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INTRODUCTION: MITOCHONDRIAL DYNAMICS IN HUMAN NEUROGENESIS

Adapted from:
Robertson GL, Bodnya C, & Gama V. (2024) DRP1 driven mitochondrial and peroxisomal dynamics in the developing brain. In press at the International Journal of Biochemistry and Cell Biology.
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The human brain is unique in its cellular diversity, intricate cytoarchitecture, function, and complex metabolic and bioenergetic demands, for which mitochondria and peroxisomes are essential. Beyond providing energy in the form of ATP, mitochondria and peroxisomes are multifunctional organelles that coordinate various signaling pathways central to neurogenesis. The dynamic interplay of mitochondrial fission and fusion has been linked to the regulation of bioenergetic and metabolic states that direct cell fate decisions (Iwata, Casimir, and Vanderhaeghen 2020; Khacho, Clark, Svoboda, Harper, et al. 2016; King et al. 2021; Prigione and Adjaye 2011; Vantaggiato et al. 2019; Iwata et al. 2023; Rosenberg et al. 2023). The connection between alterations in peroxisomal morphology and cellular differentiation remains less clear. Here, we provide an overview of the functional and regulatory aspects of the mitochondrial and peroxisomal fission machineries and provide insight into the current mechanistic understanding by which mitochondrial and peroxisomal fission influence neurogenesis. 

[bookmark: _Toc155296102]Molecular events involved in mitochondrial and peroxisomal fission.

Mitochondrial fission. Mitochondrial fission enables cells to perceive and respond to external stimuli and is coordinated by a complex series of events (Fonseca et al. 2019; Smirnova et al. 2001) beginning with endoplasmic reticulum (ER) contact and replication of the mitochondrial genome (Friedman et al. 2011; Lewis, Uchiyama, and Nunnari 2016). Following this initial trigger, actin filaments, which are associated with the ER membrane, pre-constrict the mitochondrial membrane to facilitate DRP1 (dynamin-related protein 1) oligomeric ring formation and constriction (Chakrabarti et al. 2018; Hatch et al. 2016; Ji et al. 2017; S. Li et al. 2015; Ji et al. 2015). Adaptor proteins in the outer mitochondrial membrane, including MiD49 (mitochondrial dynamics protein 49), MiD51 (mitochondrial dynamics protein 51), and MFF (mitochondrial fission factor) (Osellame et al. 2016; Palmer et al. 2013; Losó n et al. 2013) also regulate fission. These adaptors are critical for mitochondrial fission, as the absence of adaptors closely mimics the absence of the main fission executer, DRP1, and adaptor interactions distinctively modulate the self-assembly and the catalytic functions of DRP1 (Kamerkar et al. 2018; Kraus et al. 2021).  After recruitment to the outer mitochondrial membrane, DRP1 forms helical oligomers around the mitochondria and hydrolyzes GTP to GDP, triggering a confirmational change in the ring that induces membrane constriction and severing (Chang and Blackstone 2007; Fröhlich et al. 2013; Nagashima et al. 2020). Although other dynamin related proteins have been implicated in mitochondrial fission, only DRP1 is essential for mitochondrial fission. Without functional DRP1, fission cannot be completed, and the mitochondrial network becomes severely hyperfused (Ryan et al. 2018; Whitley et al. 2018; G.L. Robertson et al. 2023). 
Peroxisomal fission. In addition to its central role in mitochondrial fission, DRP1 also mediates peroxisomal fission (A. Koch et al. 2003).  Peroxisomes are highly specialized organelles vital for the -oxidation of very-long-chain fatty acids and branched-chain fatty acids; detoxification of reactive oxygen species (ROS); and production of cholesterol, bile acids, and plasmalogens, which contribute to the phospholipid content in the brain white matter (Ding et al. 2021; Ferreira et al. 2021; Lodhi and Semenkovich 2014; Ravi et al. 2021; Schrader, Kamoshita, and Islinger 2020; Sugiura et al. 2017). Peroxisomal fission begins when the amphipathic helix on the N-terminus of the peroxisome biogenesis factor 11 protein (PEX11) deforms the peroxisomal membrane, resulting in peroxisomal membrane elongation (Opaliński et al. 2011; Su et al. 2018). This first step of peroxisomal fission also prepares the peroxisome for constriction via mechanisms that are poorly understood (Delille et al. 2010). PEX11 then interacts with downstream components of the peroxisomal fission machinery, including the adaptors mitochondrial fission protein 1 (FIS1) and MFF. DRP1 is then recruited to points of fission where it performs final membrane scission in a GTP-dependent manner (Rottensteiner et al. 2003; Hettema and Motley 2009; Schrader and Gould 2005; Schrader et al. 1998).

[bookmark: _Toc155296103]Causal effects of mitochondrial and peroxisomal fission on neurogenesis.

Introduction to early cortical development. Both the murine and human cortex develop in an inside-out manner. Specialized neural stem cells, known as radial glia, line the ventricular zone, the innermost region surrounding the ventricle, and migrate outwards as they differentiate into more committed progenitors and, ultimately, cortical neurons (Noctor et al. 2004; Miyata et al. 2004; Nadarajah et al. 2001; Hansen et al. 2010). These neural stem cells are frequently marked by expression of the transcription factor SRY-box 2 (Sox2), which is critical for cortex development (Zappone et al. 2000; Ferri et al. 2013; Avilion et al. 2003). Neural stem cells give rise to other more committed progenitor cells such as intermediate progenitors, neurons, and glia (Noctor et al. 2004; Miyata et al. 2004; Martínez-Cerdeño, Noctor, and Kriegstein 2006; Stancik et al. 2010). Importantly, the expansion of the neural stem cell pool is critical to the overall size and cell number of the human cortex (Sansom et al. 2009; Herculano-Houzel 2009). While intermediate progenitor cells, typically marked by expression of T-box brain protein 2 (Tbr2), are known as the transit amplifying cells of the cortex due to their limited number of mitoses and differentiation capacity (Martínez-Cerdeño, Noctor, and Kriegstein 2006; Englund et al. 2005). Overall, proper proliferation, expansion, and differentiation of neural progenitors in the developing brain is critical for cortex formation (Haubensak et al. 2004; Sansom et al. 2009; Lancaster et al. 2013). 
Mitochondrial morphology in the developing neocortex. Mitochondrial morphology is a pivotal determinant during brain development and neural differentiation. A link between mitochondrial morphology and neural cell fate was initially suggested, as Sox2+ neural stem cells have an elongated mitochondrial morphology, while more committed Tbr2+ intermediate progenitor cells have more fragmented mitochondria (Khacho, Clark, Svoboda, Harper, et al. 2016) (Figure 1-1). Disrupting mitochondrial fusion by optic atrophy 1 (Opa1) downregulation led to fewer Sox2+ cells and more neuronal Dcx+ cells, suggesting a shift of identity from neural stem cells to early born neurons. Loss of mitofusins 1 and 2 (Mfn1/2) in adult mice led to a depletion of the neural stem cell pool, impaired neurogenesis, and mild cognitive defects. Sox2+ neural stem cells are highly glycolytic, while Tbr2+ committed progenitor cells and post-mitotic neurons rely mainly on oxidative phosphorylation for energy production. Therefore, mitochondrial morphology is associated with the metabolic signature of the cell, and both drive neurodevelopment. 
To further explore potential links between mitochondrial morphology and cell fate, nuclear photoconversion for lineage tracking in the mouse cortex was used to examine the fate of individual Pax6+ neural progenitors (Iwata, Casimir, and Vanderhaeghen 2020). These Pax6+ progenitors in the developing cortex have an elongated mitochondrial network but undergo fragmentation during cell division. Following cell division, the mitochondria in the daughter cells either remain fragmented, and the cells differentiate into neurons, or elongate and the cells maintain a neural progenitor cell identity (Figure 1-1). When mitochondrial fission was inhibited using either mitochondrial division inhibitor (mdivi-1) or knockdown of Drp1, an overabundance of Sox2+ and Tbr2+ progenitors and fewer NeuroD2+ neurons was observed, indicating that mitochondrial dynamics regulate neurogenesis. The same  critical post-mitotic event was identified in human induced pluripotent stem cell (iPSC)-derived neural cells (Iwata, Casimir, and Vanderhaeghen 2020). 
Changes in mitochondrial morphology have been linked to mitochondrial metabolism shifts and have been shown to regulate the tempo of neuronal development. Compared to early-born mouse neurons, developing human neurons have fragmented mitochondria and a low mitochondrial content. Human mitochondrial maturation, in terms of both size and function, takes significantly longer than in mice and correlates with the delay in neuronal maturation (electrical excitability, synapse formation, and arborization). Further, when the tricarboxylic acid (TCA) cycle and oxidative activity in mitochondria are stimulated in human neurons, the neurons mature faster (Iwata et al. 2023). In neural progenitor cells, the level of fatty acid oxidation influences the balance of quiescence and proliferation. Quiescent progenitor cells are more reliant on fatty acid oxidation and express high levels of key proteins in the pathway. However, these proteins are downregulated in proliferating neural progenitors (Knobloch et al. 2017). Further, the metabolic state of newborn neurons can influence their development and maturation. When newborn neurons are pushed to more active oxidative phosphorylation and fatty acid oxidation, the neurons accelerate morphology maturation, electrical excitability, and synapse formation (Iwata et al. 2023). Thus, mitochondrial signaling is not a passive bystander in the developing brain but rather a driver of central events required for neurogenesis. 
Mitochondrial biogenesis is essential for generating new mitochondria for daughter cells during mitosis and involves mtDNA replication, mitochondrial elongation, and finally, fission of the new daughter mitochondria. In parallel, mitophagy, the clearance of old and damaged mitochondria, is also tightly linked with these mitochondrial fission events. The PINK1/Parkin pathway for mitophagy relies on DRP1-mediated fission to fragment damaged mitochondria so they can fuse to the lysosome for degradation. In neural cells, the machinery for mitophagy has been shown to be trafficked down the axon to occur locally near synapses (Zheng et al. 2019; Ashrafi et al. 2014). Dysfunction of this pathway is associated with Parkinson’s Disease, indicating that neurons are especially intolerant to mitochondrial dysfunction (Gandhi et al. 2009; Hatano et al. 2004; Kitada et al. 1998). Neurons have long axons and dendrites, presenting a unique challenge for mitochondrial trafficking. In most cell types, mitochondria are trafficked along microtubules and dispersed throughout the cell. In neurons, mitochondrial fission is essential for maintaining a pool of fragmented mitochondria that can be easily trafficked by motor proteins for long distances to localize to pre- and post-synaptic regions. 
Peroxisomal morphology in the developing brain. Although research on how the multifunctional nature of mitochondria impacts neurodevelopment is expanding, peroxisomes have been largely ignored in these studies. In many cases, perturbation of DRP1 is used to alter mitochondrial dynamics, but the contribution of peroxisomal fission loss and of the potential dysregulation of peroxisomal metabolic signaling to the cellular phenotypes is not explored. The overlap and relationship between mitochondrial and peroxisomal dynamics driven by DRP1 makes dissecting the individual contribution of these organelles difficult. However, as the understanding of peroxisomal dynamics and function grows, new avenues to study these organelles independently will emerge. 
In addition to mitochondria, peroxisomes are also critical for helping to meet metabolic demands during neurogenesis. In fact, peroxisomal abundance and distribution are modulated throughout brain development in the rat brain, with more peroxisomes in several regions of the newborn versus the adult brain (Berger et al. 2016b; Arnold and Holtzman 1978). Peroxisome number also varies depending on neural subtype, as seen with mitochondria, with the most peroxisomes observed in oligodendrocytes, where peroxisomal functions in plasmalogen synthesis are key for myelination (Arnold and Holtzman 1978). Peroxisomal biogenesis involves the formation of peroxisomal membranes, the import of matrix proteins, and proliferation (Eckert and Erdmann 2003); it is mediated by a family of 31 known peroxisomal membrane proteins known as peroxins (PEXs) (Distel et al. 1996; Subramani, Koller, and Snyder 2000; Fujiki et al. 2006; Weller, Gould, and Valle 2003). Peroxisomes have also been shown to arise de novo after budding, followed by fusion and maturation of pre-peroxisomal vesicles from the mitochondria and ER (Sugiura et al. 2017). Given the dynamic nature of peroxisomal morphology and the relationship between mitochondrial morphology and cell fate decisions during human neurodevelopment, peroxisomal morphology may similarly and synergistically regulate neural cell fate decisions during brain development, though this has yet to be explored in depth. 

[bookmark: _Toc155296104]Neurological dysfunction and diseases associated with defective mitochondrial and peroxisomal fission.

In mouse models, global Drp1 knockout is embryonic lethal by embryonic day 11.5. Mouse embryonic fibroblasts (MEFs) isolated from Drp1-null mice have elongated mitochondria and peroxisomes but do not show a defect in ATP production. However, developmental apoptosis during neural tube closure is stunted in Drp1-null embryos. When DRP1 is specifically knocked out in the cerebellum, the cerebellum has a completely smooth surface and is significantly reduced in size. Neural-specific knockout of Drp1 in mice leads to reduced forebrain size, expanded ventricles, and less dendritic branching and synaptic connection (Ishihara et al. 2009; Wakabayashi et al. 2009). These phenotypes in mice point to a crucial role for mitochondrial and peroxisomal fission in brain development. Although there are no reports of homozygous loss of function DRP1 mutations in humans, patients with de novo mutations in DNM1L (dynamin 1-like), have been identified (Chao et al. 2016; Fahrner et al. 2016; Keller et al. 2021; Xingmiao Liu et al. 2021; F. Longo et al. 2020a; Nasca et al. 2016; Nolan et al. 2019; Ryan et al. 2018; Sheffer et al. 2016; Vandeleur et al. 2019; Waterham et al. 2007a; G. Yoon et al. 2016a). Mutations in DNM1L cause the neurodevelopmental disorder known as encephalopathy due to defective mitochondrial and peroxisomal fission-1 (EMPF1) (OMIM 614388). Heterozygous missense mutations have been reported throughout all domains of DRP1, including the GTPase and stalk domains. EMPF1 patients typically present with developmental delay and/or failure to thrive early in infancy. Specific symptoms include hypotonia, ataxia, optic atrophy, nystagmus, cognitive impairment, microcephaly, and seizures. Studies examining patient fibroblasts show highly elongated mitochondrial and peroxisomal networks, as well as dysregulated mitochondrial and cellular metabolism (G.L. Robertson et al. 2023; Xingmiao Liu et al. 2021; Whitley et al. 2018a). There is no effective treatment or cure for this devastating disease, and the life expectancy for most patients is childhood to early adolescence (Xingmiao Liu et al. 2021). 
Dysfunction in peroxisomal proteins results in a family of diseases known as peroxisomal biogenesis disorders (PDBs). Mutations in any one of 13 peroxisomal biogenesis proteins results in a family of autosomal recessive diseases known as Zellweger spectrum disorders, which include Zellweger syndrome, neonatal adrenoleukodystrophy, and infantile Refsum disease. These diseases are characterized by defects in peroxisomal protein import and result in widespread metabolic dysfunction, such as accumulation of very-long-chain fatty acids. Disease phenotypes include neurological and hepatobiliary dysfunction, including neural migration defects, seizures, and renal cysts (Yergeau et al. 2020). Patients with novel mutations in the PEX11 gene have been identified (Malekzadeh, Shakiba, and Yasaei 2021; Taylor, Handley, Waller, Campbell, Urquhart, Meynert, Ellingford, Donnelly, Wilcox, Chris Lloyd, et al. 2017; Ebberink et al. 2012), extending the peroxisomal biogenesis disorder phenotype. These patients present with a range of phenotypes, including congenital cataracts, seizures, and developmental delay. Identified patients with PEX11 mutations present with no or mild metabolic alterations, despite the mutation still resulting in disease pathophysiology. Because PEX11 is involved in not only modulating peroxisomal number, but also morphology, due to its critical role in the peroxisomal fission pathway, further studying PEX11, as well as modeling PEX11 patient mutations, can provide critical insight into potential links between peroxisomal organelle morphology and cell fate during early human neurodevelopment. 
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[bookmark: _Toc155297055]Figure 1-1: Mitochondrial morphology is cell-type dependent in the developing cortex and may drive cellular differentiation. 
Graphical representation of cellular heterogeneity and organization in the developing cortex. Table includes overall mitochondrial morphology as reported in the literature and the developmental timepoint that was examined.
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[bookmark: _Toc155047393][bookmark: _Toc155296107]DRP1 mutations associated with EMPF1 encephalopathy alter mitochondrial membrane potential and metabolic programs.

