable 10-1, KIR2DL4: Killer cell 

immunoglobulin like receptor, two Ig domains and long cytoplasmic tail 4, ANKRD36C: Ankyrin 

repeat domain 36C, DUX4L6: Double homeobox 4 like 6, KIR3DL1: Killer cell immunoglobulin like 

receptor, three Ig domains and long cytoplasmic tail 1, DUX4L4: Double homeobox 4 like 4 , 

KIR2DL1: Killer cell immunoglobulin like receptor, two Ig domains and long cytoplasmic tail 1, 

KIR2DL3: Killer cell immunoglobulin like receptor, two Ig domains and long cytoplasmic tail 3, 

KRT18: Keratin 18, LDB3: LIM domain binding 3, MUC6: Mucin 6. 
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Supplemental Figure 3-1. Characterization of Leigh syndrome patient-derived iPSCs. 

A. Schematic representation of the fibroblast reprogramming protocol. B-C. Pluripotency 

characterization of the LS iPSCs. Samples were analyzed against samples in a reference data set 

(The International Stem Cell Initiative, 2018) (B). The distribution of the samples compared with 

a non-iPSC control shows clustering of the samples in the high pluripotency and low novelty 

quadrant (C). D. qPCR for the pluripotency genes POU5F1 and NANOG (p<0.001). E. Induced 

pluripotent stem cells derived from Leigh syndrome patient fibroblasts are capable of 

differentiation into specific lineages. RT-qPCR analysis for the ectodermal genes GATA3 and 

PAX6, ectodermal genes CDX2 and SOX17 the mesodermal genes TBXT and NCAM. Fold change 

normalized to GPI and GAPDH as house-keeping genes. iPSC: induced pluripotent stem cells, NPC: 

neural progenitor cells, Multipot: neural multipotency differentiation. Graphs represent mean ± 

SEM from at least three independent experiments. ∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001; 

∗∗∗∗p<0.0001. 
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Supplemental Figure 3-2. Leigh syndrome patient-derived NPCs are multipotent and do not 

present increased sensitivity to pharmacological stressors. 

A. Schematic of two-dimensional neural differentiation. B. Immunoblot of protein expression of 

neural markers PAX6, NESTIN, and SOX2 (Left). Quantification of protein expression of neural 

markers PAX6, NESTIN and SOX2. Band density normalized to TUBULIN as a loading control 

(Right). C. Leigh syndrome NPCs do not show enhanced sensitivity towards different stressors. LS 

NPCs have similar cell viability when exposed to the DNA damaging agents etoposide and 

neocarzinostatin, the mitochondrial toxicant CCCP, and the microtubule destabilizer nocodazole. 
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Supplemental Figure 3-3. Bioenergetic profile of LS patient-derived iPSCs and NPCs. 

A. Analysis of oxygen consumption rate (OCR) in control and LS patient derived iPSCs. B. Extra 

cellular acidification rate (ECAR) for control and LS patient derived iPSCs. MT-ATP6/PDH iPSCs 

show reduced glycolytic capacity. C. Bioenergetic parameters for LS and control iPSCs. MT-

ATP6/PDH derived iPSCs presented with reduced non-mitochondrial oxygen consumption 

compared to control (p=0.0284). D. Analysis of oxygen consumption in control and LS patient 

derived NPCs. MT-ATP6/PDH derived NPCs are deficient in OXPHOS energy generation compared 

to control. E. Extra cellular acidification rate (ECAR) for control and LS patient derived NPCs. F. 

Bioenergetic parameters for LS and control NPCs. MT-ATP6/PDH NPCs have reduced non-

mitochondrial oxygen consumption (p=0.0354) and spare respiratory capacity when compared 

to control (p=0.0317). Graphs represent mean ± SEM from at least three independent 

experiments. ∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001; ∗∗∗∗p<0.0001. 
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Supplemental Figure 3-4. MT-ATP6/PDH brain organoids display defective differentiation at day 

10. 

A. Schematic of the brain organoid generation protocol. B. Brightfield images (4X) of day 10 brain 

organoids. MT-ATP6/PDH shows disorganized cellular growth that do not resemble 

neuroepithelial buds. Scale bar: 300μm. C. Quantification of the defective organoids at day 10 by 

cell line. ∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001; ∗∗∗∗p<0.0001. 
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Supplemental Figure 3-5. Leigh syndrome-derived brain organoids show defects in SVZ/VZ and 

CP formation. 

A. qPCR quantification of the day 30 organoids. Neural progenitor cell populations were 

evaluated by the expression of SOX2, PAX6 and NESTIN. Intermediate progenitor cells were 

identified with the marker TBR2. Marginal zone marker REELIN, cortical plate markers TBR1 and 

CTIP2, and neuronal marker TUBB3 were also evaluated. Fold change normalized to GPI and 

GAPDH as house-keeping genes. B. Schematic representation of the expected organization of the 

brain organoids on day 30. C-E. Representative immunostaining confocal images of day 30 brain 

organoids. MT-ATP6/PDH mutant presents severe disorganization of the SVZ/VZ markers PAX6 

and TBR2, as well as the neural progenitor marker NESTIN (C). Cajal-Retzius neurons positive for 

REELIN were observed in the surface of the organoids (D). Cortical plate markers CTIP2 and TBR1 

(D), as well as outer radial glia marker HOPX and the neuronal marker MAP2 (E). For E, nuclei in 

merge image correspond to the blue channel. Scale bar: 100μm. Images were generated from at 

least three different organoids per genotype from 3 independent organoid batches. F. 

Quantification of day immunofluorescence staining for day 30 brain organoids. Outer radial glia 

marker HOPX was reduced in PDH organoids (p=0.0032) and MZ marker Reelin was increased 

(p=0.0002) in MT-ATP6/PDH mutant organoids. SVZ: subventricular zone, VZ: ventricular zone, 

CP: cortical plate, MZ: marginal zone. ∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001; ∗∗∗∗p<0.0001. 

  



97 

 



98 

Supplemental Figure 3-6. Day 40 LS derived brain organoids show changes in their metabolic 

profiles. 

Individual graph bars for the 43 metabolites identified as statistically dysregulated (p<0.05 and 

FDR of 0.01) in LS Organoids when compared to control. Statistical values can be found in 

Supplemental Table 3-2. A total of three batches of 40-day organoids per line (4 independent 

organoids per line per batch) were analyzed as described in methods. 
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Supplemental Tables 

 

 

Supplemental Table 3-1. Summary characteristics of the Leigh syndrome patient derived 
fibroblast cell lines including the patient phenotype at diagnosis, the mutations identified, and 
published literature using the cell line.  

 



100 

Metabolite f.value p.value -LOG10(p) FDR Fisher's LSD 

leucine / leucineiso 32.463 3.17E-11 10.499 7.00E-09 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

alanine 28.604 2.04E-10 9.6912 2.25E-08 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

valine 18.839 5.25E-08 7.2801 3.87E-06 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

kynurenine 17.496 1.27E-07 6.896 7.02E-06 
DLD - Control; MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; 
MT-ATP6/PDH - PDH 

thymine 13.799 1.77E-06 5.7523 7.82E-05 
DLD - Control; Control - MT-ATP6/PDH; DLD - MT-ATP6/PDH; 
PDH - MT-ATP6/PDH 

tyrosine 13.55 2.14E-06 5.6703 7.87E-05 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

glutamine 13.161 2.88E-06 5.5408 9.09E-05 
Control - DLD; Control - MT-ATP6/PDH; DLD - MT-ATP6/PDH; 
PDH - DLD; PDH - MT-ATP6/PDH 

pyruvic acid 12.95 3.39E-06 5.4697 9.37E-05 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

nicotinamide 12.723 4.05E-06 5.3925 9.95E-05 
Control - DLD; MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; 
MT-ATP6/PDH - PDH 

deoxyuridine 12.392 5.26E-06 5.2794 0.00011615 PDH - Control; PDH - DLD; PDH - MT-ATP6/PDH 

pyridoxine 11.7 9.16E-06 5.0381 0.00018405 
MT-ATP6/PDH - Control; Control - PDH; MT-ATP6/PDH - DLD; 
MT-ATP6/PDH - PDH 

sorbitol / galactitol / 
L-iditol / manitol 

11.289 1.28E-05 4.8919 0.00023619 DLD - Control; DLD - MT-ATP6/PDH; DLD - PDH 
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acetylcholine 10.88 1.80E-05 4.7444 0.00030625 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

guanosine 10.42 2.66E-05 4.5755 0.00041955 DLD - Control; DLD - MT-ATP6/PDH; DLD - PDH 

hydroxyphenyllactic 
acid 

10.302 2.94E-05 4.5318 0.00043306 
DLD - Control; Control - MT-ATP6/PDH; PDH - Control; DLD - 
MT-ATP6/PDH; PDH - MT-ATP6/PDH 

phosphoenolpyruvate 9.3744 6.59E-05 4.1812 0.00091016 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

cystine 8.3901 0.00016027 3.7951 0.0020835 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

N-acetylaspartic acid 8.239 0.00018425 3.7346 0.0022622 
Control - DLD; Control - MT-ATP6/PDH; PDH - DLD; PDH - 
MT-ATP6/PDH 

lysine 7.7264 0.00029759 3.5264 0.0034614 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

methionine 6.9562 0.00062316 3.2054 0.0067872 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

galactosamine / 
glucosamine 

6.921 0.00064493 3.1905 0.0067872 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

cytidine 6.8316 0.00070382 3.1525 0.0070702 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

histidine 6.6085 0.00087664 3.0572 0.0084224 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

L-cysteic acid 6.5655 0.00091465 3.0387 0.0084224 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 
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pyrroline 
hydroxycarboxylic 
acid 

6.3042 0.0011864 2.9258 0.010293 Control - MT-ATP6/PDH; PDH - DLD; PDH - MT-ATP6/PDH 

D-galactonic acid 6.2562 0.0012448 2.9049 0.010293 DLD - Control; DLD - MT-ATP6/PDH; DLD - PDH 

thymidine 6.2461 0.0012575 2.9005 0.010293 
DLD - Control; PDH - Control; DLD - MT-ATP6/PDH; PDH - 
MT-ATP6/PDH 

choline 6.1696 0.0013579 2.8671 0.010718 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

F1P 6.0835 0.001481 2.8295 0.011286 DLD - Control; DLD - MT-ATP6/PDH 

proline 5.6016 0.0024208 2.616 0.017833 DLD - Control; MT-ATP6/PDH - Control; PDH - Control 

taurine 5.3747 0.0030613 2.5141 0.021824 
DLD - Control; PDH - Control; DLD - MT-ATP6/PDH; PDH - 
MT-ATP6/PDH 

6-phosphogluconic 
acid 

5.202 0.0036652 2.4359 0.025313 Control - DLD; Control - MT-ATP6/PDH; Control - PDH 

NADP 5.1267 0.0039663 2.4016 0.026562 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

uric acid 4.9978 0.0045425 2.3427 0.027934 DLD - Control; MT-ATP6/PDH - Control; MT-ATP6/PDH - PDH 

phenylalanine 4.9917 0.0045714 2.3399 0.027934 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

deoxyinosine 4.981 0.0046237 2.335 0.027934 DLD - Control; DLD - MT-ATP6/PDH; DLD - PDH 

D-sedoheptulose-7-
phosphate 

4.9702 0.0046767 2.3301 0.027934 
Control - MT-ATP6/PDH; DLD - MT-ATP6/PDH; PDH - MT-
ATP6/PDH 

DOPET 4.9279 0.0048903 2.3107 0.028441 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 
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cysteine-S-sulfate 4.8891 0.0050957 2.2928 0.028876 
MT-ATP6/PDH - Control; MT-ATP6/PDH - DLD; MT-
ATP6/PDH - PDH 

3- / 7-methylguanine 4.8504 0.0053089 2.275 0.029331 
Control - MT-ATP6/PDH; DLD - MT-ATP6/PDH; PDH - MT-
ATP6/PDH 

N-acetylglucosamine 
1/6-phosphate 

4.8231 0.0054652 2.2624 0.029459 
Control - MT-ATP6/PDH; DLD - MT-ATP6/PDH; PDH - MT-
ATP6/PDH 

DOPEG 4.4575 0.0080819 2.0925 0.042526 MT-ATP6/PDH - DLD; MT-ATP6/PDH - PDH 

CDP-choline 4.3847 0.0087424 2.0584 0.044932 PDH - Control; DLD - MT-ATP6/PDH; PDH - MT-ATP6/PDH 

 

Supplemental Table 3-2. Dysregulated metabolites in day 40 LS derived cerebral organoids. 

LC-MS measured metabolite peak areas were normalized to the total ion count (TIC) by sample and fold change was determined by 

dividing each LS TIC normalized peak area by the control TIC normalized peak area for each metabolite. One way ANOVA was utilized 

to identified metabolites that were significantly dysregulated (p<0.05). Post-hoc comparison column using Fisher's least significant 

difference method (Fisher's LSD) shows the comparisons between different levels that are significant given the p value threshold. 

Results shown are averages for 3 independent runs with 4 individual organoids per phenotype per run. FDR: False Discovery Rate. 
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Metabolite Total Expected Hits Raw p -LOG10(p) Holm adjust FDR Impact 

Pyrimidine metabolism 39 0.20129 2 0.0157 1.8041 1 1 0.1172 

Taurine and hypotaurine metabolism 8 0.04129 1 0.0406 1.391 1 1 0.4286 

Vitamin B6 metabolism 9 0.046452 1 0.0456 1.3408 1 1 0.0784 

Pentose phosphate pathway 22 0.11355 1 0.1083 0.96538 1 1 0.1196 

Glycerophospholipid metabolism 36 0.18581 1 0.1717 0.76513 1 1 0.0193 

Arginine and proline metabolism 38 0.19613 1 0.1805 0.74359 1 1 0.0778 

Primary bile acid biosynthesis 46 0.23742 1 0.2146 0.66836 1 1 0.0076 

Aminoacyl-tRNA biosynthesis 48 0.24774 1 0.2229 0.65181 1 1 0 

 

Supplemental Table 3-3. Summary of the metabolic pathways analysis for metabolites enriched in day 40 PDH brain organoids. 

Statistical p values from enrichment analysis are adjusted for multiple hypothesis testing. Total: total number of compounds in the 

pathway. Hits: matched number from the uploaded data. Raw p: original p value calculated from the enrichment analysis. Holm p: p 

value adjusted by Holm-Bonferroni method. FDR p: adjusted p value using False Discovery Rate. Impact: pathway impact value 

calculated from pathway topology analysis. 
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Metabolite Total Expected Hits Raw p -LOG10(p) Holm adjust FDR Impact 

Purine metabolism 65 0.62903 4 0.00271 2.5662 0.22805 0.228 0.0059 

Pyrimidine metabolism 39 0.37742 3 0.00544 2.2645 0.45142 0.228 0.0971 

Alanine, aspartate and glutamate metabolism 28 0.27097 2 0.02858 1.5439 1 0.8 0.2003 

D-Glutamine and D-glutamate metabolism 6 0.058065 1 0.05677 1.2459 1 0.916 0 

Nitrogen metabolism 6 0.058065 1 0.05677 1.2459 1 0.916 0 

Taurine and hypotaurine metabolism 8 0.077419 1 0.07501 1.1249 1 0.916 0.4286 

Aminoacyl-tRNA biosynthesis 48 0.46452 2 0.07632 1.1174 1 0.916 0 

Arginine biosynthesis 14 0.13548 1 0.12779 0.89352 1 1 0 

Nicotinate and nicotinamide metabolism 15 0.14516 1 0.1363 0.86549 1 1 0.1943 

Fructose and mannose metabolism 20 0.19355 1 0.17774 0.75021 1 1 0.0304 

Pentose phosphate pathway 22 0.2129 1 0.19379 0.71267 1 1 0.1196 

Glyoxylate and dicarboxylate metabolism 32 0.30968 1 0.26974 0.56905 1 1 0 

Arginine and proline metabolism 38 0.36774 1 0.31205 0.50578 1 1 0.0778 

Tryptophan metabolism 41 0.39677 1 0.33233 0.47842 1 1 0.0942 

Primary bile acid biosynthesis 46 0.44516 1 0.36491 0.43782 1 1 0.0076 
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Supplemental Table 3-4. Summary of the metabolic pathways analysis for metabolites enriched in day 40 DLD brain organoids. 

Statistical p values from enrichment analysis are adjusted for multiple hypothesis testing. Total: total number of compounds in the 

pathway. Hits: matched number from the uploaded data. Raw p: original p value calculated from the enrichment analysis. Holm p: p 

value adjusted by Holm-Bonferroni method. FDR p: adjusted p value using False Discovery Rate. Impact: pathway impact value 

calculated from pathway topology analysis. 
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Metabolite Total Expected Hits Raw p -LOG10(p) Holm adjust FDR Impact 

Aminoacyl-tRNA biosynthesis 48 0.71226 6 4.35E-05 4.3617 0.0036523 0.0036523 0 

Alanine, aspartate and glutamate metabolism 28 0.41548 4 0.00059684 3.2241 0.049538 0.025067 0.20032 

Cysteine and methionine metabolism 33 0.48968 3 0.011653 1.9336 0.95556 0.32629 0.10446 

Arginine and proline metabolism 38 0.56387 3 0.017166 1.7653 1 0.33051 0.13058 

Nicotinate and nicotinamide metabolism 15 0.22258 2 0.019673 1.7061 1 0.33051 0.1943 

Citrate cycle (TCA cycle) 20 0.29677 2 0.034034 1.4681 1 0.47648 0.04634 

Pyruvate metabolism 22 0.32645 2 0.040643 1.391 1 0.48771 0.20684 

Glycolysis / Gluconeogenesis 26 0.38581 2 0.055171 1.2583 1 0.54228 0.20594 

Phenylalanine, tyrosine and tryptophan biosynthesis 4 0.059355 1 0.058102 1.2358 1 0.54228 0.5 

Glyoxylate and dicarboxylate metabolism 32 0.47484 2 0.079815 1.0979 1 0.55522 0 

Glycine, serine and threonine metabolism 33 0.48968 2 0.084213 1.0746 1 0.55522 0 

D-Glutamine and D-glutamate metabolism 6 0.089032 1 0.085928 1.0659 1 0.55522 0 

Nitrogen metabolism 6 0.089032 1 0.085928 1.0659 1 0.55522 0 

Glycerophospholipid metabolism 36 0.53419 2 0.097841 1.0095 1 0.5848 0.02582 

Pyrimidine metabolism 39 0.57871 2 0.11206 0.95053 1 0.5848 0.03727 

Taurine and hypotaurine metabolism 8 0.11871 1 0.11297 0.94705 1 0.5848 0 

Ubiquinone and other terpenoid-quinone 
biosynthesis 9 0.13355 1 0.1262 0.89895 1 0.5848 0 

Tyrosine metabolism 42 0.62323 2 0.12681 0.89685 1 0.5848 0.13972 
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Phenylalanine metabolism 10 0.14839 1 0.13924 0.85624 1 0.5848 0 

Biotin metabolism 10 0.14839 1 0.13924 0.85624 1 0.5848 0 

Arginine biosynthesis 14 0.20774 1 0.18957 0.72223 1 0.75827 0 

Purine metabolism 65 0.96452 2 0.25062 0.60098 1 0.9489 0 

Selenocompound metabolism 20 0.29677 1 0.25982 0.58533 1 0.9489 0 

Pentose phosphate pathway 22 0.32645 1 0.28191 0.54989 1 0.98669 0.11955 

Lysine degradation 25 0.37097 1 0.31387 0.50324 1 1 0 

Glutathione metabolism 28 0.41548 1 0.34447 0.46285 1 1 0.0018 

Tryptophan metabolism 41 0.60839 1 0.46262 0.33477 1 1 0.09417 

 

Supplemental Table 3-5. Summary of the metabolic pathways analysis for metabolites enriched in day 40 MT-ATP6/PDH brain 
organoids. 

Statistical p values from enrichment analysis are adjusted for multiple hypothesis testing. Total: total number of compounds in the 

pathway. Hits: matched number from the uploaded data. Raw p: original p value calculated from the enrichment analysis. Holm p: p 

value adjusted by Holm-Bonferroni method. FDR p: adjusted p value using False Discovery Rate. Impact: pathway impact value 

calculated from pathway topology analysis. 

 



109 

Chapter 4 

FINAL DISCUSSION, CONCLUSIONS, AND FUTURE DIRECTIONS 

INVESTIGATING MITOCHONDRIAL DYNAMICS DURING HUMAN NEUROGENESIS AND DISEASE 

USING BRAIN ORGANOIDS 

Adapted with permission from: 

Romero-Morales, AI, Robertson, GL., Rastogi, A., Rasmussen, ML., Temuri, H., McElroy, GS., 
Chakrabarty, RP., Hsu, L., Almonacid, P.M, Millis, B., Chandel, NS., Cartailler, JP. & Gama, V. 
Human iPSC-derived cerebral organoids model features of Leigh Syndrome and reveal abnormal 
corticogenesis. Under review, Development. 

Joshi P., Bodnya C., Rasmussen ML., Romero-Morales AI., Bright A. & Gama, V. Modeling the 
function of BAX and BAK in early human brain development using iPSC-derived systems. Cell Death 
& Disease. 2020, 11(9):808. PMID: 32978370. 

Robertson, GL., Romero-Morales, AI., Lippmann, ES., Gama, V. Uncovering cell biology in the third 
dimension. MBoC Special Issue in Stem Cells. 2020, 31(5):319-323. PMID: 32105584. 

Romero-Morales, AI & Gama, V. Revealing the impact of mitochondrial fitness during early neural 
development using human brain organoids. Under review, Frontiers in Molecular Neuroscience. 

 

Introduction 

Mitochondrial function is central to the homeostasis of highly metabolic tissues. The brain is 

responsible of consuming nearly 20% of the oxygen and calories from the body, while 

representing about 2% of its total weight (Picard and McEwen, 2014; Raichle and Gusnard, 2002). 

Although mitochondrial dysfunction cause by mutations in mitochondrial or metabolic genes 

results in severe multisystemic disease, the brain is more vulnerable to these defects in 

mitochondrial function. Thus, mitochondrial health sustains the functional and structural 

plasticity of the central nervous system. 

The exact mechanisms underlying the regulation of mitochondrial dynamics during human 

neural development have remained widely unexplored, as most studies have been done in yeast, 

cultured mammalian cells, and mice (Liesa and Shirihai, 2013; Noguchi and Kasahara, 2017). As 

mentioned previously the known differences between human and mouse brains (Arbour et al., 

2008; Khacho and Slack, 2018; Khacho et al., 2016; Pressler and Auvin, 2013) make studies in 

human models imperative. Whether mitochondrial function in bioenergetics, calcium handling, 
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reactive oxygen species production, and other signaling events, differ among human neural 

populations and what is the contribution of mitochondrial fitness during the neuronal 

specification, migration, synaptic transmission, and cognition, could be revealed using human 

models (Ioannou et al., 2019). 

Remodeling of the mitochondrial network as cells commit to a neuronal cell fate is crucial 

for survival and function (Chan, 2012; Iwata et al., 2020; Khacho and Slack, 2018; Khacho et al., 

2016; Schwarz, 2013). Landmark studies demonstrate that modulation of mitochondrial 

dynamics during a post mitotic period can change the number of NPCs or neurons that are being 

produced in both mouse brains and hESC derived neurons (Hara et al., 2014; Iwata et al., 2020). 

In murine models, the mitochondrial network transitions from elongated structures in neural 

stem cells to fragmented mitochondria in intermediate progenitor cells and back to elongated 

structures in mature neurons (Iwata et al., 2020; Khacho and Slack, 2018). It is currently not clear 

whether these dynamic changes in mitochondrial shape are maintained in the human brain and 

their involvement in maintaining the metabolic profile of the neurons at different stages of 

differentiation and maturation. 

Revealing the molecular underpinnings of mitochondrial form and function during the early 

stages of neurogenesis is fundamental to developing therapies that may control human disease. 

Coupling human brain organoids to super resolution microscopy, optogenetic approaches, gene 

editing and other technical approaches could uncover the role of mitochondria in the regulation 

of neurogenesis, synaptic transmission, brain function, and cognition. In the next sections, we 

provide an overview of recent advances in understanding the intricate relationship between 

mitochondrial function and brain development that have result from using human iPSC brain 

models. 

Leigh syndrome-associated mutations disrupt the mitochondrial network in the ventricular 

zone of cerebral organoids. 

Inborn errors of metabolism are rare genetic disorders resulting from defects in metabolic 

pathways (Agana et al., 2018; Das et al., 2010). Mitochondrial diseases are the most common 

group of inherited metabolic disorders and are among the most common forms of inherited 
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neurological disorders (Gorman et al., 2016). These illnesses involve multiple organ systems and 

have limited therapeutic options (Grier et al., 2018; Parikh et al., 2017; Schaefer et al., 2019). 

Leigh syndrome (LS) is one of these rare inherited neurometabolic diseases. Mutations in 

more than 75 genes associated with ATP production have been identified as causal, both in 

nuclear and mitochondrial DNA. It affects mostly infants within their first year of life and has a 

poor prognosis and a low survival expectancy (Finsterer, 2008; Lake et al., 2016). It is 

characterized by abnormal motor findings, epileptic seizures, increased lactate in the blood and 

cerebrospinal fluid, failure to thrive, and focal, bilaterally symmetrical necrotic lesions in the 

brain (Sofou et al., 2014, 2018). As it is a highly heterogeneous disease, the establishment of 

animal and in vitro models has been challenging and limited to only select mutations. 