Adapted with permission from:
Robertson GL, Riffle SN, Patel M, Bodnya C, Marshall A, Beasley HK, Garza Lopez E, Shao J, Vue Z, Hinton AJ, Stoll MS, de Wet S, Theart RP, Chakrabarty RP, Loos B, Chandel NS, Mears JA, & Gama V. (2023) DRP1 mutations associated with EMPF1 encephalopathy alter mitochondrial membrane potential and metabolic programs. Journal of Cell Science. doi: 10.1242/jcs.260370.
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Mitochondria and peroxisomes are dynamic signaling organelles that constantly undergo fission, driven by the large GTPase DRP1 (dynamin-related protein 1). Patients with de novo heterozygous missense mutations in DNM1L (Dynamin 1 Like) (gene encoding DRP1), present with encephalopathy due to defective mitochondrial and peroxisomal fission (EMPF1) – a devastating neurodevelopmental disease with no effective treatment. To interrogate the mechanisms by which DRP1 mutations cause cellular dysfunction, we used human-derived fibroblasts from patients who present with EMPF1. In addition to elongated mitochondrial morphology and lack of fission, patient cells display lower coupling efficiency, increased proton leak, and upregulation of glycolysis. Mitochondrial hyperfusion also results in aberrant cristae structure and hyperpolarized mitochondrial membrane potential. Peroxisome morphology is severely elongated in patient cells and is associated with reduced respiration when cells are reliant on fatty acid oxidation. Metabolomic analyses revealed impaired methionine cycle and synthesis of pyrimidine nucleotides. Our study provides insight into the role of mitochondrial dynamics in cristae maintenance and the metabolic capacity of the cell, as well as the disease mechanism underlying EMPF1.
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Mitochondrial dynamics are controlled and executed by a vast group of proteins and other organelles. The underlying morphology of the mitochondria is an important determinant for the ability of this organelle to regulate a variety of cellular processes, such as apoptosis, cell fate, lipid biosynthesis, and epigenetic modifications (Vantaggiato et al. 2019; Khacho, Clark, Svoboda, Azzi, et al. 2016a; Iwata, Casimir, and Vanderhaeghen 2020; Bayraktar et al. 2019; King et al. 2021; Prigione and Adjaye 2011; Rasmussen et al. 2020). Mitochondrial fusion is primarily catalyzed by the large GTPases Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2) at the outer mitochondrial membrane (Chen et al. 2003). The GTPase OPA1 (Optic Atrophy 1) is responsible for executing fusion of the inner mitochondrial membrane (Delettre et al. 2000; Alexander et al. 2000). Mitochondrial fission, mediated through the large GTPase DRP1 (Dynamin-related protein 1), is orchestrated by a complex sequence of events (Smirnova et al. 2001; Fonseca et al. 2019). The first steps of mitochondrial fission include contact with the endoplasmic reticulum (ER) and replication of the mitochondrial genome (Lewis, Uchiyama, and Nunnari 2016; Friedman et al. 2011). This is followed by contact and pre-constriction by actin filaments, which are associated with the ER membrane (S. Li et al. 2015; Ji et al. 2015; 2017; Chakrabarti et al. 2018; Hatch et al. 2016; Hatch, Gurel, and Higgs 2014). Fission is also regulated through adaptor proteins at the outer mitochondrial membrane, including MiD49 (Mitochondrial Dynamics Protein 49), MiD51 (Mitochondrial Dynamics Protein 51), MFF (Mitochondrial Fission Factor), and FIS1 (Fission, Mitochondrial 1); however, their distinct roles in fission are not completely understood (Losón et al., 2013; Osellame et al., 2016; Palmer et al., 2013). After associating with adaptor proteins, DRP1 forms a multimeric ring around the mitochondria and hydrolyzes GTP to GDP, causing a conformational change in the ring that executes fission (Chang and Blackstone 2007; Fröhlich et al. 2013; Nagashima et al. 2020b). DRP1 is essential for mitochondrial fission; without functional DRP1, the mitochondrial network becomes hyperfused. In addition to the effects on mitochondrial morphology, DRP1 also mediates the fission of peroxisomes (Koch et al., 2003; Li and Gould, 2002). Peroxisomes are highly specialized organelles vital for the -oxidation of very-long-chain fatty acids; detoxification of reactive oxygen species (ROS); and production of cholesterol, bile acids, and plasmalogens, which contribute to the phospholipid content in the brain white matter (Schrader, Kamoshita, and Islinger 2020; Ravi et al. 2021; Ding et al. 2021; Lodhi and Semenkovich 2014; Ferreira et al. 2021; Chandel 2021; Sugiura et al. 2017). The adaptor proteins MFF and FIS1 are also involved in DRP1 recruitment to sites of peroxisome fission (Gandre-Babbe and Van Der Bliek 2008; Itoyama et al. 2013b; J. Koch and Brocard 2012a). The contacts between mitochondria and peroxisomes are essential for linking peroxisomal β-oxidation and mitochondrial ATP generation by the electron transport chain (ETC), maintenance of redox homeostasis, and lipid transfer (Fransen, Lismont, and Walton 2017; Fan et al. 2016; Chandel 2021). Thus, peroxisomal and mitochondrial metabolic activities are functionally interconnected. Consistent with this, peroxisomal disorders caused by mutations in genes involved in the biogenesis and function of peroxisomes, are often associated with mitochondrial dysfunction (Tanaka et al. 2019). This communication between mitochondria and peroxisomes may be particularly important during brain development and metabolic stress. However, the molecular mechanisms that facilitate this communication are still poorly understood.
In mouse models, global DRP1 knockout is embryonic lethal (Wakabayashi et al. 2009; Ishihara et al. 2009). With the advent of exome sequencing, patients with de novo mutations in the gene that encodes DRP1, DNM1L (Dynamin 1 Like), have been identified (Waterham et al. 2007b; Chao et al. 2016; Fahrner et al. 2016b; Sheffer et al. 2016; Ryan et al. 2018; Xingmiao Liu et al. 2021; Nasca et al. 2016; Vandeleur et al. 2019; Nolan et al. 2019; Keller et al. 2021b; F. Longo et al. 2020b; G. Yoon et al. 2016b). The disease associated with mutations in DNM1L is known EMPF1 (OMIM 614388). Most reported mutations are heterozygous missense mutations. Patients present with heterogeneous symptoms, including neurodevelopmental delay, seizures, muscle abnormalities, and ataxia. Patient fibroblasts show hyperfused mitochondrial networks and elevated lactate levels, suggesting an impairment in oxidative phosphorylation (Liu et al., 2021; Whitley et al., 2018). Currently, there is no effective treatment or cure for patients affected by DRP1 mutations. The life expectancy for most patients with DRP1 mutations is childhood to early adolescence (Ryan et al. 2018). Although other proteins and organelles are involved in fission, DRP1 is indispensable for mitochondrial fission (Smirnova et al. 2001; Kamerkar et al. 2018a; Fonseca et al. 2019; Nagashima et al. 2020b; Csordás et al. 2006; S. Li et al. 2015), yet the cellular consequences of DRP1 dysfunction are poorly understood. In this study, we aimed to characterize the effects of two DRP1 mutations identified in patients with EMPF1—the G32A mutation, which lies in the catalytic GTPase domain of DRP1, and the R403C mutation, which lies in the stalk domain (Fröhlich et al. 2013) (Figure 2-1A)—on mitochondrial network morphology, cristae ultrastructure, and related metabolic adaptations, to gain fundamental insight into the cellular adaptations to dysfunctional organelle fission and the pathophysiology of EMPF1. 
Here, we resolve and quantify mitochondrial and peroxisomal morphological features associated with EMPF1-associated mutations and reveal their impact on cellular metabolism to put into perspective previously described clinical findings (Ryan et al. 2018; Fahrner et al. 2016b; Xingmiao Liu et al. 2021). We found that the inability of DRP1 to fragment the mitochondria in patient-derived fibroblasts not only leads to the hyperfusion phenotype previously described but also to delayed cell death in response to apoptotic signals, aberrant mitochondrial cristae structure, and hyperpolarized mitochondrial membrane potential. Metabolically, the changes in mitochondrial and peroxisomal morphology result in inefficiency of ETC coupling oxygen consumption with ATP production, upregulation of glycolysis, and overall metabolic reprogramming. Altogether, these data indicate that mitochondrial and peroxisomal fission influence the structure of the inner mitochondrial membrane, the polarization of the mitochondrial membrane, and the metabolic state of the cell.

[bookmark: _Toc155296110]Results

DRP1 variants found in patients have dominant negative effects that alter the expression of critical proteins at the mitochondria.
Light microscopy studies identified profound alterations of mitochondrial fission in cells from patients with DRP1 mutations (Ryan et al., 2018; Whitley et al., 2018). These studies highlight the clinical relevance of mitochondrial fission in neural development. We quantified the morphology of the mitochondria in patient-derived primary fibroblasts at super resolution level using structured illumination microscopy (SIM). Both patient fibroblast lines showed increased mitochondrial volume, surface area, and major axis length, consistent with a hyperfused mitochondrial morphology, as reported for DRP1 null cells (Smirnova et al. 2001; Kamerkar et al. 2018a; Fonseca et al. 2019) (Figure 2-1B-C). Live-cell imaging of mitochondria stained with MitoTracker confirmed that mitochondrial fission events are rare in patient cells compared to control fibroblasts (Supplementary Figure 2-1A). High resolution three-dimensional (3D) images of control and patient fibroblasts were obtained using serial block facing-scanning electron microscopy (SBF-SEM) (Garza-Lopez et al. 2021). Manual segmentation and stack reconstruction of the mitochondrial networks validated the increased length and volume of the mitochondrial networks, as well as increased mitochondrial complexity index (MCI) in patient fibroblasts (Figure 2-1D-E). MCI is a quantitative measurement of network complexity, which considers both volume and surface area of the mitochondria (MCI = SA3 / 16π2V2) (Vincent et al. 2019; Faitg et al. 2021). Both DRP1 mutations result in significant alterations of the mitochondrial network with G32A fibroblasts showing slightly more severe elongation than R403C (Figure 2-1E and Supplementary Figure 2-1B).
Both DRP1 mutations are found to be heterozygous in patients, suggesting a dominant effect that can interfere with the ability of wild-type DRP1 to fragment the mitochondria. To test this, we generated mCherry-tagged constructs containing the patient derived mutations and expressed them in human fibroblasts homozygous for endogenous wild-type DRP1. Overexpression of mCherry-DRP1-G32A and mCherry-DRP1-R403C by transient transfection in wild-type fibroblasts demonstrated that, as previously described (Montecinos-Franjola et al., 2020, Fahrner et al., 2016; Ryan et al., 2018; Whitley et al., 2018), the mitochondrial hyperfusion seen in patient cells is not due to the genetic background and that these mutations act in a dominant negative manner (Figure 2-1F-G). Both DRP1 mutations significantly impaired DRP1 function in human fibroblasts
Hyperfusion of the mitochondrial membrane due to sequestration and inactivation of DRP1 is thought to lead to unopposed fusion events that increase the severity of mitochondrial elongation (Palmer et al., 2013). We examined the effects of DRP1 mutations on the protein expression levels of other mitochondrial dynamics proteins. MFN1 was expressed at significant lower levels in both patient cells than in control cells (Figure 2-2A). However, this difference was not significant at the mRNA level (Supplementary Figure 2-1C). MFN2 expression both at the protein and mRNA level was significantly lower in R403 but not in G32A fibroblasts (Figure 2-2A and Supplementary Figure 2-1C). There was no significant difference in the expression of OPA1 (Figure 2-2A). Therefore, the lack of active fission appears to have an effect on the overall expression of Mitofusins at the outer mitochondrial membrane.  
Phosphorylation of DRP1 at Serine 616 has been proposed to be a critical determinant of DRP1 recruitment and activity (J. Koch and Brocard 2012a; Taguchi et al. 2007; Valera-Alberni et al. 2021). Whether mutations in DRP1 found in patients with EMPF1 affect the levels of phosphorylation at Serine 616 has not been explored. We examined DRP1 levels in patient-derived fibroblasts. Although there was no significant difference in total DRP1 expression, G32A patient cells expressed significantly less pS616-DRP1 than control cells (Figure 2-2B). Since G32A mutation impairs DRP1 phosphorylation to a greater extent than the R403C mutation, the GTPase domain of DRP1 may be structurally or functionally involved in DRP1 phosphorylation. We wondered whether the expression of one copy of mutant DRP1 in patient fibroblasts affected the recruitment of endogenous pS616-DRP1 to the mitochondria. To test this, we quantified the recruitment of phosphorylated DRP1 to the outer mitochondrial membrane using super-resolution microscopy. On average, there was no significant difference in the recruitment of pS616-DRP1 to the mitochondria in patient cells and control cells (Figure 2-2C-D). In all cell lines, pS616-DRP1 was found in close contact to the mitochondrial membrane. Since recruitment of phosphorylated DRP1 does not distinguish mutant DRP1 from WT DRP1, we performed live-cell imaging of overexpressed mCherry DRP1 WT, G32A, or R403C to examine the dynamics of the mutant forms of DRP1 as they are recruited to the outer mitochondrial membrane. While all forms of DRP1 are recruited to the mitochondria, the live-cell imaging experiments revealed an overall decrease in the time that the mutant forms of DRP1 spend at the mitochondrial membrane (Supplementary Figure 2-2). Since this defect of the mutant proteins was only detected in the live-cell imaging experiments, the possibility that this phenotype may only become evident under conditions of stress (phototoxicity during live cell imaging in this case), can’t be excluded. In the future, it would be informative to determine if the mutant dimers are recruited to the mitochondria and sequester the WT forms of the protein, explaining the dominant negative effects. Establishing the kinetics of association and dissociation of the mutant and WT forms of DRP1 in both homeostatic and stressed conditions could provide additional insight into the mechanism behind these phenotypes. These results point to generalized defects in the kinetics of mutant DRP1 that result in stalling of the fission events in patient fibroblasts. 
The onset of apoptosis is accompanied by mitochondrial remodeling, stable association of DRP1 to the mitochondrial membrane, and increased fragmentation of the mitochondrial membrane (Martinou and Youle 2006; Wasiak, Zunino, and McBride 2007). In DRP1-deficient cells, this remodeling of mitochondria is significantly reduced, and the onset of cell death is delayed (Y. J. Lee et al. 2004; Frank et al. 2001). To determine the effects of mitochondrial stress on mitochondrial fragmentation in patient fibroblasts, we quantified changes in mitochondrial fission in response to carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treatment. As previously shown using RNAi experiments in HeLa cells, patient fibroblasts showed reduced mitochondrial fragmentation induced by CCCP, compared with control cells (Figure 2-2E-F). Although some mitochondrial fragmentation may occur, mitochondrial volume and major axis length are significantly larger in CCCP-treated patient cells than in control cells. Upon apoptosis, BAX translocates to the mitochondria, and cytochrome c is released to the cytosol (Smaili et al. 2001); however, in DRP1-depleted cells BAX is recruited to the mitochondria and cytochrome c release is delayed. To examine apoptosis in these patient cells, we treated the cells with apoptosis-inducing drugs with different mechanisms of action, including DNA damage (etoposide), mitochondrial uncoupling (CCCP), and pan-kinase inhibition (staurosporine (STS)). Patient fibroblasts show higher cell survival when treated with CCCP and etoposide; as well as lower caspase-3 activity than control fibroblasts when treated with STS (Supplementary Figure 2-3A-B). Interestingly, basal levels of both BAX and BAK are significantly reduced in patient fibroblasts with DRP1 mutations (Supplementary Figure 2-3C). Levels of the anti-apoptotic protein MCL-1 were significantly reduced in G32A fibroblasts but not in R403C fibroblasts, while BCL-XL expression levels remained relatively constant in all cell lines. Thus, patient fibroblasts may display a compensatory adaptation to reduce the basal levels of BAX/BAK activation. Whether this reduction in the ability to undergo apoptosis in response to mitochondrial stress is a widespread phenomenon in all tissues of EMPF1 patients and/or whether apoptosis inhibition results in deleterious accumulation of mitochondrial and nuclear DNA encoded mutations remains unexplored. No significant alteration in the protein expression of DRP1 adaptors was detected (Supplementary Figure 2-3D).