Animal models have been used to test therapeutic approaches, with mixed results. Gene 

editing using adeno-associated virus in Ndufs4-/- mice has shown partial rescue of the phenotype 

(Di Meo et al., 2017). Supplementation of nicotinamide riboside to Sco2-/- mice showed 

improvement of the respiratory chain defect and increased exercise tolerance due to improved 

mitochondrial biogenesis (Cerutti et al., 2014). Hypoxia and low oxygen availability in the brain 

have also been shown to increase the life span and improve neurological findings in Ndufs4-/- 

mice (Ferrari et al., 2017; Jain et al., 2016, 2019). 

Reprogramming of patient fibroblast harboring nuclear and mitochondrial mutations 

(Galera-Monge et al., 2016; Grace et al., 2019; Inak et al., 2021; Meshrkey et al., 2021; Romero-

Morales et al., 2020; Zurita-Díaz et al., 2016) has been used to generate specialized cells for the 

study of the impact of LS-associated mutations in highly metabolic tissues. Human iPSC models 

have been proposed as platforms to test new therapeutic approaches such as somatic nuclear 

transfer (Ma et al., 2015). Direct reprogramming of fibroblasts into neurons has been used to 

overcome the effects of heteroplasmy during reprogramming and as an alternative for targeted 

high-throughput drug screening and advancing precision medicine (Villalón-García et al., 2020; 

Villanueva-Paz et al., 2019).  

These approaches have proven useful to investigate the effects of LS causing mutations in 

early neural development (Inak et al., 2021; Romero-Morales et al., 2020). Inak and collaborators 
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generated iPSCs with mutations in the complex IV assembly gene Surfeit locus protein 1 (SURF1) 

and CRISPR/Cas9 corrected lines (Inak et al., 2021). As early as neural progenitor cells, 

deficiencies in the ability to switch to an OXPHOS energetic program and failure to differentiate 

into neurons were observed in both monolayer and brain organoid cultures. Aberrant 

cytoarchitecture was also observed in the LS mutant organoids. Importantly, rescue with SURF1 

gene augmentation was able to rescue the observed phenotype, as well as pharmacological 

induction of PGC1A via bezafibrate, an antilipemic agent that lowers cholesterol and triglycerides 

(Behar et al., 2000). 

In our LS derived model (described in Chapter 3), mitochondrial morphology was also 

evaluated in the VZ NPCs of the cerebral organoids. Cells positive for SOX2 demonstrated 

elongated mitochondrial networks that extend radially from the ventricle-like lumen (Figure 4-

1A). These results are significant because it is the first evidence demonstrating that mitochondrial 

networks are remodeled in the developing human brain as reported in the developing mouse 

cortex (Iwata et al., 2020; Khacho et al., 2016). PDH mutant organoid NPCs have an increased 

mitochondrial axis length compared to control (p=0.0078, Figure 4-1B). As mentioned earlier, the 

stereotypical arrangement of the VZ was compromised in most MT-ATP6/PDH organoids. In the 

few areas where ventricle-like structures were identified with a conserved SOX2+ VZ, the 

mitochondrial network appeared more aggregated. This morphology was also observed in the 

clusters of SOX2+ cells that were scattered throughout the organoid. Quantification of the 

mitochondrial network for this mutant (Figure 4-1B) showed increased mitochondrial volume, 

diameter, surface area, and axis length (p<0.0001, in all cases), which suggests a mitochondrial 

aggregation phenotype in the VZ. Moreover, the difference in mitochondrial length may also 

correlate with the increased expression of TBR2 observed by RT-qPCR (Iwata et al., 2020).  

As NPCs generated by a dual SMAD monolayer method did not show major differences 

among the different genotypes, we looked at their mitochondria morphology to evaluate if the 

differences observed in the organoids were recapitulated in this paradigm. Characterization and 

quantification of various parameters of the mitochondrial network using structured illumination 

microscopy (SIM) revealed that while control human NPCs showed elongation of the 

mitochondrial network, the DLD mutant displays an increase in mitochondrial number and 
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decreased sphericity. Both DLD and PDH mutants have a significant increase in the number of 

branches in the network. (Figure 4-1C, D), which may reflect an increase in fusion events 

(Sukhorukov et al., 2012; Westrate et al., 2014). These changes suggest that the mitochondrial 

network in DLD and PDH lines may be more fragmented than control, which could be linked to 

the underlying changes in metabolic capacity (Rafelski, 2013) and developmental defects 

(Westrate et al., 2014). 

The metabolic dysregulation of the affected tissues in LS may have a direct effect on 

mitochondrial morphology and function. Mitochondrial fragmentation is a hallmark of glycolytic 

cell types such as stem cells and cancer cells (Chen and Chan, 2017; Rastogi et al., 2019). 

Moreover, neurogenesis defects have been observed in the context of mitochondrial morphology 

dysregulation and are considered to be upstream regulators of self-renewal and cell fate 

decisions in stem cells (Iwata et al., 2020; Khacho et al., 2016). In addition, energetic 

requirements have been shown to directly impact the capacity of progenitor cells to migrate and 

thrive in 3D environments (Zanotelli et al., 2018, 2019). Hence, mitochondrial morphology 

disruption observed in the double mutant MT-ATP6/PDH organoids is congruent with the 

metabolic and developmental profiles of these mutant organoids. 

To our knowledge, this is the first time that mitochondrial morphology in the cortex has been 

analyzed in a human model system of LS brain development and highlights the critical function 

of mitochondrial network plasticity for the proper specification of cell fate and survival. Studies 

in murine brains demonstrated a period of plasticity in postmitotic cells where mitochondrial 

morphology determines the fate of the daughter cells (Iwata et al., 2020). Our results also 

highlight the direct link of mitochondrial morphology with early events in human brain 

development.  

As mentioned in Chapter 3, LS is characterized for symmetric necrotic lesions that appear in 

different parts of the brain; as well as swelling or shrinking of neuronal cell bodies, demyelination, 

and gliosis (Lake et al., 2015). The reasons for these lesions are not well understood and it has 

been proposed that the cell death of neurons in these areas is due to the severe metabolic 

imbalance (Shtilbans et al., 2000), oxidative stress (Quintana et al., 2010) and/or excitotoxicity 

(Cavanagh, 1994; Visch et al., 2006). The use of iPSCs derived from LS patients for both 2D and 
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3D neuronal differentiation can open an avenue of investigation to determine the cause or causes 

for the neuronal death. Not only the possibility to generate mixed neuronal population exist, but 

when using 3D models, the interactions between the different cell types during the pathological 

process can be investigated. Specifically for the organoids system, there is the capacity to 

produce individual regions of the brain and investigate the effects of the LS causing mutations in 

the neuronal subpopulation. Moreover, assembloids (Miura et al., 2020; Pașca, 2018; Sloan et 

al., 2018) can be generated to investigate the interactions between these regions; specifically the 

metabolically demanding interneuronal migration that occurs from the ventral forebrain to the 

dorsal forebrain. Errors in myelination and formation of the axonal bundles can also be an avenue 

of interest as oligodendrocyte loss has also been observed in LS (Anzil et al., 1981; Marton et al., 

2019; Pliss et al., 2004). Also, long term maintenance (>100 days) of brain organoids can be used 

to understand the role of astrocytes in the pathophysiology of LS.  

Other potential use of the LS-derived iPSC derived systems is its use as a testing platform for 

drugs and therapies. Work in mice has shown that chronic hypoxia can prevent and even reverse 

some of the neurological findings in LS (Jain et al., 2019), but these has not been tested in human 

models yet. The use brain organoids may be an appropriate tool to test whether the reduction 

of oxygen tension can rescue the LS phenotype and to test for other therapeutic approaches that 

could alleviate the disease onset and progression. 

 

Mitochondria morphology changes through neural differentiation and maturation. 

Due to the highly dynamic nature of mitochondria, analysis of its morphology has been 

challenging in in vivo and 3-D settings. Most of the existing classification have resorted to manual 

and morphological classification (e.g. fused vs fragmented) of the mitochondrial networks, 

utilizing qualitative or semi-quantitative approaches (Faitg et al., 2021; Fogo et al., 2021; Noguchi 

and Kasahara, 2017; Prieto et al., 2016; Rafelski, 2013). Advances in imaging techniques coupled 

with computational approaches have improved the capacity to unbiasedly and consistently 

assess the morphology of these organelles (Leonard et al., 2015; Zahedi et al., 2018). Recently, 

machine learning algorithms (Kan, 2017) together with genetic perturbations of key 
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mitochondrial players, have been proposed as a potential alternative to not only evaluate the 

phenotypical aspects of the mitochondria but to assess the physiological relevance of those 

changes (Fogo et al., 2021). 

As shown in this chapter (Figure 4-1), we have been able to image the mitochondrial network 

of brain organoids. Although we have characterized the SVZ/VZ in control and disease organoids, 

a comprehensive study of the mitochondrial network of different cell types may be required. In 

accordance with previous findings in the mouse brain and in vitro neurons (Iwata et al., 2020; 

Khacho et al., 2016), neural progenitor cells that are positive for the transcription factors PAX6 

and SOX2 present an elongated mitochondria (Figure 4-2A & B). In contrast, committed neurons 

positive for the cytoskeletal marker βIII-tubulin have a fragmented network (Figure 4-1C). 

Although the characterization we have performed at the moment is semi-quantitative, 

recent tools have been developed that can be coupled to refine the analysis of the mitochondrial 

morphologies in different cell types. For example, with the use of iLastik (Berg et al., 2019), a 

machine learning algorithm, we will be able to unbiasedly quantify the length of the 

mitochondrial networks in different areas of the brain organoids and at different points of 

organoid maturation. This analysis will allow us to compare the changes observed in mouse 

brains and 2-D hESCs-derived neurons to a 3-D model of development and shed light into the 

differences and similarities of the different research models. 

This new method of mitochondrial scoring and quantification can be extended to other 

neural organoid protocols. For example, dorsal and ventral spheroids (Birey et al., 2017) or 

thalamic organoids (Xiang et al., 2019) can be used to explore the effects of mitochondrial and 

mitochondrial associated mutations in the migration of axons. This would be of particular interest 

in disease models where can be axonal migration can be affected or where proper formation of 

axonal tract play a crucial role in the pathophysiology of the disease (Giandomenico et al., 2019; 

Kitahara et al., 2020). By coupling the use of brain organoids with high resolution microscopy, it 

would be possible to address the morphological changes necessary for the cell fate specification 

and neurogenesis. Long term recording using systems such as light sheet microscopes (Cella 

Zanacchi et al., 2011; Fadero et al., 2018; Huisken et al., 2004; Power and Huisken, 2017) could 

allow the study of how the mitochondrial network adapt during the early stages of neural 
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induction. These tools, coupled with targeted genetic disruption of the mitochondrial dynamic 

and energetic machinery, could shed light into the molecular mechanisms governing acquisition 

of cell identity. 

Also, these techniques can be used for the characterization of the mitochondrial morphology 

and the network regulation in other tissues during development and disease. Organoids that 

mimic highly metabolic tissues such as cardiac muscle, kidney and liver could be used to 

understand the effects of the mitochondrial dynamics under homeostatic and allostatic 

conditions. 

Moreover, the ability of studying mitochondrial fitness during early development could allow 

for the understanding of other neurodevelopmental disease caused by environmental factors 

and maternal health. The organoid system could be used to determine the effects of metabolic 

stress and nutrient imbalance in the developing brain as maternal metabolic diseases has been 

shown to correlate with increased risk of neurodevelopmental and psychiatric diseases in both 

human and animal studies (Edlow, 2021; Shook et al., 2020). Also, the capacity to recapitulate 

the formation of the neural tube as neural rosettes or as neuruloids -self-organizing structures 

containing neural progenitors, neural crest, sensory placode and epidermis- (Haremaki et al., 

2019) could allow for the exploration of the molecular and cellular mechanisms behind complex 

CNS birth abnormalities. 

 

Apoptosis inhibition affects the mitochondria morphology and neural cell specification in day 

30 brain organoids. 

Mitochondria are at the crossroads of cell death and metabolism (Rastogi et al., 2019). The 

BCL-2 family of proteins regulates cell death at the mitochondria (Green, 2000; Vander Heiden et 

al., 1997; Hsu et al., 1997; Inohara et al., 1998; Jürgensmeier et al., 1998; Ke et al., 2018; Kluck et 

al., 1997, 1999; Knudson et al., 1995; Wei et al., 2000) and has been implicated in maintaining 

mitochondrial homeostasis in the absence of a cell death signal (Joshi et al., 2020; Li et al., 2008, 

2013; Rasmussen et al., 2018, 2020; Salisbury-Ruf et al., 2018).  