Mitochondrial hyperfusion in DRP1 mutant fibroblasts leads to higher glycolytic rate and increased mitochondrial membrane potential. 
[bookmark: _Hlk80605626]Mitochondrial morphology is tightly linked to metabolic function (Wai and Langer 2016; Dorn 2015); thus, we assessed the effects of DRP1 patient mutations on cellular metabolism by measuring rates of glycolysis and oxidative phosphorylation (OxPhos) in cells using the sensitive high-throughput Seahorse XF Analyzer. The Seahorse analyzer measures extracellular oxygen consumption as a readout of OxPhos and extracellular acidification as a readout of glycolysis. Basal and maximal oxygen consumption was not significantly different in mutant cells compared to control, suggesting no major defects in ATP production (Figure 2-3A). However, proton leak was significantly higher in the G32A-patient cells, and coupling efficiency was significantly lower in both patient lines (Figure 2-3B). Therefore, although basal ATP production is not perturbed in the mutant cells, the ETC is not effectively coupling substrate oxidation and ATP synthesis. Extracellular acidification rate was significantly increased in both patient lines, consistent with an upregulation of glycolysis (Figure 2-3A), and the hyperlactacidemia observed in more than 50% of patients with DRP1 mutations (Xingmiao Liu et al. 2021). A glycolytic rate assay confirmed that both basal and compensatory glycolysis are higher in both patient lines (Figure 2-3C). Thus, although the cells can produce ATP, DRP1 mutations cause a defect in OxPhos efficiency and a slight metabolic dependency on glycolysis (Figure 2-3C and Supplementary Figure 2-4A).
Given the deficiency in OxPhos efficiency, we sought to dissect functional differences in individual ETC complexes in mitochondria when comparing control and mutant fibroblasts. Therefore, as a complement to our Seahorse analysis, we performed high-resolution respirometry using the Oxygraph-2k (O2k, Oroboros Instruments, Austria) to measure OxPhos within intact, permeabilized cells (Ye and Hoppel 2013). Oxygen consumption rates were measured in the presence of several selective substrates and inhibitors to measure the contributions of distinct ETC complexes. In protocol 1, the activity of complexes I, II, and IV is sequentially assessed and measured. First, intact cellular respiration (ICR) was determined to obtain a baseline rate prior to the addition of any substrates. Consistent with the Seahorse analyzer, the DRP1-mutant fibroblasts showed equivalent baseline OxPhos to control fibroblasts (Figure 2-3D). Then, substrates for complex I, malate, and pyruvate, were added (Figure 2-3E), and digitonin was added to permeabilize the cell membrane and allow malate and pyruvate to enter the cell for oxidation, which reveals the leak rate in the absence of ADP. In this assay, there was not a significant increase in proton leak between control and mutant fibroblasts when substrates were not limited (Figure 2-3F). 
Based on our results from Seahorse, where the major difference was decreased coupling efficiency in mutant fibroblasts compared with control fibroblasts, we next examined the functionality of individual ETC complexes. In Protocol 1, adenosine diphosphate (ADP) was first added to stimulate respiration of coupled mitochondria (also known as state 3) (Hsiao and Hoppel 2018; Ye and Hoppel 2013). This was followed by addition of glutamate, another CI substrate, to assess CI OxPhos.  Succinate, a complex II substrate, was then added to measure the coupled CI + CII OxPhos. While we found no significant differences in the CI capacity (Figure 2-3G), the DRP1 G32A fibroblasts showed a significant decrease in the coupled CI/CII OxPhos (Figure 2-3H). The uncoupler, trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), was then added to assess the maximal oxidative capacity, and we observed a slight decrease, albeit not significant, in the DRP1 G32A fibroblasts (Figure 2-3I). Next, the addition of rotenone, a CI inhibitor, allowed us to determine the uncoupled CI rate, and the remaining activity could be attributed to CII. No significant differences were detected for CI and CII when mitochondria were uncoupled, so the complexes did not exhibit a defect (Figure 2-3J-K). To assess complex IV OxPhos, we added tetramethyl-p-phenylenediamine and ascorbate, which donates electrons to cytochrome c (cyt c), followed by azide, a CIV inhibitor; no differences in CIV activity were detected (Figure 2-3L). Thus, our assessment of complexes I, II, and IV in the mutant G32A fibroblasts revealed a potential deficiency in the linked CI/CII mitochondrial OxPhos. This decrease in linked CI/CII activity is likely due to the additive effect of combined rates since both CI and CII trended down on their own. This decrease in CI and CII activity was not seen in the R403C fibroblasts.
A second method, protocol 2, was performed in parallel for each cell line to measure the OxPhos for fatty acid oxidation (FAO) and complex III (CIII). The ICR rate was first assessed (Figure 2-3M) followed by the addition of malate and palmitoylcarnitine, a long-chain fatty acid derivative (Figure 2-3N-O). Under these conditions, we found some differences in the ICR of DRP1 R403C mutant fibroblasts (Figure 2-3M-N) that were not detected by protocol 1 or Seahorse analysis. We also detected a decrease in the ICR of DRP1 G32A fibroblasts upon addition of malate and palmitoylcarnitine (Figure 2-3O). Upon permeabilization with digitonin, ADP was then added to assess the state 3 rate of palmitoylcarnitine oxidation; no significant overall differences in the rate of FAO were detected (Figure 2-3P). Next, we added rotenone to assess any non-mitochondrial oxidation, and duroquinol (DHQ), a CIII substrate, was introduced to measure the coupled CIII rate (Figure 2-3Q). Finally, FCCP was again added to determine the uncoupled CIII rate. There were no differences in the coupled CIII activity or the uncoupled CIII oxidation. Collectively, our results showed impaired coupled CI/CII activity in G32A but not in R403C fibroblasts (Figure 2-3D-Q and Supplementary Figure 2-4B-C). Still, these differences are relatively mild, suggesting that these cells have adapted to overcome metabolic limitations associated with impaired mitochondrial fission. 
With the observed upregulation of glycolysis with no accompanied increase in OxPhos, we sought to interrogate a potential impairment in pyruvate transport. Two proteins are essential for mitochondrial pyruvate transport in humans, mitochondrial pyruvate carrier 1 and 2 (MPC1 and MPC2) (Herzig et al. 2012; Bricker et al. 2012). MPC1 and MPC2 associate to form an ~150-kilodalton complex in the inner mitochondrial membrane. Real-time quantitative PCR (RT-qPCR) gene expression analysis showed a significant downregulation of MPC2 expression in R403C cells and MPC1 in both patient lines (Supplementary Figure 2-5A). These data suggest that the upregulation in glycolysis seen in DRP1-mutant patient fibroblasts is accompanied by impaired pyruvate import into the mitochondria. We also examined the expression of MPC1 and MPC2 using Western blot, which revealed a significant decrease in MPC2 expression in the R403C cells (Supplementary Figure 2-5B)
The major contributor of the proton motive force of the ETC is the mitochondrial membrane potential, which drives OxPhos. Thus, changes in coupling efficiency can point to perturbation of the mitochondrial membrane potential and the maintenance of key ion gradients. We investigated this possibility using the fluorescent sensor tetramethylrhodamine, ethyl ester (TMRE). TMRE is a cell-permeant, cationic, red-orange, fluorescent dye that is sequestered by polarized mitochondria. We found that mitochondrial membrane potential, as reported by TMRE intensity relative to MitoTracker, was significantly increased in patient fibroblasts (Figure 2-4A-C), indicative of hyperpolarization of the mitochondria. In addition to the overall increase in fluorescent intensity, the hyperpolarization in mutant cells was very dynamic and moved throughout the cell over time (Figure 2-4A). These data indicate that mitochondrial membrane potential is impacted by fission dynamics and altered in DRP1-mutant cells. 

DRP1 mutations alter mitochondrial cristae morphology.
Cristae topology readjustments participate in energy balance control (Eramo et al. 2020; Kondadi et al. 2020). The hyperpolarization of the mitochondrial membrane detected in patient fibroblasts led us to assess the effects of DRP1 mutations on cristae morphology. We used a previously optimized method to quantify and analyze cristae morphology changes from transmission electron microscopy (TEM) (Eisner et al. 2017; Lam et al. 2021). In this method, cristae abundance is calculated by manually quantifying the number of cristae per mitochondrion, and a score between 0 (worst) and 4 (best) is assigned based on the morphology: (0–no well-defined cristae, 1–no cristae in more than ~75% of the mitochondrial area, 2–no cristae in approximately ~25% of mitochondrial area, 3–many cristae (over 75% of area) but irregular, 4–many regular cristae) (Supplementary Figure 2-5C). TEM of patient fibroblasts confirmed the mitochondrial elongation observed in SIM (Supplementary Figure 2-5D-G) and revealed differences in the cristae structure (Figure 2-5A). The quantification of cristae morphology demonstrated a reduced cristae score and decreased cristae number relative to mitochondrial length in DRP1-deficient cells compared with the control cells (Figure 2-5B). These data link aberrant mitochondrial membrane fission caused by DRP1 mutations to generalized cristae structural changes, as previously reported with the loss of DRP1 expression (Ban-Ishihara et al. 2013). The structure and respiratory function of mitochondrial cristae are maintained by the mitochondrial contact sites and cristae organizing system (MICOS), a large complex of scaffolding and membrane-shaping proteins localized at the inner mitochondrial membrane. Given the reduced cristae score in DRP1-deficient cells, we examined expression of some key components of the MICOS complex. MIC19, MIC25, and MIC60 are all reduced in either one or both patient lines at the mRNA level; however, protein expression is not significantly changed (Supplementary Figure 2-5H). Thus, the structural abnormalities seen in patient fibroblasts may not be a result of changes in the expression of MICOS proteins. Additional biochemical assays are needed to assess the functionality of MICOS proteins in the context of EMPF1.  

Patient fibroblasts display hyperfused peroxisomes.
In addition to catalyzing mitochondrial fission, DRP1 also participates in peroxisomal fission (Kamerkar et al. 2018a). While fission of peroxisomes has been demonstrated to be involved in peroxisomal growth and division, the functional consequences of peroxisomal fission are not completely understood. Previous reports using EMPF1-patient fibroblasts have not reported elongation of peroxisomes, but DRP1-null cells have been reported to have hyperfused peroxisomes (Kamerkar et al. 2018a). To interrogate the effects of DRP1 mutations on peroxisome morphology, we performed super-resolution microscopy. SIM revealed that both mutations in DRP1 result in significant elongation of peroxisomes (Figure 2-6A). Quantification of the peroxisome structure revealed an increase in volume, surface area, and length of peroxisomes (Figure 2-6B), demonstrating that DRP1 mutations found in patients with EMPF1 result in impaired peroxisome fission. Then, we assessed the recruitment of DRP1 to peroxisomes by colocalization. Surprisingly, recruitment of DRP1 to peroxisomes appeared severely impaired in the R403C patient fibroblasts, compared with control and G32A cells (Supplementary Figure 2-6A-B). In contrast to DRP1 recruitment to the mitochondria, mutation in the stalk domain of DRP1 appears to cause a defect in peroxisomal recruitment. 
Since peroxisomes and mitochondria are hubs for the regulation of fatty acid metabolism, we first tested whether the dramatic changes in morphology would alter the expression of key genes involved in fatty acid oxidation in patient fibroblasts. The expression of these increased in a DRP1 phosphomimetic mouse model (Valera-Alberni et al. 2021). RT-qPCR analysis showed that the expression of carnitine palmitoyltransferase I (CPT1) and acyl-CoA dehydrogenase medium chai (ACADM)  are significantly lower in patient cells, compared with the control (Supplementary Figure 2-6C). CPT1 is associated with the outer mitochondrial membrane and is responsible for catalyzing the transfer of the acyl group of acyl-CoA to L-carnitine. Fatty acids are then able to move from the cytosol into the inner membrane space of the mitochondria and the matrix, where fatty acid oxidation occurs. ACADM encodes for the medium-chain-acyl-CoA dehydrogenase (MCAD) protein, which catalyzes the first step of mitochondrial fatty acid beta-oxidation. Thus, the reduction in CPT1 and ACADM expression may hinder the ability of the mitochondria to carryout fatty acid oxidation. 
To examine the ability of patient fibroblasts to perform fatty acid oxidation, we used the Seahorse analyzer to quantify oxygen consumption rates of patient fibroblasts treated with either vehicle or etomoxir, a CPT1 inhibitor. The cells were cultured with minimal glucose and glutamine and high L-carnitine and palmitate to promote fatty acid oxidation over glycolysis or glutaminolysis. Control fibroblasts treated with etomoxir show a reduction in maximal respiration following FCCP injection. Both G32A and R403C patient-derived cells grown under minimal glucose/ glutamine and high L-carnitine and palmitate showed a significant decrease in OCR (Supplementary Figure 2-6D-E). However, treatment with etomoxir, compared to the vehicle, showed no further decrease in maximal respiration following FCCP injection (Supplementary Figure 2-6D-E). These data indicate that in contrast to the reliance of control cells on long-chain fatty acid oxidation under conditions of maximal respiration, both patient lines have adapted to the inhibition of long-chain fatty acid import into mitochondria under these conditions. All together these data suggest that cells with DRP1 mutations have impaired spare respiratory capacity when reliant solely on fatty acid oxidation (Supplementary Figure 2-6D-E). Furthermore, DRP1 mutant fibroblasts appear to have compensatory adaptations to alterations in long-chain fatty acid oxidation. The extent of this adaptation appears to be dependent on which domain of DRP1 the mutation is located and could be mechanistically correlated to the expression of key mitochondrial enzymes involved in fatty acid oxidation and/or peroxisomal function.

Metabolic dysregulation in DRP1 mutant fibroblasts. 
Our observations that DRP1 mutations affect fatty acid oxidation are not surprising considering the critical role that mitochondrial and peroxisomal morphology have in this metabolic pathway (N. Longo, Frigeni, and Pasquali 2016; Houten and Wanders 2010). Nonetheless, whether DRP1 mutations could have a more general effect on the metabolic profile of these cells has not been investigated. To explore this, we performed metabolomic profiling of patient fibroblasts using ultra-high-performance liquid chromatography and high-resolution mass spectrometry and tandem mass spectrometry (UHPLC-MS/MS). Metabolomic analysis showed 12 different metabolites that were significantly dysregulated in both DRP1-mutant fibroblasts, compared with the control (Figure 2-6C). Pathway analysis of the dysregulated metabolites show pyrimidine metabolism as a top hit (Figure 2-6D). Specifically, dihydroorotate is higher while many downstream metabolites in the pyrimidine synthesis pathway are decreased. These data suggest a block in pyrimidine synthesis, which may be upstream of quinone reduction. Pyrimidine nucleotides are essential precursors for nucleic acid synthesis and are involved in polysaccharide and phospholipid biosynthesis, detoxification processes, and protein and lipid glycosylation (Figure 2-6E) (Fumagalli et al. 2017). In addition, mutant fibroblasts appear to have an aberrant methionine cycle, a series of metabolic reactions in which the essential sulfur-containing amino acid methionine is catabolized and recycled (Figure 2-6E) (Lauinger and Kaiser 2021). Both methylmalonic acid and homocysteine are dysregulated in patient fibroblasts (Figure 2-6C). The methionine cycle is tightly linked to polyamine synthesis, which is also altered in patient cells as shown by the changes in N1/N8-acetylspermidine and putrescine. Elevated activity of polyamine metabolism, which directly branches from the methionine cycle, has long been associated with rapid cell proliferation, but the mechanisms underlying their modes of action have not been defined.  

Mitochondrial hyperfusion is rescued by MFN2 silencing.
The exact mechanisms by which the mitochondrial fusion machinery is positioned to sites of fusion are not completely understood. However, fission and fusion events occur in rapid succession (Xingguo Liu et al. 2009), and fission and fusion machineries localize in close proximity at the endoplasmic reticulum membrane contact sites (Abrisch et al. 2020). Given the intricate relationship between these opposing dynamics, we examined the rates of fission and fusion in live cells to determine if defects in fission may impact fusion rates. Our analysis in live cells showed that, in control cells, the number of fission and fusion events per frame are very similar, supporting the concept that these dynamic events are in equilibrium and constantly occurring in tandem to one another under physiological conditions. Consistent with this phenomenon, in patient cells, the reduced number of fission events were accompanied by a concomitant decrease in the number of fusion events (Figure 2-7A-B). Thus, defective fission leads to fewer fusion events contributing to a less dynamic mitochondrial network phenotype in patient cells.
The deleterious effects of fission deficiency can be restored by deletion of the mitochondrial fusion machinery (Chen et al. 2015). To further determine the contribution of fusion to the mitochondrial network phenotype, we tested whether downregulation of MFN2 would rescue the mitochondrial hyperfusion phenotype in patient fibroblasts. Indeed, MFN2 downregulation restored all the parameters of mitochondrial morphology altered by DRP1 mutations (Figure 2-7C-D and Supplementary Figure 2-6A), while the peroxisomal elongation was not restored (Supplementary Figure 2-6B). Collectively, these results show that the mitochondrial hyperfusion phenotype can be rescued by modulating the levels of mitochondrial fusion. 

[bookmark: _Toc155296111]Discussion

DRP1 is an essential gene for embryonic development (Wakabayashi et al. 2009; Ishihara et al. 2009). RNAi-based approaches in human cell culture models have been used to explore the impact of DRP1 loss on mitochondrial fission and downstream processes such as apoptosis and mitophagy (Otera et al. 2016; Kleele et al. 2021; Smirnova et al. 2001). Although loss of DRP1 results in mitochondrial hyperfusion, it is not fully understood how DRP1 mutations can impact cellular metabolic function, cristae structure, and/or peroxisomal function. The analysis of organelle morphology in fibroblast lines derived from patients with EMPF1 that harbor one wild type copy of DRP1 and one missense copy of DRP1, demonstrate that mutant DRP1 can have a a dominant negative effect of mutant DRP1 that results in stalling of the fission machinery, which has a wide impact on cellular function (Figure 2-7E).
Mitochondrial fission is essential for cellular processes such as apoptosis, mitophagy, and mitochondrial biogenesis. However, how mitochondrial fission helps maintain mitochondrial ultrastructure and/or cellular metabolism have not been thoroughly explored. Our studies revealed that while DRP1 is recruited to the mitochondria in EMPF1 patient cell lines, the fission event is incomplete, and thus, mitochondrial fission is paused. This stalling of mitochondrial fission results in changes to cristae morphology—notably a decrease in cristae score and number—indicative of immature and poorly formed cristae. Changes in redox signaling can lead to cysteine oxidation of MIC60 (Wasilewski and Chacinska 2021; L. Li et al. 2021), an inner mitochondrial membrane protein responsible for cristae structure integrity. Thus, the lack of proper mitochondrial fission in patient cells may disrupt redox signaling, which may be responsible for the aberrant cristae morphology detected in patient cells. Detailed metabolic analysis of patient fibroblasts showed that these cells have decreased coupling efficiency and upregulation of glycolysis, suggesting that the functional impact of stalled fission is electron transport chain inefficiency. This inefficiency may be due to the changes in cristae structure, since cristae structure is essential for F0F1–ATPase to function effectively (Wilkens, Kohl, and Busch 2013; Afzal et al. 2021; Davies et al. 2011; Cogliati et al. 2013). Further, the maximal oxygen consumption rate of the mutant cells when relying mainly on fatty acid oxidation is diminished. These data may be attributed to changes in CPT1 expression and/or mitochondrial/peroxisomal morphology. Very little is known about how peroxisomal morphology impacts b-oxidation of fatty acids, and this study suggests that they may be linked. Going forward, it will be of high relevance to investigate the mechanistic details underlying these phenotypes. 
Previous studies revealed that there are distinct fission signatures that are key determinants of the decision of mitochondria to proliferate or degrade (Kleele et al. 2021). Peripheral fission events, which occur proximal to the tips of mitochondria, are preceded by a decrease in membrane potential and proton motive force. We found that the elongated mitochondria from patient fibroblasts have a hyperpolarized membrane potential, which could result from inefficient function of the F0F1–ATPase. Under certain conditions, the F0F1–ATPase can pump protons out of the mitochondrial matrix into the intermembrane space in a reverse-mode action, causing ΔΨm hyperpolarization. Alternatively, hyperpolarization may be due to complex I inhibition or voltage-dependent anion channel (VDAC) opening, which can cause hyperpolarization independently of F0F1–ATPase reverse-mode action (Forkink et al. 2014). Upregulation of glycolysis in these patient fibroblasts could result in subsequent glucose depletion locally within the cells, which could in turn cause ΔΨm hyperpolarization. Carbon-tracing could help reveal whether all products of glycolysis are efficiently shuttled into the TCA cycle or if intermediates are lost in the process. Investigating the function of uncoupling proteins such as UCP2 and UCP3 may elucidate whether the decreased efficiency is a byproduct or cause of mitochondrial dysfunction, such as increased ΔΨm, in these cells. 
Our finding that cells with DRP1 mutations have alterations in cristae morphology but apparent maintenance of overall ATP production and mitochondrial membrane hyperpolarization raises the interesting possibility that DRP1 mutant cells have evolved specialized mechanisms to cope with electron leakage and damaging reactive oxygen species. A landmark study from Spinelli and collaborators demonstrated the ability of complex II to work in reverse in some tissues with the intrinsic capacity to use fumarate as a terminal electron acceptor (Spinelli et al. 2021). It is plausible that complex II reversal has evolved as a mechanism to maintain mitochondrial function in cells with alterations in fission caused by DRP1 mutations. A comprehensive analysis of the functionality of the ETC complexes would be needed to elucidate the connection between fission stalling events and mitochondrial hyperpolarization
The metabolic profile of the mutant fibroblasts examined using HPLC-MS/MS suggest that abnormal mitochondrial fission results in impaired methionine cycle and synthesis of pyrimidine nucleotides. Dihydroorotate dehydrogenase (DHODH), located in the inner membrane of the mitochondria between complex II and complex III, is an essential component of the de novo biosynthesis of pyrimidine (Boukalova et al. 2020). DHODH catalyzes the conversion of dihydroorotate into orotate in a redox reaction with ubiquinone (CoQ) converting to ubiquinol (CoQH2), a substrate of respiratory complex III. A previous study (Miret-Casals et al. 2018), which aimed to identify novel mitochondrial fusion activators, reported that the depletion of pyrimidine pools induced by DHODH inhibition upregulates MFN1 and MFN2 and promotes mitochondrial elongation. Our study suggests yet another link between mitochondrial morphology and pyrimidine biosynthesis. Whether mitochondrial fission inhibition is directly or indirectly affecting pyrimidine synthesis presents an important area for future work. 
The existence of two mechanistically and functionally distinct types of fission at the mitochondria and the peroxisomes have not been clearly elucidated. In our study, we demonstrate that patient fibroblasts with DRP1 mutations also have elongated peroxisomal morphology. Previous studies in mammalian cell culture revealed that peroxisome membrane elongation precedes membrane constriction and final membrane fission (Delille et al. 2010; Schrader et al. 2016). Whether peroxisomes have a specialized fusion machinery is still under debate. However, we speculate that under particular metabolic conditions, peroxisomes, particularly those in contact with mitochondria, may be able to fuse to respond to cellular metabolic needs. Elongation of peroxisomes in various human disorders has been associated with alterations in fatty acid oxidation (Waterham, Ferdinandusse, and Wanders 2016). However, in these cells, peroxisomal function cannot be fully dissociated from changes in mitochondrial morphology. 
Our results in patient-fibroblasts suggest that MFN2 silencing might serve as a useful tool to discern the contribution of peroxisomal elongation independently of the mitochondrial network. However, some key technical limitations need to be overcome. While knocking down MFN2 decreases the hyperfusion of the mitochondria in mutant cells, the mitochondrial dynamics would still be impaired. Another important variable is that MFN2 downregulation also has an effect in control cells, altering their mitochondrial dynamics. These results suggest that a fine-tuned balance needs to be achieved to ensure any metabolic defects caused by altered peroxisomal morphology can be uncoupled from those of mitochondrial hyperfusion. To investigate this in depth, recently published small molecule inhibitors and activators of MFN2 (Zacharioudakis et al. 2022) could be used to explore the contribution of peroxisomal alteration to the metabolic defects reported in EMPF1 patients and patient-derived cells. These small molecules also provide the tools to determine the potential of pharmacological inhibition of mitochondrial fusion to restore tissue function in EMPF1.
The detailed elucidation of DRP1-centric mechanisms will reveal the connection between organelle dynamics and cell fate. Several questions remain: Does stalling of mitochondrial fission affect the association/dissociation of other proteins at the site of fission? Is peripheral fission also inhibited in patient fibroblasts? If that is the case, what are the consequences for mitophagy and mitochondrial DNA integrity? What are the effects of peroxisomal elongation on fatty acid metabolism and in ROS regulation? How is cell division and mitochondrial segregation affected by DRP1 mutations? How are cell fate transitions affected by DRP1 mutations? Answering these fundamental questions would provide insight into the mechanisms of mitochondrial fission under the lens of this rare disease caused by dysregulated mitochondrial and peroxisomal homeostasis and inform the field on more rational and specific therapeutic targets for these devastating neurodevelopmental disorders.
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[bookmark: _Hlk81225818]Figure 2-1. DRP1 patient-derived fibroblasts have elongated mitochondrial morphology. (A) Structural and schematic representation of DRP1 with mutations highlighted in red. (B) Representative max-intensity projections of mitochondrial morphology in patient-derived fibroblasts using structured illumination microscopy (SIM) (n=3, 7 cells per replicate). (C) Quantification of mitochondrial volume, surface area, and major axis length. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. (D) Representative SBF-SEM 3D reconstructed images. Each mitochondrion is colored a unique color. (E) Quantification of SBF-SEM for 3D mitochondrial length, volume, and complexity index. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. (F) Representative max-intensity projections of mitochondrial morphology in control fibroblasts transfected with either DRP1WT-mCherry, DRP1G32A-mCherry, or DRP1R403C-mCherry using SIM (n=3, 7 cells per replicate). (G) Quantification of mitochondrial volume, surface area, and major axis length. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. 

Figure 2-2. Mutant G32A and R403C DRP1 are recruited to mitochondria.  
 (A) Western blot of total protein lysate isolated from patient fibroblasts and probed for mitochondrial fusion proteins. Representative image of three independent biological replicates. Band density is normalized to loading control (HSP70) and relative to control cells. (B) Western blot of total protein lysate isolated from patient fibroblasts and probed for mitochondrial fission proteins. Band density is normalized to loading control (HSP70) and relative to control cells. Representative image of three independent biological replicates. (C) Representative max-intensity projections of mitochondrial and pDRP1 (Ser 616) in patient-derived fibroblasts using SIM (n=3, 7 cells per replicate). Top image is a zoom of white box from bottom image. (D) Quantification of pDRP1 (Ser 616) puncta that overlap with mitochondria and volume of pDRP1 puncta (Ser 616). Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. (E) Representative max-intensity projections of mitochondrial morphology in patient-derived fibroblasts treated with either DMSO or CCCP for 2 hours using SIM (n=3, 7 cells per replicate). (F) Quantification of mitochondrial volume, surface area, and major axis length. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test.

Figure 2-3: Mitochondrial defects lead to inefficient coupling of the electron transport chain and higher glycolytic rate.
 (A) Oxygen consumption rate (OCR) and extracellular acidification rate in patient fibroblasts as measured using Seahorse Mitochondrial stress test (n=3, 20 wells per replicate). Oligomycin applied at 20 minutes, FCCP applied at 40 minutes, and rotenone/Antimycin A applied at 60 minutes (indicated on graph). Analyzed using two-way ANOVA followed by Šídák's multiple comparisons test. (B) Proton leak and coupling efficiency calculated using OCR. (C) Basal glycolysis of patient fibroblasts measure using Seahorse Glycolytic Rate Assay. Compensatory glycolysis measured following application of rotenone/Antimycin A. (D-L) O2 consumption rate of intact cells followed by isolated complex O2 consumption using Protocol 1. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. Malate (M), pyruvate (P), glutamate (G), succinate (S), trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), rotenone (Rot), tetramethyl-p-phenylenediamine (TMPD), ascorbate (As). (M-R) O2 consumption rate of intact cells followed by isolated complex O2 consumption using Protocol 2. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. Malate (M), palmitoylcarnitine (Pal).