117 

Programmed cell death (apoptosis) is an integral part of brain development and maturation 

(Kuan et al., 2000). Immature human brains have nearly 50% more neurons than adults, as many 

neurons die by apoptosis during normal brain morphogenesis and neuronal histogenesis. 

Apoptosis is assumed to prevent overgrowth of the neuroepithelium by controlling neural cell 

numbers in the developing brain (Akhtar et al., 2004; Kuan et al., 2000; Nonomura et al., 2013; 

Yamaguchi and Miura, 2015). Reduced cell death in mice bearing mutations in pro-apoptotic 

molecules (e.g. caspase 3, caspase 9) result in severe brain malformations including indented 

neuroepithelium, compressed brain ventricles, and neural tube closure defects (Nonomura et al., 

2013). Additionally, in early brain development, massive cell death is restricted to specific areas, 

suggesting that local apoptosis might affect the gross organization of the developing organ 

(Akhtar et al., 2004; Kuan et al., 2000). 

Our laboratory generated a double CRISPR knock-out cell line deficient in the apoptosis 

effectors BAK and BAX (Joshi et al., 2020). We investigated the effects of these two proteins as 

they have been implicated in the maintenance of the mitochondrial morphology (Arnoult et al., 

2005; Delivani and Martin, 2006; Delivani et al., 2006; Frank et al., 2001; Tanaka and Youle, 2008; 

Youle and Karbowski, 2005). BAX/BAK deficient cells have been shown to have defect in their 

mitochondrial shape (Karbowski et al., 2006). Moreover, BAX has been observed to colocalize 

with the primary executioner of mitochondrial fission Dynamin related protein-1 (DRP-1) during 

early stages of apoptosis (Karbowski et al., 2002). 

Previous studies showed that BAX/BAK deficient cells have some defects in mitochondrial 

morphology (Karbowski et al., 2006). BAX also is known to colocalize with the primary 

executioner of mitochondrial fission Dynamin related protein-1 (DRP-1) during early stages of 

apoptosis (Karbowski et al., 2002). Thus, BAX/BAK are also potential regulators of mitochondrial 

homeostasis during development. In Joshi et al. (2020), I generated day 30 brain organoids from 

the BAX/BAK double knockout (DKO) cell line to investigate the effect of apoptosis inhibition in 

human brain development and mitochondrial morphology. The brain organoids generated from 

the control lines showed the expected markers and architecture for this timepoint. hNPCS 

stained with PAX6, SOX2 and NESTIN formed the VZ/SVZ around the lumen-like structure. oRGs 

that were TBR2 positive decorated the edge of the VZ/SVZ, and cortical plate cells positive for 
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TBR1 and CTIP2 were observed. The DKOs, in the other hand, showed a profound loss of cortical 

organizations and a reduction in the cells positive for the aforementioned markers (Joshi et al., 

2020). 

Analysis of the areas of the organoids that were positive for the NPC marker SOX2, showed 

aggregation of the mitochondrial network (Figure 4-3) in the DKOs. Control organoids showed a 

conserved organization of the VZ/SVZ and the expected elongated network for SOX2+ NPCs. This 

loss of neural markers in conjunction with the disruption of the mitochondrial network in the 

DKO may suggest that BAX and BAK are key players in the regulation of the mitochondrial 

morphology, and their absence generate a downstream effect in the specification of the cell fate. 

BAX/BAK KO iPSCs allow for the possibility to use this genetic background for the study of 

deleterious mutations than otherwise would cause cell death. It could also serve as a platform 

for the study of developmental apoptosis, and the signaling mechanisms that dying cells are 

involved. Collaborators have shown using this cell line that apoptosis is a key regulator for the 

epithelial-mesenchymal transition (EMT) necessary for the acquisition of cardiac lineage (Fort et 

al., 2021). Fort et al, showed that nucleotides released by dying cells as chemo-attractants for 

apoptotic cell clearance also function as essential paracrine signals in mesoderm specification 

vial WNT pathway. EMT is also crucial for the migration of the neural crest cells from the neural 

tube to the surrounding tissue for the formation of peripheral neurons, melanocytes, craniofacial 

bones and muscle, among other structures (Hay, 2005). As WNT pathway has also been 

implicated in the control of neural crest delamination, it would be interesting to investigate if a 

similar signaling mechanism mediates this process. 

Particularly in the brain, developmental cell death is crucial for the during development and 

maturation of the neuronal connections. In the specific case of neuronal pruning, studies suggest 

that dysregulation of the mitochondrial membrane potential and the production of reactive 

oxygen species are signals for axonal retraction and degradation (Baranov et al., 2019; Lieberman 

et al., 2019). Yet, it is not known how the mitochondrial dynamics affect these events. Moreover, 

as apoptotic cells are key for the colonization of the brain by microglia (Arnò et al., 2014; Casano 

et al., 2016), co-culturing experiments between BAX/BAK KO organoids with microglia can help 

elucidate the mechanism of microglia migration and proliferation in the developing brain. 
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Contribution of mitochondria dysregulation to the abnormal corticogenesis caused by 

hypoxic injury. 

Extreme prematurity and complications prior to or during birth can contribute to hypoxic 

episodes and subsequent brain injury in neonates (Lima et al., 2018). As survival increases, so 

does the life-long neurological disabilities associated with central nervous system (CNS) injury. 

Mitochondrial energy production is impaired when the tissue oxygen tension is reduced (Lages 

et al., 2015; Santore et al., 2002). After reoxygenation, mitochondrial respiration transiently 

resumes but it is later suppressed (Goda and Kanai, 2012; Weidemann and Johnson, 2008; Xie 

and Wolin, 1996). Mitochondrial hyperpolarization results in the increased production of reactive 

oxygen species (ROS) leading to accumulation of mutations (Grivennikova et al., 2010), decreased 

metabolic output, and increased susceptibility to cell death (Kudin et al., 2004).  

Studies using rat brains showed that the mitochondrial morphology in neurons shifts from 

elongated to more granular/fragmented appearance after the hypoxic insult (Hallin et al., 2006; 

Puka-Sundvall et al., 2000). Mitochondrial migration towards the nucleus, as well as 

accumulation in the perinuclear region, has also been described and associated with the onset of 

cell death (Hallin et al., 2006; Northington et al., 2001). 

Pathological mitochondrial fragmentation has been reported in in vivo and in vitro models. 

Loss of the mitochondrial membrane potential leads to the cleavage OPA1 - responsible for inner 

mitochondrial membrane fusion. Oxygen deprivation increases the amount of a short non-

functional form of OPA1, resulting in rapid induction of fission and ultimately cell death 

(Baburamani et al., 2015; Ehses et al., 2009; Head et al., 2009; Kumar et al., 2016; Sanderson et 

al., 2015). Interestingly, downregulation of DRP1 can prevent the permeabilization of the 

mitochondrial membrane and the progression to cell death (Grohm et al., 2012) by potentially 

preventing cristae remodeling (Ramonet et al., 2013). However, it is not known if these 

morphological changes, their regulation, and their effects on mitochondrial function are involved 

during neonatal hypoxia. Prolonged depression in mitochondrial metabolism (Brekke et al., 
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2017), as well as rapid induction of mitochondrial fragmentation (Demarest et al., 2016), validate 

the emerging evidence of the mitochondria as central regulators of the hypoxic injury cascade. 

Results from animal models have shown that grey and white matter are the most vulnerable 

areas of the brain to neonatal hypoxia ischemic injury. The cerebral cortex is predominantly 

affected (Volpe, 2012) and the localization and extent of the insult have been shown to correlate 

with specific neurodevelopmental symptoms later in life (Gonzalez and Miller, 2006; Steinman et 

al., 2009). Considering that the spatiotemporal regulation of neuronal proliferation, migration 

and differentiation varies among mammals, a human derived model is needed to understand 

species specific variation.  

The cerebral cortex is highly sensitive to hypoxic insult. Cell death in this region presents a 

laminar distribution, especially involving layers III and V (Volpe, 2012). Work in early stages of 

brain organoid formation have shown that hypoxic stress causes growth arrest, massive cell 

death (Daviaud et al., 2019) and reduced expression of the cortical markers TBR1, CTIP2, SATB2, 

and the astrocyte marker GFAP (Boisvert et al., 2019). In a model of encephalopathy of 

prematurity, human cortical spheroids resembling the cerebral cortex at midgestation were 

exposed to 48h of low oxygen tension (<1%) (Pașca et al., 2019). Hypoxia induced a reduction in 

TBR2+ intermediate progenitor cells and an increase in CTIP2+ cells, suggesting premature neural 

differentiation (Pașca et al., 2019).  

As the mitochondrial network undergoes remodeling in the different cellular niches of the 

developing brain (Khacho and Slack, 2018; Khacho et al., 2016, 2019), it would be interesting to 

analyze if the that hypoxic insult affects each neural population differently due to dysregulation 

of mitochondrial dynamics. Hypoxic insult may affect the mitochondrial network plasticity due to 

dysregulation of the mitochondrial dynamic’s machinery. Rates of fission may increase as OPA-1 

undergoes cleavage into short non-functional form (Ehses et al., 2009). The high sensitivity to 

hypoxia of intermediate progenitor cells may be due to changes in mitochondrial dynamics and 

morphology. By taking advantage of the abovementioned BAX/BAK iPSC line, it would be possible 

to characterize the contribution of mitochondrial dynamics to the deleterious effects observed 

in intermediate progenitor cells. As the intermediate progenitor cells have been proposed to 

undergo cell death during hypoxic injury, characterization in this context has been challenging. 
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This model could also be used to examine other determinants of mitochondrial homeostasis 

including mitochondrial biogenesis and mitophagy. 

Moreover, this hypoxic paradigm can be used to analyze confounding effect of oxygen 

deprivation and mitochondrial disfunction. Mitochondrial disorders can intensify the effects of 

hypoxia by exacerbating potential deleterious reactions (Volpe, 2012) or diminishing prosurvival 

mechanisms (Ten and Starkov, 2012). In Chapter 3, I described the generation of iPSCs from 

fibroblasts of patients with mitochondrial (MT-ATP6) and mitochondrial associated (PDH and 

DLD) mutations. This cell lines could be used to determine how mitochondrial impairment affects 

the response to hypoxia, as failure of the metabolic machinery has been shown to contribute to 

brain injury in mouse models (Niatsetskaya et al., 2012). Paradoxically, hypoxia has been shown 

to reverse some of the effects of mitochondrial disorders such as Leigh syndrome (Jain et al., 

2019). 
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Figure 4-1. Leigh syndrome-derived organoids show defects in mitochondrial morphology in the 

SVZ compartment. 

A. Representative confocal images of day 30 brain organoids showing mitochondrial morphology 

(TOM20). The red line divides the Sox2+ NPCs surrounding the lumen (L) from newly committed 

neurons. MT-ATP6/PDH mutant organoids show disorganization and fragmentation of the 

mitochondrial network. Scale bar: 10μm. B. Quantification of average mitochondrial volume, 

diameter, surface area, and major axis length are shown. Graphs represent mean ± SEM from at 

least three independent SVZs per phenotype from 3 independent organoid batches. 

Quantification was performed by 3D reconstruction of the mitochondrial network of interest. C. 

Representative super-resolution images of mitochondrial morphology in LS and control NPCs. 

Scale bar: 5μm. D. Quantification of average mitochondrial number, volume, mitochondrial 

sphericity, and mitochondrial branching are shown. Graphs represent mean ± SEM from at least 

three independent experiments (n>20 cells per genotype). ∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001; 

∗∗∗∗p<0.0001. 
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Figure 4-2. Mitochondrial morphology changes in day 30 human derived brain organoids. 

A. PAX6+ NPCs in the SVZ/ZV of brain organoids have an elongated mitochondrial network 

surrounding the lumen-like structure. B. Similarly, mitochondria in SOX2+ NPCs appear longer 

than the those in TBR2+ IPCs. C. Fragmented mitochondria can be observed in areas positive for 

the neuronal marker βIII-TUBULIN. 
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Figure 4-3. Day 30 DKO cerebral organoids have abnormal mitochondrial morphology. 

A. Day 30 control cerebral organoids shows the expected elongated mitochondrial network 

(TOM20) in SOX2+ cells. B. Day 30 DKO cerebral organoid have an aggregated mitochondrial 

morphology. Scale bar=10μm.  
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Appendix 

MATERIALS AND METHODS FOR CHAPTER 2 

Human pluripotent stem cell culture 

We have successfully used feeder-dependent hiPSCs reprogrammed from newborn human 

foreskin fibroblasts (ATCC, cat. no. CRL-2522), as well as human embryonic stem cells (H9 from 

WiCell). Human iPSC lines AICS-0012 (WTC-mEGFP-TUBA1B-cl105) used in the current study were 

obtained from the Allen Institute (Coriell Institute for Medical Research, New Jersey). This cell 

line has a N-term insertion of mEGFP in frame generated by CRISPR-Cas9 technology. Induced 

pluripotent stem cells were grown in feeder-free conditions in plates coated with Matrigel 

(Corning) and maintained in E8 media at 37°C with 5% CO2. Culture medium was changed daily. 

Cells were checked daily for differentiation and were passaged every 3-4 days using Gentle 

dissociation solution (Stem Cell Technologies). All experiments were performed under the 

supervision of the Vanderbilt Institutional Human Pluripotent Cell Research Oversight (VIHPCRO) 

Committee (Record ID#56). 

 

Derivation of the brain organoids 

Brain organoids were generated using the STEMdiff™ Cerebral Organoid Kit (Stem Cell 

Technologies) using the manufacturer protocol with some modifications (Lancaster and Knoblich, 

2014; Lancaster et al., 2013; Qian et al., 2016; Sutcliffe and Lancaster, 2017). On Day 0, iPSCs 

were detached with Gentle Cell Dissociation Reagent for 8 minutes at 37°C. Cells were 

resuspended in 1mL of EB Seeding Medium and centrifuged at 300g for 5 minutes. The cell pellet 

was resuspended in 2mL of EB Seeding Medium. Homogeneous and reproducible EBs were 

generated by using 24-well plate AggreWell™ 800 (Stem Cell Technologies, catalog 34815). In 

each well, 2.7x106 cells were plated (approx. 9000 cells/microwell) following the manufacturers 

protocol. EBs were incubated at 37°C with 5% CO2, with minimal disruption during the first 48 

hours. Media changes, 50-75% of the total volume, were performed every 2 days. On Day 4, EBs 

were harvest according to the manufacturer protocol and transferred to a 10 cm tissue culture 

dish (Eppendorf, catalog 0030702018). On Day 5, Induction Medium was added to each well and 
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incubated for 48 h at 37°C.  On Day 7, high quality EBs (smooth and optically translucent edges) 

were embedded in Matrigel (Corning). EBs were transferred to a 15mL conical tube and 

resuspended in Expansion Medium. Using a P100 pipette, 67uL containing ~20-30 EBs in medium 

were transferred to a microcentrifuge tube. Next, 100uL of thawed Matrigel was added to the 

microcentrifuge tube (3:2 ratio) and mix with the medium and EBs by pipetting up and down 

multiple times. Using a cut tip, the Matrigel-EB mixture was pipetted and spread onto the center 

of an ultra-low attachment six-well plate. Matrigel coat should fully envelop the EBs in 3D 

(thickness of >1mm). EBs should be evenly distributed to avoid contacting each other or the wall 

of the well. Incubate the Matrigel at 37°C for 30 min to solidify. Gently add 3mL of Expansion 

Medium and incubate at 37°C for 3 days. 

On Day 10, the Matrigel coat was broken by vigorously pipetting up and down. Organoids were 

transferred to a 15mL conical tube. Healthy organoids will precipitate faster than Matrigel clumps 

and organoid debris. By gently mixing, debris can be removed with supernatant after the healthy 

organoids precipitate to the bottom of the tube. Organoids were then resuspended in Maturation 

media and distribute into an ultra-low attachment 12-well plate (6-10 organoids per well). 

Maturation media was added to a final volume of 3mL/well. Subsequently, the plate was inserted 

into the bottom frame of the Spin  and the lid was positioned in place. The whole system was 

ten moved to a 37°C incubator and the shaking speed was set at 90rpm. Full Maturation Medium 

change was performed every 3–4 days. Reconstitution of extracellular matrix was performed on 

Day 40. Matrigel was thawed on ice and dissolved in Maturation Media in a 1:50 dilution. 

Transmitted-light images were acquired using an EVOS® XL Core Imaging System. The software 

used for processing was ImageJ. 

 

Tissue preparation and Immunohistochemistry 

Cerebral organoids were fixed in 4% Paraformaldehyde in Phosphate Buffered Saline (PBS) for 

15-20 min at 4°C. Organoids were washed 3 times with PBS and then incubated in 30% sucrose 

solution overnight at 4°C. Organoids were embedded in 7.5% gelatin/10% sucrose solution 
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(Sigma, catalog G1890-100G and S7903-250G) and sectioned with a cryostat (Leica CM1950) at 

15um thickness. 

For immunostaining, freezing medium was washed with PBS before permeabilization with 0.2% 

Triton-X in PBS for 1 hr. Tissues were blocked with blocking medium consisting of 10% donkey 

serum in PBS with 0.1% Tween-20 (PBST) for 30 min. Primary antibodies diluted in blocking 

solution were applied to the sections overnight at 4ºC. After washing 3 times with PBST, 

secondary antibodies were diluted in blocking solution were applied to the sections for 1 hr at 

room temperature. Finally, sections were washed 3 times with PBST and stained with Hoechst. 

Confocal images were acquired using an Andor DU-897 EMCCD camera mounted on a Nikon 

Spinning Disk Microscope. The software used for image acquisition and reconstruction was NIS-

Elements Viewer (Nikon). 
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MATERIALS AND METHODS FOR CHAPTER 3 

Experimental Model and Subject Details 

The Coriell cell line IDs were as follows: GM01503, GM03672, GM1341. Information about the 

Leigh syndrome cell lines used in this study can be found in Supplementary Table1. Control skin 

fibroblast cell line AG16409 was also obtained from Coriell Institute, Philadelphia, PA, and 

analyzed for contamination. The donor was a 12-year-old apparently healthy Caucasian male. 

Cells were negative for Mycoplasma. 

Fibroblasts were maintained in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

DMEM/F-12 (Gibco cat # 11330032) supplemented with 10% Fetal bovine serum (Sigma cat# 

F2442) in 100mm cell culture plates (Eppendorf, cat # 0030702115) in a 37°C 5% CO2 incubator.  

 

Whole Exome sequencing 

Fibroblast cell pellets from each cell line (>1 million cells) were shipped on dry ice for whole-

genome exome sequencing to Genewiz, Plainfield, NJ. The Illumina HiSeq-X was used to perform 

150nt paired-end sequencing. 

 

Mitochondrial sequencing 

Fibroblast cell pellets from each patient (>1 million cells) were shipped on dry ice for 

mitochondrial sequencing to Girihlet Inc. Oakland, CA. The sequencing configuration used was 

80bp single-end sequencing, 20 million reads per sample. 

 

hiPSC Generation and Characterization 

Human fibroblasts were purchased from healthy control and patients (Coriell Institute, 

Philadelphia, PA, USA). Induced pluripotent stem cells were derived from human fibroblasts using 

Sendai virus-based reprogramming kit (CytoTune-iPS Sendai Reprogramming Kit; cat #. A13780-

01; Thermo Fisher), according to manufacturer’s instructions. After 3-4 weeks, 2-3 colonies per 
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sample were transferred to fresh 6-well plates and were expanded and gardened for 3 passages 

before freezing. All iPSC cell lines were maintained in E8 medium in plates coated with Matrigel 

(Corning, cat # 354277) at 37°C with 5% CO2. Culture medium was changed daily. Cells were 

checked daily for differentiation and were passaged every 3-4 days using Gentle cell dissociation 

solution (STEMCELL Technologies, cat # 07174). All experiments were performed under the 

supervision of the Vanderbilt Institutional Human Pluripotent Cell Research Oversight (VIHPCRO) 

Committee. Cells were checked for contamination periodically. 

 

Analysis of Pluripotency  

The pluripotency of each iPSC clone was determined using a microarray-based tool known as 

PluriTest (Thermo Fisher; cat# A38154) as an alternative to the teratoma assay. Samples were 

outsourced to Thermo Fisher for PluriTest and further analysis. Low passage iPSC cell pellets (>1 

million cells) were frozen and shipped on dry ice. Additionally, the expression of pluripotency 

genes POU5F1 and NANOG was assessed by qPCR. 

 

Analysis of Chromosomal abnormalities 

The presence of any chromosomal abnormalities in the newly generated iPSCs was determined 

using a microarray-based tool known as KaryoStat (Thermo Fisher; cat# A38153) as an alternative 

to chromosomal G-banding. Samples were outsourced to Thermo Fisher for KaryoStat and 

further analysis. Low passage iPSC cell pellets (>1 million cells) were frozen and shipped on dry 

ice to Thermo Fisher. 

 

Trilineage differentiation 

The STEMdiff Trilineage differentiation kit (STEMCELL Technologies, cat# 05230) was used to 

functionally validate the ability of newly established iPSCs to differentiate into three germ layers, 

as per the manufacturer’s instructions. Single-cell suspensions of 2x106 cells/well, 5x105 

cells/well, 2x106 cells/well were seeded for ectoderm, mesoderm, and endoderm, respectively, 
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in their corresponding medium at day 0 in 6 well plates. The cultures were maintained for 7 days, 

5 days, and 5 days for ectoderm, mesoderm, and endoderm, respectively. The differentiation was 

assessed by qPCR. 

 

NPC differentiation and multipotency characterization 

For monolayer differentiation of the iPSCs into NPCs, cells were dissociated into single cells using 

Gentle Cell Dissociation Reagent (STEMCELL Technologies, cat # 07174) for 8 minutes at 37°C. 

Live cell counts were performed using Trypan blue (0.4%) staining (Invitrogen, cat # T10282) using 

a Countess™ Automated Cell Counter. Cells were then seeded in a Matrigel-coated 6-well plate 

(Eppendorf, cat # 0030720113) to 2.5x106 cells/well in STEMdiff™ SMADi Neural Induction 

medium (STEMCELL Technologies, cat # 08581) (Chambers et al., 2009) supplemented with ROCK 

inhibitor. Daily media changes were performed and passaging of the cells was done every 7-9 

days. Cells for NPC marker analysis were collected at the end of the first 9 days of differentiation. 

For multipotency analysis, culture media was changed to NeuroCult™ media and maintained for 

4 weeks. Samples were then fixed and stained for neuron and oligodendrocyte markers. 

Astrocyte differentiation was performed by seeding on a Matrigel-coated plate 1.5x106 cells/cm2 

(TCW et al., 2017). The following day, the media was changed to Astrocyte medium (ScienCell, 

cat # 1801) and maintained for 20 days. Full media changes were done every 2 days. Samples 

were then fixed and stained for an astrocyte marker. Images were acquired with a Nikon 

Instruments Ti2 inverted fluorescence widefield microscope equipped with a Plan Apo Lambda 

20X 0.75 NA objective, DS-Qi2 camera (Nikon Instruments), and X-Cite 120LED light source 

(Excelitas). The differentiation was also assessed by qPCR. 

Neural rosette differentiation 

To generate neural rosettes, we dissociated the cells into a single-cell suspension and seeded 

3.0x106 cells/well of an AggrewellTM 800 in dual SMAD inhibitor media. EBs were incubated at 

37°C with 5% CO2, with minimal disruption during the first 48 hours. Media changes, 50-75% of 

the total volume, were performed every 2 days. On Day 5, EBs were harvested according to the 

manufacturer protocol and transferred to a 35mm imaging plate (Cellvis, cat # D35-14-1.5-N) 
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coated with Matrigel. Daily media changes were performed up to day 9 when cells were fixed 

with 100% ice-cold Methanol (Fisher Scientific, cat # A454-4). Images were acquired on a Nikon 

Instruments Ti2 inverted fluorescence microscope, equipped with a Yokogawa X1 spinning disk 

head, Andor DU-897 EMCCD, Plan Apo Lambda 0.75 NA 20X objective for representative figures, 

and Plan Fluor 0.45 NA 10X objective for neural rosette quantification, piezo Z-stage, as well as 

405-,488-,561-, and 647 -nm lasers. Acquisition and analysis were performed using NIS-Elements. 

Neural rosette quantification was accomplished by scripting a segmentation-based image 

analysis routine to detect, enumerate, and measure rosette lumen area based on the ZO-1 signal. 

Briefly, max intensity projections of each field were generated, followed by GPU-based denoising 

of the resulting image. Intensity-based thresholding was then applied based on criteria 

established for ZO-1 signal segmentation using control images. Restrictions on resultant binaries 

were implemented to throw out binaries intersecting image borders, morphometries deviating 

severely from rosette associated geometries, as well as for those not meeting minimum size 

requirements. This routine could be run in batch across many image stacks to increase the sample 

size and robust nature of the data. Measured data was exported to Excel for further analysis. 

 

Cerebral Organoids 

Cerebral organoids were generated as described in (Romero-Morales et al., 2019) with some 

modifications. Briefly, organoids were generated using the STEMdiff™ Cerebral Organoid Kit 

(STEMCELL Technologies; Cat# 08571, 08570). iPSCs were dissociated into single cells using 

Gentle Cell Dissociation Reagent (STEMCELL Technologies, cat # 07174) for 8 minutes at 37°C. 