Figure 2-4. DRP1 patient fibroblasts have more hyperpolarized mitochondrial membrane potential. (A) Representative max-intensity projections of live-cell imaging of patient-derived fibroblasts treated with 500nM TMRE for 10 minutes. Cells were imaged every 15 seconds for 15 minutes using spinning disk confocal (n=3, 7 cells per replicate). Scale bar: 5 µm. (B) Representative max-intensity projections of live-cell imaging of patient-derived fibroblasts treated with 500nM TMRE for 10 minutes and 100nM MitoTracker Green for 20 minutes. Cells were imaged every 10 seconds for 3 minutes using spinning disk confocal (n=3, 7-10 cells per replicate). (C) Quantification of total fluorescent intensity of TMRE relative to MitoTracker Green over time. 











Figure 2-5. Cristae morphology is altered in patient cells. (A) TEM of patient fibroblasts. Three representative images per line are shown. (B) Quantification of cristae from TEM images for cristae score and cristae number relative to mitochondrial length. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test.

 
Figure 2-6. Patient fibroblasts have elongated peroxisomes and altered metabolic profiles. (A) Representative max-intensity projections of peroxisomal morphology in patient-derived fibroblasts using SIM (n=3, 7 cells per replicate). Lower image is a zoom of the boxed area indicated in the top image. (B) Quantification of peroxisomal volume, surface area, and major axis length. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. (C) Pathway enrichment analysis was performed based on all metabolites that were significantly different than control. (D) Table displays fold change of metabolites that were significantly different from control in both G32A and R403C. 

Figure 2-7. Current model of the cellular responses to EMPF1-associated DRP1 mutations. (A) Representative images of live-cell timelapse imaging of mitochondrial dynamics in patient-derived fibroblasts treated with Mitotracker Green with fission events marked in green and fusion events marked in red. Cells were imaged every 10 seconds for 3 minutes using spinning disk confocal (n=3, 7 cells per replicate) (B) Quantification of mitochondrial dynamics using MEL.  Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. (C) Representative max-intensity projections of mitochondrial and peroxisomal morphology in patient-derived fibroblasts treated with either siRNA against MFN2 or scrambled using SIM (n=3, 7 cells per replicate). (D) Quantification of mitochondrial volume, surface area, and major axis length. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. (E) Summary schematic: EMPF1- associated mutations do not appear to alter the capacity of DRP1 to be recruited to points of fission, but rather cause stalling of the fission events. Pausing peroxisomal and mitochondrial fission results in alterations of cristae structure, changes in mitochondrial membrane potential, decreased mitochondrial coupling efficiency, delayed cell death response, and overall metabolic adaptations.

Supplementary Figure 2-1. DRP1 patient fibroblasts rarely undergo mitochondrial fission events. (A) Live imaging of mitochondria in patient fibroblasts using MitoTracker (n=3, 5 cells per replicate). Cells were imaged every 15 sec for 30 min. Arrows indicate points of fission observed. Scale bar: 1 μm. (B) Quantification of mitochondrial perimeter and 3D area from SBF-SEM. (C) qRT-PCR analysis of MFN1 and MFN2 gene expression in fibroblasts relative to control and normalized to two housekeeping genes (GPI and GAPDH). Quantifications are shown for three independent biological replicates.

Supplementary Figure 2-2. mCherry-DRP1 localization dynamics in live cells. (A) Representative max-intensity projections at t=0 of live imaging of control fibroblasts transiently transfected with mCherry-DRP1 (WT, G32A, or R403C) using MitoTracker Green (n=3, 5 cells per replicate). Cells were imaged every 10 min for 60 min. Scale bar: 10 μm. (B) Zoom of mCherry-DRP1-WT mitochondrial localization over time. Scale bar: 5 μm. (C) Zoom of mCherry-DRP1-G32A mitochondrial localization over time. Scale bar: 5 μm. (D) Zoom of mCherry-DRP1-R403C mitochondrial localization over time. Scale bar: 5 μm. (E) Quantification of proportion of mCherry-DRP1 localized to the mitochondria over time.








Supplementary Figure 2-3. DRP1 patient fibroblasts express equal levels of adaptor proteins but downregulate pro-apoptotic proteins. (A) Cell titer blue assay with results relative to vehicle treated cells of same genotype. Analyzed using two-way ANOVA with Dunnett’s multiple comparison test. (B) Caspase-Glo 3/7 assay with results relative to vehicle treated cells of same genotype. Analyzed using two-way ANOVA with Dunnett’s multiple comparison test. (C) Western blot of total protein lysate isolated from patient fibroblasts and probed for pro and anti-apoptotic proteins. (D) Western blot of total protein lysate isolated from patient fibroblasts and probed for mitochondrial fission adaptor proteins. All quantified relative control and normalized to loading control (HSP70).














Supplementary Figure 2-4. DRP1 patient fibroblasts rely more on glucose for fuel and downregulate expression of the mitochondrial pyruvate carriers. (A) Glucose, glutamine, and fatty acid dependency of the electron transport chain measured using Seahorse Fuel Flex Assay. Glucose dependency measured after application of UK5099, glutamine dependency measured after application of BPTES, and fatty acid dependency measure after application of Etomoxir. (B) Representative O2 concentration traces from protocol 1. (C) Representative O2 concentration traces from protocol 2.






Supplementary Figure 2-5. TEM cristae scoring examples and gene expression of MICOS complex components. (A) qRT-PCR analysis of MPC1 and MPC2 gene expression in fibroblasts relative to control and normalized to two housekeeping genes (GPI and GAPDH). Quantifications are shown for three independent biological replicates. (B) Western blot of total protein lysate isolated from patient fibroblasts and probed for mitochondrial pyruvate carriers. Band density is normalized to loading control (HSP70) and relative to control cells. Representative image of three independent biological replicates. (C) Representative TEM images of mitochondria with cristae fitting the given cristae score. (D) Quantification of TEM images for mitochondria number, (E) mitochondrial length, (F) mitochondrial area, and (G) mitochondrial circularity index. (H) qRT-PCR analysis of MICOS components gene expression in fibroblasts relative to control and normalized to two housekeeping genes (GPI and GAPDH).


Supplementary Figure 2-6. Fatty acid metabolism may be altered in patient fibroblasts. (A) Representative images of peroxisomes and DRP1 in patient-derived fibroblasts using structured illumination microscopy (n=3, 7 cells per replicate). Top image is a zoom of white box from bottom image. Scale bar: 1 μm (top), 5 μm (bottom) (B) Quantification of DRP1 puncta that overlap with peroxisomes and volume of DRP1 puncta. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test. (C) qRT-PCR analysis of metabolic enzymes gene expression in fibroblasts relative to control and normalized to two housekeeping genes (GPI and GAPDH). Quantifications are shown for three independent biological replicates. (D) Oxygen consumption rate in patient fibroblasts as measured using Seahorse Analyzer XFe96 (n=3, 20 wells per replicate). Etomoxir applied after 20 min, oligomycin applied at 40 min, FCCP applied at 60 min, and rotenone/Antimycin A applied at 80 min. Analyzed using two-way ANOVA followed by Šídák's multiple comparisons test. (E) OCR at maximal respiration after FCCP treatment. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test.










Supplementary Figure 2-7. Peroxisomal morphology is not significantly altered after MFN2 knockdown. (A) Western blot of total protein lysate isolated from patient fibroblasts treated with non-specific siSCR or siMFN2. Representative image of three independent biological replicates. (B) Quantification of peroxisomal volume, surface area, and major axis length. Analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test.
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Mitochondrial and peroxisomal dynamics driven by DRP1 are integral to many cellular functions. Mutations in DRP1 lead to a devastating neurodevelopmental disease known as encephalopathy due to defective mitochondrial and peroxisomal fission (EMPF1), which presents with a spectrum of symptoms including developmental delay, seizures, and microcephaly.  To interrogate the molecular mechanisms by which DRP1 mutations lead to developmental defects, we used induced pluripotent stem cell (iPSC)-derived models with patient mutations in different domains of DRP1. Given that EMPF1 patients present with a spectrum of neurodevelopmental abnormalities, we differentiated iPSCs into neural progenitor cells and neural organoids. DRP1 mutant neural progenitor cells express lower levels of critical identity transcription factors, such as PAX6 and TBR2. Intriguingly, neural organoids with mutations in the stalk domain of DRP1 take on a choroid plexus identity instead of following a cortical development trajectory. Our results show that EMPF1 associated DRP1 mutations lead to metabolic dysregulation, which may cause changes in neural cell fate during early corticogenesis. Understanding these mechanisms will give insight into the role of mitochondrial and peroxisome dynamics in neurodevelopment, as well as the mechanisms underlying the rare EMPF1 disease.
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Introduction

Mitochondria are dynamic organelles that constantly undergo both fission and fusion. These processes are known as mitochondrial dynamics and the balance between these dynamic processes leads to the overall morphology of the mitochondrial network within a cell. The large GTPases Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2) drive mitochondrial fusion at the outer mitochondrial membrane (Chen et al. 2003); while the GTPase OPA1 (Optic Atrophy 1) executes fusion of the inner mitochondrial membrane (Delettre et al. 2000; Alexander et al. 2000). Many proteins and several other organelles orchestrate mitochondrial fission, but the large GTPase DRP1 (Dynamin-related protein 1), drives the final scission event and without DRP1 the mitochondrial network becomes elongated (Smirnova et al. 2001; Fonseca et al. 2019). 
Mitochondrial dynamics are essential for many cellular functions and several studies have demonstrated an important role for the mitochondrial dynamics machinery in the developing brain. Knocking out Drp1 in mouse models leads to embryonic lethality by embryonic day 11.5 (Wakabayashi et al. 2009; Ishihara et al. 2009). Cerebellum-specific knockout of Drp1 causes decreased cerebellar volume and lissencephaly. Additionally, neural-specific loss of Drp1 causes expanded ventricles, impaired synaptic connection, and less dendritic arborization. Patients with de novo mutations in DNM1L (dynamin 1-like), the gene encoding DRP1, present with a neurodevelopmental disorder known as encephalopathy due to defective mitochondrial and peroxisomal fission-1 (EMPF1) (OMIM 614388) (Chao et al. 2016; Fahrner et al. 2016a; Keller et al. 2021a; Xingmiao Liu et al. 2021; F. Longo et al. 2020a; Nasca et al. 2016; Nolan et al. 2019; Ryan et al. 2018; Sheffer et al. 2016; Vandeleur et al. 2019; Waterham et al. 2007a; G. Yoon et al. 2016a). EMPF1 patients may display developmental delay, cognitive impairment, seizures, microcephaly, hypotonia, ataxia, and optic atrophy. Our previous studies using EMPF1 patient fibroblasts (G.L. Robertson et al. 2023) demonstrate that these mutations do not significantly reduce ATP levels in the cell, suggesting that the mechanism underlying this disorder is not solely due to impaired energy production. 
While bioenergetic demand may play a role in the phenotypes observed in Drp1 mouse models and EMPF1, mitochondrial dynamics have also been implicated in cell fate decisions in corticogenesis. The cortex develops in an inside-out manner with neural progenitor cells (NPCs) lining the ventricular zone, the region surrounding the ventricle. NPCs then migrate outwards towards the cortical plate as they differentiate into more committed progenitors and cortical neurons. Previous studies have shown that Sox2+ neural stem cells have an elongated mitochondrial morphology, while Tbr2+ intermediate progenitor cells have more fragmented mitochondria (Khacho, Clark, Svoboda, Harper, et al. 2016). When the fate of individual Pax6+ neural progenitors in the developing cortex is examined, NPCs have elongated mitochondrial morphology that undergo fragmentation prior to cell division (Iwata, Casimir, and Vanderhaeghen 2020). The mitochondria in the daughter cells then either remain fragmented, and the cells differentiate into neurons, or elongate and remain NPCs (Iwata et al., 2020). Metabolically, Sox2+ neural stem cells are predominantly glycolytic, while Tbr2+ intermediate progenitors and post-mitotic neurons have higher rates of mitochondrial respiration. Thus, the metabolic profile of developing neural cells is associated with mitochondrial morphology (Khacho et al., 2016). In both studies, when the mitochondrial dynamics machinery was knocked down or inhibited, neuronal cell fate was perturbed pushing cells to either an overabundance of NPCs or to committed neuronal differentiation. These studies highlight a critical role for mitochondrial dynamics and metabolism in neural cell fate. 
Several key proteins are conserved between the mitochondrial and peroxisomal fission machineries. Peroxisomal fission begins with elongation of the peroxisomal membrane, which is mediated by the scaffolding protein peroxisomal biogenesis factor 11 beta (PEX11). Amphipathic helices at the N-terminus interact with membrane lipids, mediating deformation of the peroxisomal membrane (Opaliński et al. 2011; Su et al. 2018). It is thought that PEX11 self-interaction via the protein’s N-terminus is also crucial for peroxisomal membrane elongation (Bonekamp et al. 2013). The peroxisome then undergoes constriction via mechanisms that are poorly understood (Delille et al. 2010). PEX11 next interacts with downstream components of the peroxisomal fission machinery: mitochondrial fission protein 1 (FIS1) and mitochondrial fission factor (MFF), which serve as adaptor proteins for dynamin-related protein 1 (DRP1), the final executor of peroxisomal fission which performs membrane scission by forming oligomeric rings around the peroxisomal membrane (A. Koch et al. 2005; 2003; Itoyama et al. 2013a; J. Koch and Brocard 2012b; Kamerkar et al. 2018b). Though PEX11 is not thought to be an adaptor for DRP1, it has been shown to interact with DRP1 to enhance its GTPase activity (Williams et al. 2015). Notably, DRP1 is required for peroxisomal fission but not peroxisomal elongation or constriction (A. Koch et al. 2004). The components of the peroxisomal fission machinery are critical for peroxisomal dynamics, and dysfunction in these components often results in disease. Patients with MFF deficiencies have hyperelongated mitochondria and peroxisomes, as well as severe neurological phenotypes, while mutations in PEX11 result in peroxisomal biogenesis disorder 14B, characterized by hyperelongated peroxisomes, as well as clinical phenotypes like intellectual disability, cataracts, and hearing loss (OMIM: 603867; (Shamseldin et al. 2012; J. Koch et al. 2016; Ebberink et al. 2012; Taylor, Handley, Waller, Campbell, Urquhart, Meynert, Ellingford, Donnelly, Wilcox, Lloyd, et al. 2017; Malekzadeh, Shakiba, and Yasaei 2021a)).  
The peroxisomal crystalline core contains over 50 different enzymes that are crucial for carrying out a range of metabolic processes. These include -oxidation of branched chain fatty acids, -oxidation of long- and very-long-chain fatty acids, homeostasis of reactive oxygen species (ROS), and synthesis of plasmalogens (Wanders and Waterham 2006; Lazarow 1978; Fransen et al. 2012; Schrader and Fahimi 2004). These peroxisome-mediated processes are important for the proper function of a variety of organ systems in the human body, and especially important in the developing brain (Berger et al. 2016a; Trompier et al. 2014; Deb, Joshi, and Nagotu 2021). Consequently, dysfunction in peroxisomal metabolism can result in neurological damage, including demyelination, axonal degradation, impaired neural migration, and oxidative stress (Van den Branden et al. 1990; Hulshagen et al. 2008; Teigler et al. 2009; Kassmann 2014; Janssen et al. 2003; Deb, Joshi, and Nagotu 2021). Neurological diseases characterized by dysfunction in peroxisomal dynamics and metabolic functions often affect infants and young children and include Zellweger spectrum disorders (dysfunction in peroxisomal biogenesis) (OMIM: 602136), X-linked adrenoleukodystrophy (impaired VLCFA import) (OMIM: 300100), and EMPF1 (OMIM: 614388).  
In this study, we introduced two EMPF1-associated mutations in DNM1L into human induced-pluripotent stem cells (iPSCs) to examine the impact on cellular metabolism and neural cell fate, using human neural progenitors and neural organoids. While previous reports have shown that knocking out DNM1L in fibroblasts reduced reprogramming efficiency (Prieto et al. 2016), we found that these mutant iPSCs were viable and capable of differentiating. After the onset of differentiation, fewer DRP1 mutant cells express NPC and radial glia identity markers and instead express markers of different identity, notably a choroid plexus signature. Together, our data indicate that defective mitochondrial and peroxisomal dynamics impact the metabolic state of NPCs and the maintenance of the NPC identity.
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EMPF1-associated DRP1 mutations impair neural progenitor cell differentiation in vitro.
Knocking down or inhibiting DRP1 in neural progenitors impairs neurogenesis (Iwata et al., 2020). However, less is known about how DRP1 dysfunction impacts earlier neurodifferentiation from iPSCs to NPCs. EMPF1 patient-specific dominant negative forms of DRP1 have not been examined in neurodevelopment. Thus, we generated isogenic control iPSC lines by introducing EMPF1 patient mutations into a healthy control line using CRISPR/Cas9. The G32A mutation is in the catalytically active GTPase domain of DRP1 and the R403C mutation is in the stalk domain, which is involved in oligomerization of the ring (Bauer et al. 2023; Kalia et al. 2018). Both mutations have been characterized in patient fibroblasts and biochemically in vitro (G.L. Robertson et al. 2023; Bauer et al. 2023). These lines were analyzed for markers of iPSC identity and mitochondrial morphology (Supplementary Figure 3-1A-B). Given our aim to determine whether mutations in DRP1 dysregulate neural cell fate, these iPSCs were differentiated to neural progenitor cells (NPCs) using dual-SMAD inhibition (Figure 3-1A). As early as day 2 of neural induction, PAX6 is expressed in some control NPCs. PAX6 is a key transcription factor in early neural identity and is expressed in early stages of neural tube formation (Sun et al. 2016; Halder, Callaerts, and Gehring 1995). At day 2 of differentiation, control NPCs are a mixed population of PAX6+ and PAX6- cells, however, the DRP1 mutant NPC populations contain fewer PAX6+ nuclei than control (Figure 3-1B). PAX6 is a pioneer transcription factor involved in neural differentiation suggesting that DRP1 mutations impact the ability of cells to take on a neural identity (Sun et al. 2016; Halder, Callaerts, and Gehring 1995). By day 8 of differentiation, nearly all control NPCs express PAX6 while the DRP1 mutant NPC populations remain mixed and have fewer PAX6+ nuclei (Figure 3-1C). We used immunofluorescent imaging to examine mitochondrial morphology in these NPCs. As previously reported in other cell types, DRP1 mutant NPCs maintain a more elongated mitochondrial network (Figure 3-1D). Together, these data show that EMPF1-associated mutations in DRP1 impair NPC differentiation in vitro. 