Homogeneous and reproducible EBs were generated by using a 24-well plate AggreWell™ 800 

(STEMCELL Technologies, cat # 34815). On Day 7, high-quality EBs were embedded in Matrigel 

(Corning, cat # 354277). On Day 10, the Matrigel coat was broken by vigorously pipetting up and 

down and the healthy organoids were transferred to a 60mm low attachment culture plate 

(Eppendorf, cat # 003070119). The plates were then moved to a 37°C incubator and to a Celltron 

benchtop shaker for CO2 incubators (Infors USA, cat # I69222) set at 85rpm. Full media changes 

were performed every 3–4 days. Transmitted-light images were acquired using an EVOS® XL Core 

Imaging System. The software used for processing was ImageJ. 
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For qPCR, all organoids were pooled together for RNA extraction. Day 40 cerebral organoids were 

utilized for metabolomics, 4 organoids per genotype were run and analyzed individually. 

 

Organoid tissue preparation and Immunohistochemistry 

Tissue preparation was performed as described in (Romero-Morales et al., 2019). Briefly, 

organoids were fixed in 4% Paraformaldehyde in Phosphate Buffered Saline (PBS), washed 3 

times with PBS, and then incubated in 30% sucrose solution overnight at 4°C. Organoids were 

embedded in 7.5% gelatin/10% sucrose solution (Sigma, catalog G1890-100G and S7903-250G) 

and sectioned with a cryostat (Leica CM1950) at 15um thickness. For immunostaining, slides 

were washed with PBS before permeabilization with 0.2% Triton-X in PBS for 1 hr. Tissues were 

blocked with blocking medium consisting of 10% donkey serum in PBS with 0.1% Tween-20 (PBST) 

for 30 min. Incubation with primary and secondary antibodies was done using standard methods. 

Confocal images of the organoids were acquired using the aforementioned spinning disk 

microscope with Plan Fluor 10X 0.45 NA and Plan Apo Lambda 0.75 NA 20X objectives 

(macrostructures) and Apo TIRF 1.49 NA 100X objective (mitochondria imaging). NIS-Elements 

software was used for image acquisition and rendering. 

 

Bioenergetics assay (Seahorse assay) 

The Seahorse Cell Mito Stress Test (Agilent, Santa Clara, CA) was conducted to assess 

mitochondrial function as described previously (Joshi et al., 2020). hiPSCs were replated in E8 

media and hNPCs were replated in in STEMdiff™ SMADi Neural Induction medium at 8.0x104 

cells/well on Seahorse XF96 cell culture microplates (Agilent) 48h before the assay. A minimum 

of 6 technical replicates per cell line was used per assay. One day before the assay, Seahorse 

XFe96 extracellular flux assay cartridge (Agilent) was hydrated with 200 μl/well of water in a non-

CO2 incubator overnight. 

On the day of the assay, Seahorse XF Calibrant was added to Seahorse XFe96 extracellular flux 

assay cartridge for one hour before loading the drug treatments. Seahorse medium (Agilent) with 
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1mM pyruvate, 2 mM glutamine, and 10mM glucose warmed to 37°C was added to the cells 1h 

before the assay and the plate was incubated in a non-CO2 incubator. Appropriate 

concentrations of oligomycin (1.5 µM), FCCP (1.5 µM), and Rot/AA (0.5 µM) were added to 

Seahorse XFe96 extracellular flux assay cartridge and cartridge was loaded into XF Extracellular 

Flux Analyzer. After calibration step, cell plate was loaded into the XF Extracellular Flux Analyzer 

to assess mitochondrial function. Resulting data was analyzed using GraphPad PRISM. 

 

Mitochondrial imaging and quantification 

Mitochondrial imaging was performed by fixing the NPCs at 90% confluency and staining with 

anti-mitochondria (Abcam, cat #ab92824, 1:200 dilution). Structured Illumination Microscopy 

(SIM) was accomplished in 3D-SIM mode on a Nikon Instruments N-SIM, equipped with an Apo 

TIRF 100x SR 1.49NA objective, DU-897 EMCCD camera (Andor), 405nm and 561nm lasers. 

Images presented herein are maximum intensity projections after image stacks were first 

acquired (5 phase shifts and 3 rotations of diffraction grating, 120nm/axial step via piezo) and 

subsequent stack reconstruction in NIS-Elements software (Nikon Instruments, Inc.). Other than 

linear intensity scaling, no further image processing was performed post-reconstruction. 

For the mitochondrial imaging in brain organoids, confocal images of the organoids were 

acquired using the aforementioned spinning disk microscope with Apo TIRF 1.49 NA 100X 

objective. NIS-Elements software was used for image acquisition and rendering. 

NIS-Elements General Analysis (GA3) was utilized for the post-processing and quantification. For 

monolayer NPC differentiation, mitochondrial quantification was performed as described in 

(Rasmussen et al., 2020). Briefly, quantification was performed by segmenting mitochondria in 

3D and performed skeletonization of the resulting 3D mask. For the Organoid mitochondrial 

quantification an area segmentation was performed to analyze the mitochondrial in the 

overlapping SOX2+ area. Several parameters such as skeleton major axis and sphericity were 

exported into Excel. Post processing was performed using GraphPad Prism 9, including ROUT 

(Robust regression and Outlier removal) method for the day 30 organoids, with a False Discovery 

Rate of 1%. The workflows used for each condition can be found below: 
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Monolayer NPC mitochondrial quantification workflow. 
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Organoid NPC mitochondrial quantification workflow 
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RNA Extraction and Synthesis of cDNA 

Cells cultured in 6 well plate, were collected after a wash with PBS, using 600μl Trizol reagent. 

The samples were spun down at 12,000 g after the addition of 130μl of chloroform and incubated 

at room temperature for 3 minutes. The aqueous phase of the sample was collected 200μl at a 

time until reaching the edge of phase separation. RNA precipitation was done by incubating with 

300μl of isopropanol for 25 minutes, followed by centrifugation at 12,000 g for 10 min at 4°C. 

The RNA pellet was washed with ethanol, semi-dried, and resuspended in 30μl of DEPC water. 

After quantification and adjusting the volume of all the samples to 1μg/μl, the samples were 

treated with DNAse (New England Biolabs, cat # M0303). 10μl of this volume was used to 

generate cDNA using the manufacturer’s protocol (Thermofisher, cat#4368814). 

For RNA isolation from brain organoids, the same protocol mentioned above was followed with 

the volumes adjusted for 1mL of Trizol. 

 

Quantitative RT PCR (RT-qPCR) 

1ug of cDNA sample was used to run RT-qPCR for the primers mentioned in the table. 

QuantStudio 3 Real-Time PCR machine, SYBR green master mix (Thermo Fisher, cat#4364346), 

and manufacturer instructions were used to set up the assay.  

 

Immunocytochemistry 

Cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, cat # 15710-S) in PBS 

for 20 min at 4ºC. Blocking and permeabilization were done in 5% donkey serum (Jackson 

ImmunoResearch Inc, cat # 017-000-121) + 0.3% Triton X-100 (Sigma Aldrich, cat # T9284) in TBS 

for 1 hr at room temperature. After this, cells were treated with primary and secondary 

antibodies using standard methods. Cells were mounted in Vectashield (Vector Laboratories, cat 

# H-1000) prior to imaging. 

 

Western Blotting 
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Cultured cells were lysed in 1% Triton buffer containing PMSF (ThermoFisher Scientific, cat # 

36978), PhosSTOP (Roche, cat # 4906837001), and protease inhibitor cocktail (Roche, cat # 

4693132001). Protein concentrations were determined using the bicinchoninic acid (BCA) 

method (Thermo Scientific, cat # 23227). Gel samples were prepared by mixing 30μg of protein 

with LDS sample buffer (Life Technologies, cat # NP0007) and 2-Mercaptoethanol (BioRad, cat # 

1610710) and boiled at 95°C for 5 minutes. Samples were run on 4-20% Mini-PROTEAN TGX 

precast gels (BioRad, cat # 4561096) and transferred onto polyvinylidene difluoride (PVDF) 

membrane (BioRad, cat # 1620177) overnight at 4°C. Membranes were blocked in 5% milk in 

TBST prior to primary antibody incubation. Antibodies used for Western blotting are described in 

the Key Resource table. 

 

Cell titer blue assay 

After the 24-h exposure to individual treatments of 50μM etoposide, 80μM CCCP, 100ng/mL 

nocodazole, and 5ng/mL neocarzinostatin, 20 μl of Cell Titer Blue reagent from Cell Titer Blue 

assay (Promega, cat # G8081) was added to each well of 96 well plate. Background fluorescence 

was calculated by adding 10% Triton in PBS to some wells. The fluorescence generated by the 

reduction of resazurin to resorufin by live cells was measured using a Beckman coulter DTX 880 

multimode plate reader (Beckman Coulter, Brea, California) (570/600 nm). 

 

Metabolomics analysis 

Day 40 brain organoids, at least 4 individual organoids per genotype, were collected rinsed with 

ice-cold sterile 0.9% NaCl and flash-freeze in liquid nitrogen. For metabolite extraction, cells were 

resuspended in 225uL of cold 80% HPLC grade methanol/20% HPLC grade water per 1x106 cells. 

After resuspension, cells were flash-frozen in liquid nitrogen and thawed rapidly in a 37°C water 

bath 3 times. Next debris was removed by centrifugation at max speed in a tabletop 

microcentrifuge at 4°C for 15 min. Metabolite-containing supernatant was transferred to a new 

tube, dried, and resuspended in 50% acetonitrile while the pellet was used for protein 

quantification. Samples were analyzed by Ultra-High-Performance Liquid Chromatography and 
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High-Resolution Mass Spectrometry and Tandem Mass Spectrometry (UHPLC-MS/MS). 

Specifically, the system consisted of a Thermo Q-Exactive in line with an electrospray source and 

an Ultimate3000 (Thermo) series HPLC consisting of a binary pump, degasser, and auto-sampler 

outfitted with an Xbridge Amide column (Waters; dimensions of 4.6mm × 100mm and a 3.5μm 

particle size). Mobile phase A contained 95% (vol/vol) water, 5% (vol/vol) acetonitrile, 10mM 

ammonium hydroxide, 10mM ammonium acetate, pH = 9.0; and mobile phase B was 100% 

Acetonitrile. The gradient was as follows: 0 min, 15% A; 2.5 min, 30% A; 7 min, 43% A; 16 min, 

62% A; 16.1-18 min, 75% A; 18-25 min, 15% A with a flow rate of 400μL/min. The capillary of the 

ESI source was set to 275°C, with sheath gas at 45 arbitrary units, auxiliary gas at 5 arbitrary units, 

and the spray voltage at 4.0kV. In positive/negative polarity switching mode, an m/z scan range 

from 70 to 850 was chosen, and MS1 data was collected at a resolution of 70,000. The automatic 

gain control (AGC) target was set at 1x106 and the maximum injection time was 200 ms. The top 

5 precursor ions were subsequently fragmented, in a data-dependent manner, using the higher 

energy collisional dissociation (HCD) cell set to 30% normalized collision energy in MS2 at a 

resolution power of 17,500. Data acquisition and analysis were carried out by Xcalibur 4.1 

software and Tracefinder 4.1 software, respectively (both from Thermo Fisher Scientific). The 

peak area for each detected metabolite was normalized by the total ion current which was 

determined by the integration of all of the recorded peaks within the acquisition window. 

Normalized data was uploaded to MetaboAnalyst (https://www.metaboanalyst.ca/home.xhtml) 

for analysis. Samples were normalized to control, and a one-way ANOVA was performed to 

compare between the groups. Fisher's least significant difference method (Fisher's LSD) was 

performed as a post-HOC comparison. Enrichment and pathway analysis was also performed 

using this platform. 

 

Bioinformatic Analysis 

Bioinformatic analysis began with Variant Call Format (VCF) files provided by GENEWIZ (see 

Whole Exome sequencing section above), both for SNP and indels. SnpSift version 4.3t (Cingolani 

et al., 2012) was used to process and filter these files for downstream analysis. Details extracted 

https://www.metaboanalyst.ca/home.xhtml
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included gene symbol, Entrez gene ID and name, UniProt ID, Ensembl ID, chromosome and 

position, reference variant, alternative variant, quality of the call, allele name, type of SNP, 

impact of the SNP, and the genotype of each sample. From these filtered outputs, we generated 

SNP/indel reports that allowed us to look at sample-specific SNPs and indels, as well as perform 

aggregate-level functions for grouping and statistical analysis. 

To generate the SNP/indel circular chromosome plots, the top 20 genes that had variants in all 

three samples were plotted, ranked by frequency of variants per gene. The outside track is used 

to visualize the chromosomes and marked gene locations. For each sample, we used a single track 

to show the variant frequency as a circular scatter plot, with the height of the scatter points 

representative of the variant quality metric, which is a Phred-scaled probability that a REF/ALT 

polymorphism exists at the variant site. Similarly, for SNPs in the mitochondrial chromosome, we 

used the same approach for visualization. 