DRP1 mutations impair neural organoid development. 
While two-dimensional in vitro neural models provide a homogeneous population of cells, neural organoids recapitulate many other aspects of brain development such as cellular heterogeneity, lineage specification, and stereotypical cytoarchitecture of the developing cortex. Thus, we used a neural organoid model to determine whether DRP1 mutations lead to developmental dysregulation when these aspects of cortical development are conserved. By day 15, neural organoids should express markers of neural progenitor cells (PAX6 and SOX2) and be organized around lumen-like structures, where they will differentiate and migrate outwards. The mitochondrial morphology is elongated in the NPCs circling the lumen-like structure but more fragmented in early-born neurons migrating radially (Khacho, Clark, Svoboda, Harper, et al. 2016; Joshi et al. 2020; A.I. Romero-Morales et al. 2022). Using this model, we determined that PAX6 expression and cytoarchitectural organization are reduced in DRP1 mutant organoids (Figure 3-2A-B). Compared to control organoids, DRP1 mutant organoids maintain an elongated mitochondrial morphology throughout the organoid (Figure 3-2C). Our data show that control organoids have relatively fragmented peroxisomal morphology, while DRP1 mutants have severely elongated peroxisomes throughout the neural organoid structure. Peroxisomal morphology has not previously been characterized in the developing cortex or in neural organoids.
By day 30, mutant organoids continue to have fewer PAX6+ cells and show markers of other brain regions. Instead, DRP1 mutant organoids show similar organization as choroid plexus organoids and express Transthyretin (TTR), a polarized marker of choroid plexus identity (Supplementary Figure 3-2A-B), because of defective elongated mitochondria and peroxisomes (Figure 3-2C-D). These data suggest that DRP1 mutations disrupt early cortical development due to mitochondrial and peroxisomal elongation. 

Aberrant mitochondrial fission leads to increased membrane potential but no change in cell fate.
We examined mitochondrial membrane potential by live-cell imaging of Tetramethylrhodamine, ethyl ester –(TMRE) treated NPCs. Consistent with our previous report of DRP1 mutant fibroblasts (Robertson et al., 2023), DRP1 mutant NPCs have increased mitochondrial membrane potential compared to control NPCs (Figure 3-3A). Despite these differences in mitochondrial membrane potential, basal and maximal oxygen consumption are not significantly different in mutant NPCs compared to control, suggesting no major defects in ATP production (Figure 3-3B-C). Together, these data suggest that defective mitochondrial fission may cause defects in mitochondrial function that impact cell identity during neural differentiation that are independent of ATP production. A previous report (Iwata, Casimir, and Vanderhaeghen 2020) concluded that the lack of mitochondrial fission results in increased progenitor cell pool and reduced neuronal differentiation. While our studies also determined a reduction in neuronal populations, we detected a dramatic decrease of PAX6+ progenitor cells. 

EMPF1-associated mutations disrupt purine and pyrimidine metabolism, the TCA cycle, and other metabolic pathways.  
We performed Ultra-High-Performance Liquid Chromatography and High-Resolution Mass Spectrometry and Tandem Mass Spectrometry (UHPLC-MS/MS) on DRP1 mutant NPCs at day 8 of differentiation. This is a highly sensitive, unbiased technique that allows us to interrogate the relative abundance of metabolites within cells. We uncovered 43 metabolites that are significantly altered in DRP1 mutant NPCs compared to control (Figure 3-4C). Using pathway enrichment analysis, we identified several pathways and metabolites that are dysregulated in DRP1 mutant NPCs, including nicotinamide metabolism, citric acid cycle, coenzyme A (CoA) metabolism, and pyruvate metabolism (Figure 3-4A-B). These pathways are known to generate key metabolites that regulate histone methylation, DNA methylation, and histone acetylation (Hackenbrock 1966; Wu et al. 2023; J. V. Lee et al. 2014; Xiong et al. 2018; Knobloch et al. 2017; Shinde et al. 2023). These epigenetic modifications regulate the transcriptional profile of cells and are thought to modulate differentiation (Shinde et al. 2023; Knobloch et al. 2017; Wu et al. 2023; J. V. Lee et al. 2014; Folmes et al. 2012; Xiong et al. 2018). 

Fatty-acid dependent oxygen consumption is impaired in mutant NPCs.
Given the function of mitochondria and peroxisomes in fatty acid oxidation, and the link between mitochondrial morphology and neuronal maturation (Iwata et al., 2023), we examined the oxygen consumption rates in NPCs deprived of glucose and glutamine and forced to rely on fatty acid oxidation using a Seahorse XF Analyzer (Figure 3-5A). In control NPCs, basal mitochondrial respiration is lower than when cells are given glucose (Figure 3-3B) and decreases to nearly zero when perhexiline is added (Figure 3-5A). Perhexiline is a selective inhibitor of mitochondrial import of carnitine and therefore inhibits fatty-acid reliant mitochondrial respiration (Ashrafian, Horowitz, and Frenneaux 2007). DRP1 mutant NPCs have lower maximal respiration and spare respiratory capacity when reliant on fatty acid oxidation (Figure 3-5A). Fatty acid oxidation depends on interconnected metabolic processes shared between mitochondria and peroxisomes. DRP1 mutant NPCs also have elongated peroxisomes (Figure 3-5B), but the connection between deficient peroxisomal fission and their ability to oxidize fatty acids is not well understood. These data suggest that DRP1 mutant NPCs are less effective at utilizing fatty acids to generate ATP and that peroxisomal/mitochondrial morphology may impact the metabolic function of these organelles. 

Early cell identity is altered in DRP1 mutant NPCs.
	The observed reduction in PAX6 expression in DRP1 mutant cells (Figure 3-1B-C) indicates a change in the cell identity during neurogenesis. We explored early cell identity changes in NPCs using dual-SMAD inhibition and performed single-cell RNA sequencing at day 2 of differentiation. At this early timepoint, a large population of control NPCs still express POU5F1, the gene encoding OCT4, but a distinct population of cells express PAX6 (Figure 3-6A). While in DRP1 mutant NPCs both of these populations exist, the PAX6 expressing population is smaller and PAX6 is significantly downregulated (Figure 3-6B-C). In all genotypes, these cells also express SOX2, suggesting that these cells are still taking on a neuroectoderm fate (Figure 3-6A-C). However, differential expression analysis shows decreased expression of other key transcription factors in NPC differentiation, such as HES1, SIX3, SOX4 (Supplementary Figure 3-4A).
	In all genotypes, these data also show two distinct populations of cells defined by upregulation of mitochondrially encoded genes, such as MT-ND4 and MT-ATP6 (Figure 3-6A-C). Specifically, mitochondrially encoded genes are enriched in the more stem-cell like population, while across differentiation these mitochondrial genes are downregulated. However, nuclear encoded genes that localize to the mitochondria such as NDUFB11 and HSPD1 do not correlate, suggesting that this pattern is unique to mitochondrially encoded genes (Figure 3-6A-C). Additionally, differential expression analysis between control and DRP1 mutant NCPs revealed several metabolic enzymes are overexpressed in DRP1 mutant cells. These enzymes are enriched in amino acid metabolism as well as electron transport chain function (Supplementary Figure 3-4B, Table 3-1, Table 3-2). Although this pattern does not necessarily explain the changes in NPC marker expression, this points to an important role for mitochondrial encoded gene regulation and metabolic enzyme expression across neural differentiation.

Defective mitochondrial and peroxisomal fission changes cell identify in neural organoids.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]	To further dissect the identity of DRP1 mutant cells present in neural organoids, we used scRNA sequencing followed by population analysis at day 15 of differentiation. At this early time of differentiation, control organoids express markers of NPCs, radial glia, neurons, glia and oligodendrocyte precursor cells (OPCs) (Supplementary Figure 3-5A-C), The largest populations are cortical NPCs, identified by PAX6 and HES1, radial glia, identified by GLI3 and SCL1A3 (Figure 3-7 and Supplementary Figure 3-5A-C). However, in DRP1 mutant organoids the populations of cortical NPCs and radial glia are reduced (Figure 3-7B-C). Instead, there is a population of cells that closely resembles choroid plexus and choroid plexus progenitors, identified by expression of MSX1, COL3A1, and APOC1, that isn’t present in control neural organoids (Figure 3-7). This population of cells also express the transcription factor bone morphogenic protein 4 (BMP4) (Supplementary Figure 3-5A-C), which has been shown to block self-renewal and push neural stem cells to differentiate (Ahmed et al. 2022; Moon et al. 2009). Additionally, BMP signaling is essential for specification and differentiation of choroid plexus progenitor cells at the dorsal midline (Hébert, Mishina, and McConnell 2002). At this early timepoint in neural organoid differentiation, very few control cells express BMP4 (Supplementary Figure 3-5A-C). DRP1 mutant organoids have a larger population of inhibitory neurons, identified by CALM1 and GAD1 (Figure 3-7B-C). Together, these data suggest that DRP1 mutations lead to a reduction of NPCs and radial glia and a more ventral identity of neural organoids (Table 3-3, Table 3-4). 

MFN2 silencing rescues mitochondrial hyperfusion, but not cell identity. 
Mitochondrial fission and fusion events are tightly linked and occur in rapid succession (Xingguo Liu et al. 2009), and both machineries localize at the site of ER membrane contact (Abrisch et al. 2020). The balance between fission and fusion is ultimately what determines mitochondrial morphology. Our previous work demonstrated that patient fibroblasts undergo less fission and fusion events, suggesting that these events are in equilibrium. Additionally, while EMPF1 patient fibroblasts express less MFN1 and MFN2, knockdown of MFN2 could rescue mitochondrial elongation (Robertson et al., 2023). Therefore, we knocked down MFN2 in DRP1 mutant NPCs throughout the course of differentiation to determine whether this could not only rescue mitochondrial morphology but also cell fate. 
Consistent with the findings in patient fibroblasts, DRP1 mutant NPCs express less MFN2 under basal conditions (Figure 3-8A). Live-cell imaging of TMRE in NPCs at day 8 of differentiation showed that MFN2 knockdown can rescue mitochondrial elongation in DRP1 mutant NPCs but doesn’t impact mitochondrial membrane potential (Figure 3-8B). Although the mitochondrial hyperfusion is rescued, PAX6 expression is still mixed among DRP1 mutant NPCs (Figure 3-8C). These data suggest that the changes in cell fate observed in DRP1 mutant cells may not be solely due to mitochondrial elongation but rather to the balance between fission and fusion, as well as peroxisome dynamics, which are not impacted by MFN2 knockdown. 