 

Quantification and Statistical Analysis 

No statistical methods were used to pre-determine sample sizes. All experiments were 

performed with a minimum of 3 biological replicates unless specified. Statistical significance was 

determined by unpaired Student’s t-test or by one- or two-way ANOVA as appropriate for each 

experiment. GraphPad Prism v8.1.2 was used for all statistical analysis and data visualization. 

Error bars in all bar graphs represent the standard error of the mean or standard deviation as 

described for each Figure, while scattered dot plots were represented with boxes (with median 

and SD) and whiskers (minimum and maximum values).  

For neural rosette experiments, ROI were randomly selected using the nuclear (DAPI) staining 

channel. Images were processed with NIS Elements software with our Neural rosette lumen 

identification Macro. Outliers were removed from the neural rosette area analysis as post-

processing quality control for the NIS Element macro using GraphPad Prism v8.1.2. ROUT (Robust 

regression and Outlier removal) method was used with a False Discovery Rate of 1%. 
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For cerebral organoid experiments, 4 independent batches were generated. At time points day 

30 and day 100, at least 5 organoids per cell line were collected. Immunofluorescence images of 

at least 3 independent organoids were acquired per condition slide. Image processing was done 

by NIS Elements and Fiji software. 

Organoid efficiency evaluation was performed on day 10 using 4X transmitted-light images 

acquired using an EVOS® XL microscope. Two observers were blinded to the cell line identifier 

and counted the number of normal and defective (no epithelial buds or more than 75% of the 

area is not developed) organoids. Criteria for normal and defective organoids was based on 

(Lancaster and Knoblich, 2014). 

For the organoid quantification, images were processed with NIS Elements using the General 

Analysis 3 tool. 3D thresholding macros were generated for each set of slides and quantified by 

either bright spot count (nuclear staining) or mean intensity of the ROI. To avoid false positive 

counts, only bright spot count where there was overlapping with DAPI was count. GA3 analysis 

workflow can be found below: 
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Organoid quantification workflow for GA3, NIS Elements. 

 

Software and Data Availability 

All raw data in FastQ format for whole-exome sequencing and mitochondrial sequencing have 

been deposited to the Short Read Archive as BioProject PRJNA626388, available at 

https://www.ncbi.nlm.nih.gov/sra/PRJNA626388. All source code and documents are available 

via https://vandydata.github.io/Romero-Morales-Gama-Leigh-Syndrome-WES/.  

  

https://www.ncbi.nlm.nih.gov/sra/PRJNA626388
https://vandydata.github.io/Romero-Morales-Gama-Leigh-Syndrome-WES/
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TABLES 

Table 1. Design files for the Spinꝏ (Chapter 2) 

Design file name File type Open source license Location of the file 

Base STL CC-BY-SA 4.0 
https://osf.io/tavck/?view_only=e89148170d1046bebec

51977b3177180 

12-Well Plate Lid STL CC-BY-SA 4.0 
https://osf.io/adqye/?view_only=e89148170d1046bebe

c51977b3177180 

CCW Paddle STL CC-BY-SA 4.0 
https://osf.io/qfxsy/?view_only=e89148170d1046bebec

51977b3177180 

CW Paddle STL CC-BY-SA 4.0 
https://osf.io/8pshg/?view_only=e89148170d1046bebe

c51977b3177180 

Gear STL CC-BY-SA 4.0 
https://osf.io/abgmr/?view_only=e89148170d1046bebe

c51977b3177180 

Motor Shaft Gear STL CC-BY-SA 4.0 
https://osf.io/9dnbq/?view_only=e89148170d1046bebe

c51977b3177180 

Parylene Template 

for Gears 

(Optional) 

STL CC-BY-SA 4.0 
https://osf.io/wruvb/?view_only=e89148170d1046bebe

c51977b3177180 

Parylene Template 

for Paddles 

(Optional) 

STL CC-BY-SA 4.0 
https://osf.io/u89v3/?view_only=e89148170d1046bebe

c51977b3177180 

X4 L298n Bridge 

Holder (Optional) 
STL CC-BY-SA 4.0 

https://osf.io/9nyr2/?view_only=e89148170d1046bebec

51977b3177180 

5Motors PY CC-BY-SA 4.0 
https://osf.io/trca4/?view_only=e89148170d1046bebec

51977b3177180 

Spinfinity Assembly AVI CC-BY-SA 4.0 
https://osf.io/kb3g9/?view_only=e89148170d1046bebe

c51977b3177180 

  

https://osf.io/tavck/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/tavck/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/adqye/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/adqye/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/qfxsy/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/qfxsy/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/8pshg/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/8pshg/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/abgmr/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/abgmr/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/9dnbq/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/9dnbq/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/wruvb/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/wruvb/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/u89v3/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/u89v3/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/9nyr2/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/9nyr2/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/trca4/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/trca4/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/kb3g9/?view_only=e89148170d1046bebec51977b3177180
https://osf.io/kb3g9/?view_only=e89148170d1046bebec51977b3177180
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Table 2. Hardware components for the Spinꝏ (Chapter 2) 

Quantity Part Name Supplier Part Number Cost 

1 
Acrylic Sheet 

12” X 12” X ¼” 
McMaster-Carr 8560K354 $17.34 

4/Bioreactor 
18-8 Stainless Steel 

45 mm Hex 
McMaster-Carr 93655A226 $4.25 

4/Bioreactor 
18-8 Stainless Steel 

35 mm Hex 
McMaster-Carr 93655A224 $4.11 

8/Bioreactor 
18-8 Stainless Steel 

Washer M3 
McMaster-Carr 93475A210 

$1.62 

(Pack of 100) 

8/Bioreactor 

18-8 Stainless Steel 

Hex Nut M3 

0.5mm Thread 

McMaster-Carr 91828A211 
$5.55 

(Pack of 100) 

14/Bioreactor 
18-8 Stainless Steel 

Philips Flat Head Screw M3 
McMaster-Carr 92010A120 

$4.65 

(Pack of 100) 

12/Bioreactor PTFE Collars McMaster-Carr 2685t11 $6.16 

1/Bioreactor 12-Well Cell Culture Plate Corning 3737 
$431.00 

(Case of 100) 

1/Bioreactor Autoclavable Bags Fisher Scientific 01-812-58 
$182.00 

(Pack of 100) 

1/Bioreactor 
Motor 100RPM, 12V, 

Eccentric Shaft 
Amazon B0721T1PXQ $15.49 

1 Set Screwdriver Set McMaster-Carr 52985A22 $30.62 

1 Set Solder McMaster-Carr 7667A51 $38.77 

1 Set Heat Shrink Tubing McMaster-Carr 6334K414 $12.71 
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Table 3. 3D print components for the Spinꝏ (Chapter 2) 

Part Name Quantity Supplier 

12-Well Plate Lid 1 Xometry (ULTEM 1010) 

Base 1 Xometry (ULTEM 1010) 

Motor Shaft Gear 1 Stratasys (ULTEM 1010) 

Gear 11 Stratasys (ULTEM 1010) 

CW Paddle 6 Stratasys (ULTEM 1010) 

CCW Paddle 6 Stratasys (ULTEM 1010) 

Parylene Template for Gears 1 Stratasys (ABS) 

Parylene Template for Paddles 1 Stratasys (ABS) 

L298n Bridge Holder 1 Stratasys (ABS) 
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Table 4. Electronic components for the Spinꝏ (Chapter 2) 

Quantity Part Name Supplier Part Number Unit Cost 

1/Bioreactor Raspberry Pi 3 A+ Sparkfun DEV-15139 $29.95 

1/Bioreactor Raspberry Pi 3 A+ Power supply Sparkfun TOL-13831 $7.95 

1/Raspberry Pi 
Raspberry Pi™ - 16GB MicroSD NOOBS 

Card 
Sparkfun COM-13945 $24.95 

1/Raspberry Pi Raspberry Pi LCD - 7" Touchscreen Sparkfun LCD-13733 $64.95 

1/Bioreactor Power Supply 12V, 5A Amazon B06Y64QLBM $8.99 

1/8 Bioreactors 4-way DC Jack Splitter Amazon B00MHUGL7W $8.29 

1/Bioreactor 
5 PCS L298N Motor Drive Controller 

Board 
Amazon B06X9D1PR9 

$15.99 

(Pack of 5) 

1/Bioreactor 100ft 4 Pin RGB Extension Cable Wire Amazon B074H7DM4B $16.99 

1/Motor 2-pin JST SM Male & Female Plug Housing Amazon B0188DMF3A $14.99 

1/L298N Bridge In-line Power Toggle (Optional) Amazon B0782JXQNP $5.85 

1/LCD Screen SmartPi Touch Case (Optional) Amazon B01HV97F64 $27.99 

1/LCD Screen Wireless Bluetooth Keyboard Amazon B00BX0YKX4 $24.99 
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Table 5. Key Resource Table (Chapter 3) 

REAGENT or 
RESOURCE 

SOURCE IDENTIFIER 

ANTIBODIES 

Primary Antibodies (Immunocytochemistry) 

Mouse anti-MAP2 
Thermo Fisher 
Scientific 

Cat # 131500, AB_2533001 

Rabbit anti-GFAP 
Agilent 
Technologies 

Cat # Z0334, AB_10013382 

Rabbit anti-HOPX Sigma-Aldrich Cat # HPA030180, AB_10603770 

Mouse anti-
mitochondria 

Abcam Cat # ab92824, AB_10562769 

Rabbit anti-SOX2 
Cell Signaling 
Technology 

Cat # 5049S, AB_10828386 

Rabbit anti-PAX6 
Cell Signaling 
Technology 

Cat # 60433, AB_2797599 

Rabbit anti-SOX17 
Cell Signaling 
Technology 

Cat # 81778S, AB_2650582 

Rabbit anti-
BRACHYURY 

Cell Signaling 
Technology 

Cat # 81694S, AB_2799983 

Mouse anti-CD184 
(CXCR4) 

STEMCELL 
Technologies 

Cat # 60089 

Mouse anti-β3 
TUBULIN 

Cell Signaling 
Technology 

Cat # 4466, AB_10270973 

Rabbit anti-S100 Abcam Cat # ab868, AB_306716 

Mouse anti-Olig2 Millipore Sigma Cat # MABN50, AB_10807410 

Rat anti-α TUBULIN 
Thermo Fisher 
Scientific 

Cat # MA180017, AB_2210201 

Mouse anti-ZO-1 
Thermo Fisher 
Scientific 

Cat # 339100, AB_2533147 

Rabbit anti-CDK5RAP2 
Bethyl 
Laboratories 

Cat # IHC00063, AB_2076863 

Mouse anti-NESTIN 
STEMCELL 
Technologies 

Cat # 60091, AB_2650581 

Chicken anti-TBR2 Millipore Sigma Cat # AB15894, AB_10615604 

Mouse anti-REELIN Millipore Sigma Cat # MAB5366, AB_2285132 

Rat anti-CTIP2 Abcam Cat # ab18465, AB_2064130 
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Rabbit anti-TBR1 Abcam Cat # ab31940, AB_2200219 

Rabbit anti-TOM20 
Cell Signaling 
Technology 

Cat # 42406, AB_2687663 

Mouse anti-SATB2 Abcam Cat # ab51502, AB_882455 

Mouse anti-BRN2 
(POU3F2) 

Millipore Sigma Cat # MABD51, AB_11204531 

Mouse anti-CASP 
(CUX1) 

Abcam Cat # ab54583, AB_941209 

Rabbit anti-ALDH1L1 
Cell Signaling 
Technology 

Cat # 85828S 

 

Secondary Antibodies 
(Immunocytochemistry) 

 

Goat anti Chicken 
Alexa Fluor 647 

Thermo Fisher 
Scientific 

Cat # A-21449, AB_2535866 

Goat anti Rat Alexa 
Fluor 647 

Thermo Fisher 
Scientific 

Cat # A-21247, AB_2535864 

Donkey anti Rabbit 
Alexa Fluor 647 

Thermo Fisher 
Scientific 

Cat # A-31573, AB_2536183 

Donkey anti Mouse 
Alexa Fluor 647 

Thermo Fisher 
Scientific 

Cat # A-31571, AB_162542 

Donkey anti Rabbit 
Alexa Fluor 546 

Thermo Fisher 
Scientific 

Cat # A-10040, AB_2534016 

Donkey anti Mouse 
Alexa Fluor 546 

Thermo Fisher 
Scientific 

Cat # A-10036, AB_2534012 

Donkey anti Rabbit 
Alexa Fluor 488 

Thermo Fisher 
Scientific 

Cat # A-21206, AB_2535792 

Donkey anti Mouse 
Alexa Fluor 488 

Thermo Fisher 
Scientific 

Cat # A-21202, AB_141607 

   