[bookmark: _Toc155296118]Discussion

While DRP1 has been proven to be essential for embryonic development (Wakabayashi et al. 2009; Ishihara et al. 2009), little is known about the cellular consequences of EMPF1-associated DRP1 mutations. DRP1 expression and activation has been shown to increase over the course of reprogramming fibroblasts into iPSCs and knockout of DRP1 decreased reprogramming efficiency (Prieto et al. 2016). Our data indicate that iPSCs with EMPF1-associated mutations in DRP1 are viable and express key pluripotency transcription factors. This may be due to the differential effect on mitochondrial biology between complete loss of DRP1 and the dominant-negative effect of EMPF1-associated mutations. Alternatively, this may point to a unique role for DRP1 during reprogramming that is less necessary for maintenance of pluripotency in iPSCs. Alternatively, 
A previous report found that of PAX6+ neural progenitor cells have elongated mitochondrial morphology and knockdown or inhibition of DRP1 in the developing cortex pushed the daughter cells to remain NPCs instead of differentiating into neurons (Iwata et al., 2020). Interestingly, our data indicate the DRP1 dysfunction reduces PAX6 expression and NPC cell differentiation in neural organoids. Given that knockdown of MFN2 did not rescue these changes in cell fate, this may suggest that mitochondrial dynamics, and not just overall morphology, are important at these critical cell fate transitions. However, knockdown of MFN2 only occurred during the neural induction period of these experiments. It is possible that restoration of mitochondrial dynamics by MFN2 knockdown at the iPSC stage, prior to differentiation, may be necessary to rescue neural induction in DRP1 mutant cells. 
Although DRP1 mutant NPCs have normal levels of mitochondrial respiration, we discovered several bioenergetic and metabolic abnormalities. Primarily, mitochondrial membrane potential in DRP1 mutant NPCs is hyperpolarized. Hyperpolarization can be a result of many different mechanisms including, the F0F1–ATPase pumping proton into the intermembrane space in a reverse-mode action, complex I inhibition, or voltage-dependent anion channel (VDAC) opening among others (Forkink et al. 2014). The scRNA sequencing data in neural organoids revealed an upregulation SLC25A6, which encodes ATP translocase 3 (ANT3) (Supplementary Figure 3-5D). ANT3 is a gated pore that shuttles ADP and ATP across the inner mitochondrial membrane (Nury et al. 2006) and drives both basal and inducible proton leak (Samartsev, Mokhova, and Skulachev 1997; Brand et al. 2005). Upregulation of SLC25A6 could play a role in the mitochondrial membrane potential differences observed in DRP1 mutant cells, although a detailed analysis of ANT3 function in these cells is needed. 
In addition to changes in mitochondrial membrane potential, metabolomics paired with scRNA sequencing revealed that several metabolic pathways are perturbed in DRP1 mutant NPCs. Some of these metabolic pathways and metabolites have been implicated in cell fate decisions in other models. Phosphoglycerate dehydrogenase (PHGDH), found to be upregulated (Supplementary Figure 3-4B), is an enzyme involved in the TCA cycle that oxidizes malate to oxaloacetate, a metabolite found to be upregulated in R403C mutant NPCs (Figure 3-4C). PHGDH has been implicated in regulating cell fate decisions such as apoptosis, cell-growth, and nutrient sensing (Ma et al. 2021; Wu et al. 2023). Interestingly, PHGDH can localize to the nucleus and alter local NAHD/NAD+ ratios. Given the role of PHGDH in the TCA cycle, this may also contribute to differences in acetyl-CoA concentrations. When acetyl-CoA is upregulated, this can lead to maintenance of histone acetylation, which has been implicated in cell fate changes (Xiong et al. 2018). Additionally, purine and pyrimidine synthesis pathways, found to be altered in DRP1 mutant NPCs (Figure 3-4), have been shown to alter development and differentiation in other cell types (Shinde et al. 2023; Scherer et al. 2023). Overall, this work implicates defective organelle fission as a trigger of many metabolic pathways that could impact the NPC state. 
There have been a handful of studies examining the impact of mitochondrial dynamics in cell fate decisions during neurodevelopment; however, even less is known about the role of peroxisomal dynamics. The DRP1 mutations examined in this study disrupt both mitochondrial and peroxisomal fission dynamics. Additionally, we found metabolites and pathways altered in these cells that indicate defective peroxisomal function, although the model used cannot isolate the impact of mitochondrial versus peroxisomal fission on the cellular phenotypes observed. Interestingly, MFN2 knockdown in DRP1 mutant NPCs rescues mitochondrial morphology but not peroxisomal morphology and does not rescue PAX6 expression. These data suggest that both mitochondrial and peroxisomal fission are essential for these neural cell fate transitions. A mechanistic study to isolate peroxisomal fission and function in NPCs is required to determine whether peroxisomal fission is imperative to these cell fate transitions. 
A mechanistic understanding of the cellular impact of DRP1-mediated organelle fission will uncover the relationship between organelle dynamics and cell fate decisions in neurodevelopment. Several important questions remain: How does mitochondrial fission regulate cellular metabolism? Does peroxisomal elongation impair fatty acid metabolism and/or ROS regulation? How do specific metabolites signal back to the nucleus to impact cell fate? Answering these questions can expand our understanding of many neurodevelopmental disorders associated with mitochondrial dysfunction and hopefully bring us closer to treatments for these devastating diseases.
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Figure 3-1. EMPF1-associated DRP1 mutations impair neural progenitor cell differentiation in vitro. (A) Graphical schematic of neural induction and expected gene expression changes. (B) Neural progenitor cells after two days of dual SMAD inhibitor differentiation stained for PAX6 and OCT4. Scale bar: 20 µm. (C) Neural progenitor cells after eight days of dual SMAD inhibitor differentiation stained for PAX6 and HSP60 (mitochondria). Scale bar: 20 µm. (D) Zoom of HSP60 from image above to show mitochondrial morphology. Scale bar: 10 µm. 

Figure 3-2. DRP1 mutations impair 3D neural organoid development. (A) Representative images of day 15 neural organoids stained for SOX2 and TBR2 (B) PAX6 and MAP2. Scale bar: 50 µm. (C) Representative images of day 30 brain orgnaoids stained for HSP60 (mitochondria) and PMP70 (peroxisomes). Scale bar: 50 µm. (D) Zoom from image above to show mitochondrial and peroxisomal morphology. Scale bar: Scale bar: 10 µm.

[bookmark: _Hlk81226145]Figure 3-3.  Mitochondrial fission defects lead to hyperpolarized membrane potential but no changes in ATP synthesis. (A) Representative max-intensity projection of NPCs stained with 500nM TMRE to measure mitochondrial membrane potential imaged. Cells imaged live for 10 minutes (n=3, 7 cells per replicate). (B) Oxygen consumption rate and extracellular acidification rate in NPCs as measured using Seahorse Mitochondrial stress test (n=3, 16 wells per replicate). Oligomycin applied at 20 minutes, FCCP applied at 40 minutes, and rotenone/Antimycin A applied at 60 minutes. Analyzed using two-way ANOVA followed by Šídák's multiple comparisons test. (C) Proton leak and coupling efficiency calculated using oxygen consumption rate.




Figure 3-4. EMPF1-associated mutations disrupt purine and pyrimidine metabolism, the TCA cycle, and other metabolic pathways.  (A) Metabolites extracted from NPCs were analyzed using Ultra-High-Performance Liquid Chromatography and High-Resolution Mass Spectrometry and Tandem Mass Spectrometry (UHPLC-MS/MS). The listed metabolites are significantly different in abundance than control. (B) Pathway enrichment analysis was performed based on all metabolites that were significantly different than control.


Figure 3-5. Peroxisome morphology is elongated in DRP1 mutants and fatty acid reliant-respiration is reduced. (A) Representative images of PMP70 imaged using confocal microscopy to analyze peroxisomal morphology in NPCs at day 8. Scale bar: 10 µm. (B) Oxygen consumption rate in NPCs as measured using Seahorse Analyzer XFe96 (n=3, 16  wells per replicate). Cells deprived of glucose for 24 hrs and supplemented with fatty acids. Perhexiline applied after 20 min, oligomycin applied at 40 min, FCCP applied at 60 min, and rotenone/Antimycin A applied at 80 min. Analyzed using two-way ANOVA followed y Šídák's multiple comparisons test. 

Figure 3-6. Aberrant early cell fate transitions in DRP1 mutant NPCs. (A) UMAP showing pseudo-time trajectory analysis in NPCs at day 2 off differentiation followed by gene expression of key transcription factors and mitochondrial genes in control, (B) G32A, and (C) R403C. 

Figure 3-7. EMPF1-associated mutations change cell identity in neural organoids. (A) UMAP showing cluster analysis in neural organoids at day 15 of differentiation in control, (B) G32A, and (C) R403C. 

Figure 3-8. MFN2 silencing rescues mitochondrial hyperfusion, but not cell identity. (A) Western blot of total protein lysate isolated from day 8 NPCs and probed for MFN2 and ACTIN. (B) Representative live-cell imaging of NPCs treated with 500nM TMRE for 10 minutes. Scale bar: 10 µm. (C) Representative images of NPCs after 8 days of differentiation and 4 rounds of siRNA knockdown stained for PAX6. Scale bar: 50 µm.

Supplementary Figure 3-1: DRP1 mutant iPSCs are viable. (A) Representative SIM images of iPSCs stained for NANOG and OCT4. Scale bar: 20 µm. (B) Representative images of iPSCs stained for mitochondria (HSP60) and peroxisomes (PMP70). Scale bar: 10 µm. (C) Oxygen consumption rate and extracellular acidification rate in iPSCs as measured using Seahorse Mitochondrial stress test (n=3, 16 wells per replicate). Oligomycin applied at 20 minutes, FCCP applied at 40 minutes, and rotenone/Antimycin A applied at 60 minutes. Analyzed using two-way ANOVA followed by Šídák's multiple comparisons test. (D) Proton leak and coupling efficiency calculated using oxygen consumption rate. 







Supplementary Figure 3-2: Mitochondrial and peroxisomal morphology are elongated in DRP1 mutant NPCs.  (A) Representative SIM images of NPCs stained for mitochondria (HSP60) and peroxisomes (PMP70). Scale bar: 10 µm. (B) Quantification of mitochondrial and peroxisomal volume and surface area. Analyzed using a one-way ANOVA followed by Šídák's multiple comparisons test. 




Supplementary Figure 3-3: DRP1 mutant neural organoids acquire a dorsal identity and express choroid plexus markers. (A)  Representative images of day 30 neural organoids stained for PAX6 and NESTIN (B) SOX2, MAP2, and TTR. Scale bar: 50 µm




Supplementary Figure 3-4: scRNA sequencing differential expression analysis of DRP1 mutant NPCs reveals altered cell fate and metabolic gene expression. Volcano plots of significantly differentially expressed (A) NPC transcription factors and (B) metabolic enzymes identified in scRNA sequencing data of day 2 NPCs compared to control.




Supplementary Figure 3-5: Marker gene expression in day 15 neural organoids. (A) UMAP showing marker gene expression used in cluster identification in neural organoids at day 15 of differentiation in control, (B) G32A, and (C) R403C. 









































Table 3-1: Gene ontology of differentially expressed genes in day 2 G32A NPCs.
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Table 3-2: Gene ontology of differentially expressed genes in day 2 R403C NPCs.



Table 3-3: Gene ontology of differentially expressed genes in day 15 G32A mutant neural organoids. 

Table 3-4: Gene ontology of differentially expressed genes in day 15 R403C mutant neural organoids.
.
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Adapted from: Robertson GL, Romero-Morales AI, Lippmann E, Gama V. (2020) Perspective: Uncovering cell biology in the third dimension. Molecular Biology of the Cell. doi: 10.1091/mbc.E19-04-0211
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Developmental biology has long benefited from studies of classic model organisms. These model systems have provided the fundamental understanding of general principles of development, as well as insight into genes and signaling pathways that control unique aspects of cell fate specification and tissue morphogenesis. Because human brain development cannot be studied in vivo, scientists have relied on these model systems to study basic principles underlying the development of this complex organ as many of these genes and signaling pathways play conserved roles in human development. However, recent studies have shown species specific signatures in neurodevelopment such as the transcriptome of outer-radial glia, suggesting use of a human-derived model remains imperative. Over the past decade, human stem cell-derived neural organoids have emerged as a biologically relevant model system to study normal human brain development and neurological diseases. As demonstrated by our EMPF1 studies, new mechanistic insight into cell biology can be revealed using these three-dimensional (3D) brain structures. 





[bookmark: _Toc155296123]Introduction

Neural organoids are 3D self-assembled structures that can be formed in vitro from human pluripotent stem cells (hPSCs) that resemble the cellular organization and transcriptional and epigenetic signature of a developing human brain up to approximately 24-25 weeks post-conception as compared to fetal brain tissue (Quadrato et al. 2017; Pașca et al. 2019; Camp et al. 2015; Velasco et al. 2019; Kanton et al. 2019; Amiri et al. 2018; Gordon et al. 2021). By culturing in circulating medium, neural organoids develop a neuroepithelium that can mature to generate neural stem cells with characteristic architecture and to generate progenitor zones (ventricular zone [VZ], subventricular zone [SVZ], and subsequently outer subventricular zone [OSVZ]) all identifiable by cell type-specific molecules such as transcription factors PAX6 and SOX2 and apically polarized N-cadherin. When cultured for weeks to months, organoids generate multilayered structures around a central lumen, patterned in an “inside-out” fashion (referring to the direction of progenitor differentiation and migration in the cortex from the ventral side to the cortical plate, with neurons in Layer II being younger than Layer VI neurons). The neurons generated from these systems form functional synapses, secrete relevant neurotransmitters, and express cell-type specific markers (Puppo and Muotri 2023; Uzquiano et al. 2022; Trujillo et al. 2019; Velasco et al. 2019; Kanton et al. 2019). Thus, neural organoids have become useful tools to model early to mid-gestational human brain development. In addition, patient-derived neural organoids have successfully been used to model human neurodevelopmental disorders such as Timothy Syndrome and Autism Spectrum Disorder (ASD) (Birey et al. 2017; Mariani et al. 2015; Meng et al. 2023). While the field has grown immensely, we are just at the initial stages of uncovering the full potential of neural organoid technology. In this perspective, we summarize advancements in this field, speculate on future directions for the technology and focus on the potential applications of neural organoids for the study of basic cell biology. 

[bookmark: _Toc155296124]Historical perspective on neural organoids 

Studies using classic model organisms have provided crucial genetic information of key signaling pathways underlying human development. While in vitro two-dimensional culture systems have been useful platforms to test and manipulate these signaling pathways, the development of hPSC-derived three-dimensional organoids has allowed the field to start integrating other developmental factors such as complex tissue architecture, dynamics as well as some of the signaling gradients found in vivo. This innovation was spurred on by advancements in human stem cell culture and reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka 2006; Yamanaka et al. 2007; Thomson 1998).  Guided methods for the formation of 3D neuronal structures derived from human stem cells were pioneered by the Sasai group (Eiraku et al. 2008; Kadoshima et al. 2013; Eiraku et al. 2011; Muguruma et al. 2015; Danjo et al. 2011). These polarized cortical tissues were electrophysiologically functional and transplantable into mice (Eiraku et al. 2008). Importantly, the SFEBq (serum-free floating culture of embryoid body-like aggregates with quick reaggregation) method (Kadoshima et al. 2013) is the basis of many of the current unguided and guided organoid methodologies (Qian, Song, and Ming 2019). At the inception of the organoid field, intestinal organoids were generated from single intestinal stem cells derived from mouse crypts (Sato et al. 2009). Much like neural organoids, these intestinal organoids self-organized to form a 3D architecture that closely resembles the in vivo structure and were later also derived from iPSCs using a temporal series of growth factor treatments that mimicked embryonic intestinal development (Spence et al. 2011). These previous studies on intestinal organoids paved the way for much of the technology and methods later adapted to advance neural organoid generation, which recapitulated the structure and function of multiple brain regions. 	