Primary Antibodies (Western Blotting) 

Rabbit anti-PAX6 
Cell Signaling 
Technology 

Cat # 60433, AB_2797599 

Mouse anti-NESTIN 
STEMCELL 
Technologies 

Cat # 60091, AB_2650581 

Rabbit anti-Sox2 
Cell Signaling 
Technology 

Cat # 3579, AB_2195767 
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Mouse anti- α 
TUBULIN 

Sigma-Aldrich Cat # T9026, AB_477593 

   

Secondary Antibodies -HRP conjugated (Western Blotting) 

Peroxidase AffiniPure 
Donkey Anti-Rabbit 
IgG (H+L) 

Jackson 
ImmunoResearch 
Inc 

Cat # 711-035-152, AB_10015282 

Peroxidase AffiniPure 
Donkey Anti-Mouse 
IgG (H+L) 

Jackson 
ImmunoResearch 
Inc 

Cat # 715-035-151, AB_2340771 

   

Chemicals, Peptide, and Recombinant Proteins 

Y-27632 Rho/Rock 
pathway inhibitor 

STEMCELL 
Technologies 

Cat # 72307 

Dorsomorphin Millipore Sigma Cat # P5499 

SB431542 REPROCELL Cat # 04-0010-10 

Etoposide Millipore Sigma Cat # E1383 

Carbonyl cyanide 3-
chlorophenylhydrazon
e (CCCP) 

Sigma Aldrich Cat # C2759 

Nocodazole Sigma Aldrich Cat # M1404 

Neocarzinostatin Sigma Aldrich Cat # 9162 

 

Critical Commercial Assays and Kits 

PluriTest Assay 
Thermo Fisher 
Scientific 

Cat# A38154 

KaryoStat Assay 
Thermo Fisher 
Scientific 

Cat# A38153 

Mitochondrial DNA 
sequencing 

Girihlet  

Whole Exome 
sequencing 

Genewiz LLC  

CytoTune iPS 2.0 
Sendai 
Reprogramming Kit 

Thermo Fisher 
Scientific 

Cat # A16517 

STEMdiff Trilineage 
Differentiation Kit 

STEMCELL 
Technologies 

Cat# 05230 
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STEMdiff™ SMADi 
Neural Induction 
medium  

STEMCELL 
Technologies 

Cat# 08581 

NeuroCult™ media 
STEMCELL 
Technologies 

Cat # 05752 

Astrocyte medium ScienCell Cat # 1801 

STEMdiff™ Cerebral 
Organoid Kit 

STEMCELL 
Technologies 

Cat # 08570 

STEMdiff™ Cerebral 
Organoid Maturation 
Kit 

STEMCELL 
Technologies 

Cat # 08571 

Seahorse Cell Mito 
Stress Test 

Agilent Cat # 103015-100 

Seahorse XF DMEM 
medium pH 7.4 

Agilent 
Cat#103575-100 

Seahorse XF 1.0 M 
glucose solution 

Agilent 
Cat#103577-100 

Seahorse XF 100mM 
pyruvate solution 

Agilent 
Cat#103578-100 

Seahorse XF 200 mM 
glutamine solution 

Agilent 
Cat#103579-100 

Seahorse XF calibrant Agilent Cat#100840-000 

Seahorse XF96 V3 PS 
cell culture 
microplates 

Agilent 
Cat#101085-004 

CellTiter Blue Viability 
Assay 

Promega Cat # G8081 

   

Deposited Data 

Raw and analyzed 
sequencing data 

Done by Creative 
Solutions (J.P.C, 
Vanderbilt 
University 

https://www.ncbi.nlm.nih.gov/sra/PRJNA626388 

https://vandydata.github.io/Romero-Morales-Gama-
Leigh-Syndrome-WES/ 

 

Experimental Models: Cell Lines 

AG16409 control 
fibroblasts – analyzed 
for contamination 

Coriell Institute 

https://www.coriell.org/0/Sections/Search/Sample_D
etail.aspx?Ref=AG16409&Product=CC 

 

https://www.ncbi.nlm.nih.gov/sra/PRJNA626388
https://vandydata.github.io/Romero-Morales-Gama-Leigh-Syndrome-WES/
https://vandydata.github.io/Romero-Morales-Gama-Leigh-Syndrome-WES/
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=AG16409&Product=CC
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=AG16409&Product=CC
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GM13411 (MT-
ATP6/PDH) fibroblasts 
– analyzed for 
contamination 

Coriell Institute 

https://www.coriell.org/0/Sections/Search/Sample_D
etail.aspx?Ref=GM13411&Product=CC 

 

GM03672 (PDH 
Mutant) fibroblasts – 
analyzed for 
contamination 

Coriell Institute 

https://www.coriell.org/0/Sections/Search/Sample_D
etail.aspx?Ref=GM03672&Product=CC 

 

GM01503 (DLD 
Mutant) fibroblasts – 
analyzed for 
contamination 

Coriell Institute 
https://www.coriell.org/0/Sections/Search/Sample_D
etail.aspx?Ref=GM01503&Product=CC 

   

Sequence-Based Reagents 

Primers for Trilineage assay 

POU5F1 
Integrated DNA 
Technologies 

Forward GGGCTCTCCCATGCATTCAAAC 

Reverse CACCTTCCCTCCAACCAGTTGC 

Nanog 
Integrated DNA 
Technologies 

Forward TGGGATTTACAGGCGTGAGCCAC 

Reverse AAGCAAAGCCTCCCAATCCCAAAC 

GAPDH 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 378404907c2 

Forward ACAACTTTGGTATCGTGGAAGG 

Reverse GCCATCACGCCACAGTTTC 

GPI 
Integrated DNA 
Technologies 

Forward GTGTACCTTCTAGTCCCGCC 

Reverse GGTCAAGCTGAAGTGGTTGAAGC 

Gata3 
Integrated DNA 
Technologies 

Forward TGGAGGAGGAATGCCAATGGG 

Reverse GCCGGGTTAAACGAGCTGTTCTTG 

Nestin 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 38176299c1 

Forward CTGCTACCCTTGAGACACCTG 

Reverse GGGCTCTGATCTCTGCATCTAC 

Pax6 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 189083679c1 

Forward TGGGCAGGTATTACGAGACTG 

Reverse ACTCCCGCTTATACTGGGCTA 

CDX2 
Integrated DNA 
Technologies 

Forward CTGGAGCTGGAGAAGGAGTTTCAC 

Reverse GACACTTCTCAGAGGACCTGGCTG 

SOX17 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID:145275218c1 

Forward GTGGACCGCACGGAATTTG 

Reverse GGAGATTCACACCGGAGTCA 

https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM13411&Product=CC
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM13411&Product=CC
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM03672&Product=CC
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM03672&Product=CC
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM01503&Product=CC
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM01503&Product=CC
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TBXT 
Integrated DNA 
Technologies 

Forward ACAATGCCAGCCCACCTACCAG 

Reverse CGTACTGGCTGTCCACGATGTCTG 

NCAM 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID:316659209c1 

Forward GGGGTTGCTTGTCAGTAGC 

Reverse TTCAGGTTCACCAATCGCTGT 

   

Primers for Multipotency  

S100B 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 114520588c1 

Forward TGGCCCTCATCGACGTTTTC 

Reverse ATGTTCAAAGAACTCGTGGCA 

GFAP 
Integrated DNA 
Technologies 

Reference: (Marton et al., 2019) 

Forward GGCAAAAGCACCAAAGACGG 

Reverse GGCGGCGTTCCATTTACAAT 

O4 (FOXO4) 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 283436081c1 

Forward GGCTGCCGCGATCATAGAC 

Reverse GGCTGGTTAGCGATCTCTGG 

OLIG2 
Integrated DNA 
Technologies 

Reference: (Marton et al., 2019) 

Forward AAGGCAGTTGCTGTGGAAAC 

Reverse GCAAACAGCTTAGCATTGCG 

TUBB3 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 308235961c1 

Forward GGCCAAGGGTCACTACACG 

Reverse GCAGTCGCAGTTTTCACACTC 

MAP2 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 87578393c1 

Forward CTCAGCACCGCTAACAGAGG 

Reverse CATTGGCGCTTCGGACAAG 

   

Primers for Brain Organoids  

Reelin 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 223718142c2 

Forward ACATCTACAAGTGTTCAGGCATC 

Reverse TGGTTACCAAACTGGTGGTCA 

HOPX 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 21311737a1 

Forward GAGACCCAGGGTAGTGATTTGA 

Reverse AAAAGTAATCGAAAGCCAAGCAC 

CTIP2 (BCL11B) 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 12597634c2 

Forward TCCAGCTACATTTGCACAACA 

Reverse GCTCCAGGTAGATGCGGAAG 
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TBR2 (EOMES) 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 22538469c2 

Forward GTGCCCACGTCTACCTGTG 

Reverse CCTGCCCTGTTTCGTAATGAT 

TBR1 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 22547231c1 

Forward GCAGCAGCTACCCACATTCA 

Reverse AGGTTGTCAGTGGTCGAGATA 

SOX2 
Integrated DNA 
Technologies 

Forward CCATGCAGGTTGACACCGTTG 

Reverse TCGGCAGACTGATTCAAATAATACAG 

SATB2 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 289547595c2 

Forward GACAGTGGCCGACATGCTAC 

Reverse AGGCAAGTCTTCCAACTTTGAA 

BRN2 (POU3F2) 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 380254475c1 

Forward CGGCGGATCAAACTGGGATTT 

Reverse TTGCGCTGCGATCTTGTCTAT 

CUX1 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 321400113c1 

Forward GAAGAACCAAGCCGAAACCAT 

Reverse AGGCTCTGAACCTTATGCTCA 

Vimentin 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 240849334c2 

Forward AGTCCACTGAGTACCGGAGAC 

Reverse CATTTCACGCATCTGGCGTTC 

SOX9 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 182765453c1 

Forward AGCGAACGCACATCAAGAC 

Reverse CTGTAGGCGATCTGTTGGGG 

ALDH1L1 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 21614512c3 

Forward TCCAGACCTTCCGCTACTTTG 

Reverse CAGGGGATAGTTCCAGGGGAT 

 

Housekeeping 
primers  

  

GAPDH 
Integrated DNA 
Technologies 

Harvard Primer Bank, ID: 378404907c2 

Forward ACAACTTTGGTATCGTGGAAGG 

Reverse GCCATCACGCCACAGTTTC 

GPI (F1/R1) 
Integrated DNA 
Technologies 

Forward GTGTACCTTCTAGTCCCGCC 

Reverse GGTCAAGCTGAAGTGGTTGAAGC 

   

Software and Algorithms 
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Image Studio™ Lite LI-COR 
https://www.licor.com/bio/image-studio-
lite/download 

Fiji 
Schindelin et al., 
2012 

https://imagej.net/Fiji 

GraphPad Prism 
v8.1.2 

GraphPad 
https://www.graphpad.com/scientific-
software/prism/ 

NIS-Elements 
Nikon 
Instruments 

https://www.microscope.healthcare.nikon.com/produ
cts/software/nis-elements 

MetaboAnalyst 5.0 

(Chong and Xia, 
2018; Chong et 
al., 2018, 2019; 
Xia and Wishart, 
2010, 2011a, 
2011b; Xia et al., 
2009) 

https://www.metaboanalyst.ca/home.xhtml 

SnpSift 
(Cingolani et al., 
2012) 

http://snpeff.sourceforge.net/SnpSift.html  

R 3.5.3 R Foundation https://www.r-project.org/  

BioCircos (Cui et al., 2016) 
https://cran.r-
project.org/web/packages/BioCircos/index.html  

Seahorse Wave Agilent 
https://www.agilent.com/en/product/cell-
analysis/real-time-cell-metabolic-analysis/xf-
software/seahorse-wave-desktop-software-740897  

Other 

Mitotracker Red 
CMXRos 

Fisher Scientific Cat # M7512 

MatrigelTM Corning Cat # 354277 

Gentle dissociation 
solution 

STEMCELL 
Technologies 

Cat # 07174 

Seahorse XFe96 
Analyzer 

Agilent N/A 

AggrewellTM 800 24-
well plate 

STEMCELL 
Technologies 

Cat # 34815 

AggreWell™ Rinsing 
Solution 

STEMCELL 
Technologies 

Cat # 07010 

 

  

https://www.licor.com/bio/image-studio-lite/download
https://www.licor.com/bio/image-studio-lite/download
https://imagej.net/Fiji
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.metaboanalyst.ca/home.xhtml
http://snpeff.sourceforge.net/SnpSift.html
https://www.r-project.org/
https://cran.r-project.org/web/packages/BioCircos/index.html
https://cran.r-project.org/web/packages/BioCircos/index.html
https://www.agilent.com/en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897
https://www.agilent.com/en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897
https://www.agilent.com/en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897
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