[bookmark: _Toc155296125]Current systems to generate neural organoids 

The cerebral organoid model developed rapidly because of the propensity of cells to self-assemble into this structure without the addition of specific patterning molecules. When cells are grown in suspension in serum-free media, they develop into an embryoid body (EB). These EBs can then be embedded in Matrigel, an extracellular matrix composite that supports organoid growth and progenitor cell polarization. Without the addition of exogenous soluble factors, EBs can stochastically develop into unguided organoids containing a diverse array of neural cell types including dorsal and ventral forebrain, retina, hippocampus, midbrain, and hindbrain (Lancaster et al. 2013; Lancaster and Knoblich 2014; Camp et al. 2015; Quadrato et al. 2017; Uzquiano et al. 2022) (Figure 4-1). 

Through the use of specific patterning molecules, organoids can also be directed to differentiate into specific brain regions (guided organoids). EBs can be generated as described above with the addition of SMAD and Wnt inhibitors to promote dorsal forebrain identity (Birey et al. 2017). Midbrain-like organoids containing dopaminergic neurons have been generated using sonic hedgehog and FGF8 (Fibroblast Growth Factor 8) patterning (Jo et al., 2016). If IWP-2 (Inhibitor of WNT) and SAG (Smoothened Agonist) are also added, the organoids can adopt ventral forebrain identity (Birey et al., 2017). It is important to note that while the organization around the lumen is highly reproducible (Velasco et al. 2019), unlike human development several lumens of varying size are generated using current protocols. Recent developments in micropattern technology provide a standardized system to dissect the earliest processes of human neural induction and morphogenesis within a single lumen (Haremaki et al. 2019).
	
Organoids have also been generated for structures such as the optic cup and the spinal cord. Optic cup organoids exhibit apical-basal polarity and recapitulate the evagination of the epithelial vesicle and expression of neural retina markers such as CHX10 and SIX3. These organoids also demonstrate interkinetic nuclear migration, a hallmark of early neurogenesis that has been difficult to study in vitro (Fligor et al. 2018). Protocols for organoids modeling ventral, intermediate, and dorsal spinal cord identity called 3-DiSC (3D induced spinal cords) were recently developed (Ogura et al. 2018). The spinal cord organoids were ventralized by changing the concentration of sonic hedgehog agonist and dorsalized by the addition of BMP4 treatment. These organoids generated spinal motor neuron and spinal interneuron subtypes, as well as a roof plate-like organizing center that has not been produced with other organoid protocols. 

Further breakthroughs have utilized multiple organoid systems to model complex cell biology such as migration. For example, separately patterned dorsal and ventral forebrain organoids were integrated into what has been called assembloids (Birey et al., 2017). When these region-specific organoids are assembled, GABAergic interneurons migrate from the ventral organoid into the dorsal organoid, resembling the in vivo process of interneuron precursor migration (Birey et al. 2017). Later work generated assembloids by combining independently differentiated cortical organoids and medial ganglionic eminence organoids (Xiang et al. 2017). This model also mimics the developmental migration of MGE-derived interneurons into the cortex (Xiang et al. 2017). Beyond migration, the assembly of organoids may allow for the investigation of complex neural circuits that connect various brain regions (Birey et al. 2022; Andersen et al. 2020).
	
Alongside advances in differentiation protocols, bioengineering technology has improved many aspects of neural organoid production. For example, in order to promote long term culture, organoids have been grown in spinning bioreactors to improve nutrient and waste product exchange to and from the densely packed structures. These miniature bioreactors are compatible with multi-well plates, which decreases costly culture media and increases reproducibility and throughput (Qian et al. 2018; Alejandra I. Romero-Morales et al. 2019). Other examples include the use of embedded microfilaments within the organoid and culture at an air-liquid interface to enhance cortical plate formation (Giandomenico et al. 2019). It is expected that engineering principles will help enhance neural organoid platforms in the future.
	
Despite the great advances in the generation of structures that resemble human development, some challenges remain. For example, all in vitro neural organoid platforms lack perfusable microvasculature, as well as other supporting structures such as the meninges. Currently, most vascularization approaches rely on bioprinting or co-culturing organoids with a monolayer of endothelial cells (Pham et al. 2018; Grebenyuk and Ranga 2019; Jalilian and Shin 2023), but these strategies do not recapitulate the capillary structures seen within the brain. The transcriptomic profile of organoids also resembles that of mid-gestation (Camp et al. 2015; Quadrato et al. 2017; Amiri et al. 2018; Velasco et al. 2019; Kanton et al. 2019; Trujillo et al. 2019) and while this is an impressive improvement from 2D cultures, there are still limitations to model late-onset neurological diseases. Although the field has been able to produce many different brain regions independently, the ability to mimic in vivo development with temporal and structural resolution may require morphogen gradients and localized application of small molecules. 
 
[bookmark: _Toc155296126]Using organoids to reveal basic cellular biological mechanisms 

While the potential of neural organoids to model disease has motivated many investigations, one powerful application that has remained somewhat overlooked is the ability to uncover basic biological mechanisms underlying brain development in the context of a temporally and spatially organized three-dimensional tissue. In addition, the widespread use of genome editing in hPSCs has made it possible to introduce fluorescent tags at the endogenous locus of fundamental genes allowing for the visualization of cellular processes in live cells within the complex brain architecture. It is remarkable that these technological and biological advancements have now opened the door for mechanistic studies to be conducted in systems that are close to the physiology and anatomy of the human brain. While many areas of biology could benefit from these systems, we are focusing our discussion into three potential lines of investigation:
	
1. Brain vascularization and blood-brain barrier (BBB) development.
Brain vascularization is initiated by a perineural vascular plexus, where endothelial cells sprout into brain tissue, recruit pericytes, and form the BBB. There is evidence that this process is spatially coordinated, leading to the development of region-specific BBB identity that may reflect the specialized functions of specific neuron subtypes (Vasudevan et al. 2008; Cerneckis, Bu, and Shi 2023; Bosworth et al. 2021). While isolated 2D cultures could shed light on this crosstalk, they are not likely to provide as much insight into developmental dynamics involving explicit 3D behaviors like angiogenesis and organization of vascular structures. Upon improvement of endothelial cell integration, and when coupled with cellular reporters and single-cell transcriptomics, organoids could provide a valuable resource for studying mechanisms of human brain vascularization and regional specification, which may have significance for neurodegenerative diseases that involve BBB dysfunction (e.g. Alzheimer’s disease), although other facets of aging may need to be incorporated into these models to reliably recapitulate such phenotypes (Cakir et al. 2019). 

2. Neuron-glia biology. 
Traditional 2D hPSC-derived neuronal cultures have been instrumental for fundamental studies of individual cell behaviors. Further, co-culture systems complemented with animal models have recently expanded on the basic understanding of how neurons and astrocytes exert non-cell autonomous effects to promote survival and function (Ioannou et al. 2019). While the many supportive roles of astrocytes (e.g. astrocyte-neuronal lactate shuttle, control of extracellular pH, control of cerebral blood flow) have been studied for decades, astrocytes have also been shown to uptake and release neurotransmitters via calcium-dependent vesicular release, suggesting that they play an integral role in neural circuits (Allen and Barres 2009). Because of their cellular diversity and neuronal network activity (Quadrato et al. 2017), organoids provide a platform to study the interplay of neurons and glia within the dynamic context of specific brain regions as well as with the temporal resolution of human development, allowing for new paradigms to be discovered. The ability to generate complex human neural circuits that can be stimulated by physiological conditions (Quadrato et al., 2017) could also provide insight into the mechanisms underlying high-order functions and neurotransmission. 

Along with astrocytes, other nonneuronal cells such as oligodendrocytes, ependymal cells, and choroid plexus cells have been identified in the diverse cellular population of organoids (Matsui et al. 2018; Jo et al. 2016; S.-J. Yoon et al. 2019). The presence of these cells allows for the investigation of unique cellular mechanisms that occur during neurodevelopment such as interkinetic nuclear migration and myelination (Madhavan et al. 2018; Marton et al. 2019), although in some cases the desired cell type is relatively rare (e.g. choroid plexus epithelial cells) and improved differentiation methods may be necessary to increase yields for targeted studies. Given that ependymal and choroid plexus cells play a central role in the blood-CSF barrier, the crucial process of ion homeostasis and osmotic pressure regulation could possibly be investigated using organoid systems as well. 

In conclusion, hPSC-derived organoid models have advanced greatly and will continue to provide a platform for both disease and basic cell biology research. Add a paragraph introducing the next chapter. 
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Figure 4-1. Time-line representation of significant advancements in the generation of neural organoids. SFEBQ: serum-free floating culture of embryoid body-like aggregates with quick reaggregation. 
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Neural organoids derived from human induced pluripotent stem cells (iPSCs) provide a model to study the earliest stages of human brain development, including neurogenesis, neural differentiation, and synaptogenesis. However, neural organoids lack supportive tissues and some non-neural cell types that are key regulators of brain development. Neural organoids have instead been co-cultured with non-neural structures and cell types to promote their maturation and model interactions with neuronal cells. One structure that does not form de novo with neural organoids is the meninges, a tri-layered structure that surrounds the CNS and secretes key signaling molecules required for mammalian brain development. Most studies of meninges-brain signaling have been performed in mice or using two-dimensional (2D) cultures of human cells, the latter not recapitulating the architecture and cellular diversity of the tissue. To overcome this, we developed a co-culture system of neural organoids generated from human iPSCs fused with fetal leptomeninges from mice with fluorescently labeled meninges (Col1a1-GFP). These proof-of-concept studies test the stability of the different cell types in the leptomeninges (fibroblast and macrophage) and the fused neural organoid (progenitor and neuron), as well as the interface between the organoid and meningeal tissue. We test the longevity of the fusion pieces after 30 days and 60 days in culture, describe best practices for preparing the meninges sample prior to fusion, and examine the feasibility of single or multiple meninges pieces fused to a single organoid. We discuss potential uses of the current version of the LMNO fusion model and opportunities to improve the system. 
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	The development of the human central nervous system (CNS) is a complex process requiring the precise coordination of signaling molecules and various cell types. Our understanding of human CNS development is mostly derived from rodent and non-human primate models, along with investigation of post-mortem human brain tissue. While informative, studies using these approaches do not adequately mimic the in vivo processes of human brain development. Thus, neural organoids derived from human pluripotent stem cells, both embryonic stem cells (ESCs) and iPSCs, have become useful tools for understanding various stages of human brain development. Neural organoids can be used to model aspects of human CNS development, such as neurogenesis and synaptogenesis, and produce a heterogenous mixture of cell types (Lancaster et al. 2013; Arlotta and Paşca 2019; Velasco et al. 2019). Neural organoids can form distinct layers reminiscent of cortical layers found in vivo and bear an organizational and transcriptomic resemblance to the gestational human cortex (Velasco et al. 2019; Lancaster et al. 2017; Camp et al. 2015). Additionally, small molecules and other morphogens can be used to pattern the organoids into specific cell fates or encourage the patterning into different developmental regions, such as telencephalic or cerebellar-like neural organoids (Arlotta and Paşca 2019; Uzquiano et al. 2022; Meng et al. 2023). Thus, neural organoids have become central tools for studying early human CNS developmental processes and for translational applications. 
	One major drawback of current human neural organoid platforms is their lack of support structures that are required for proper CNS development and function in vivo (Arlotta and Paşca 2019; Cerneckis, Bu, and Shi 2023; Garcia-Epelboim and Christian 2023). These are structures or cell types that are not derived from the neuroectoderm that give rise to the CNS and include vasculature, microglia, and meninges. Some strides have been made to incorporate microglia and vasculature into neural organoids(Garcia-Epelboim and Christian, 2023; Hong et al., 2023). While these systems have improved our understanding of interactions between neural and non-neuronal cell types within neural organoid models of human CNS development, these platforms still lack many of the characteristics and spatial organization of human brain morphology. A structure that is key to proper formation and maintenance of the CNS in vivo is the meninges, a tri-layer structure composed of fibroblasts, blood vessels, and immune cells that encases the entire CNS. It has been well established that the meninges play an essential role in brain development by secretion of important factors: meningeal retinoic acid is required for cortical and cerebellar development in mice and humans (Siegenthaler et al. 2009), meningeal CXCL12 directs Cajal-Retzius cell migration (Borrell and Marín 2006), and the pia layer of the meninges forms the basement membrane interface which is required for radial glial cell attachment (Radakovits et al. 2009). Despite this, few attempts have been made to incorporate meningeal tissue into neural organoid models and much of the work to understand interactions between the meninges and neuronal cell types during development have been conducted in rodent models or meningeal cell lines. 
	Overall, there is a need for human neural organoid systems to better recapitulate the structure and organization of the human brain during development, and we propose the meninges as a key component to achieve this complexity. Here, we describe a three-dimensional (3D) co-culture system created from iPSC-derived human neural organoids fused with embryonic leptomeninges from Col1a1-GFP mice, which we named Leptomeningeal Neural Organoid (LMNO) fusions. We show that the meningeal compartment of LMNOs retains key characteristics of leptomeninges in vivo, such as layer-specific fibroblast markers and resident immune cells, up to 60 days in culture. We also find that neurons in the LMNO fusions undergo less cell death compared to neurons in non-fused organoids. Finally, we find evidence of iPSC-derived human neural organoid Cajal-Retzius-like neuronal cells migrating into the meningeal compartment of LMNOs, potentially responding to Cxcl12 ligand derived from meningeal cells. This proof-of-concept study provides an important initial framework for incorporation of meninges into neural organoid platforms. 
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Cellular composition of neural organoids and leptomeningeal tissue.
Prior to fusing, day 15 human neural organoids have begun to develop ventricular-like zones, which recapitulate the developing cytoarchitecture of the human cortex (Figure 5-1A). The cells surrounding these ventricular-like zones express the expected markers of neural progenitors such as PAX6 and SOX2 (Figure 5-1A). By day 15, MAP2+ neurons have started to differentiate and migrate away from the ventricular zone (Figure 5-1A). This organization in neural organoids is intrinsic and develops prior to our fusion; however, minimal neurogenesis has occurred at this timepoint. 
 The leptomeninges is comprised of the inner two layers of the meninges, the pia and arachnoid. It contains the pial and arachnoid fibroblasts that produce ECM, retinoic acid, CXCL12, and BMPs vital for brain development. The mouse leptomeninges can be isolated as a separate structure from the brain and the outer layer of the meninges, the dura. We isolated meninges from the Collagen1a1-GFP (Col1a1-GFP) reporter mouse line in which all fibroblasts are labeled with GFP (Figure 5-1B, schematic); using previously described whole-mounting techniques (Jones, Abrams, and Siegenthaler 2022) combined with immunofluorescent labeling we can visualize Col1a1-GFP+ fibroblasts and the associated meningeal vasculature (Figure 5-1B). Single-cell profiling studies of the meninges reveal unique layer-specific fibroblast subtypes and tissue-resident macrophages called border associated macrophages (BAMs). These cell populations can be visualized in the dissected leptomeninges using specific markers: pia-layer fibroblasts labeled by S100a6, arachnoid fibroblasts labeled with RALDH2 and PDPN, pseudo-epithelial arachnoid barrier cells labeled by ECAD and CRABP2, and BAMs labeled by CD206 and LYVE1 (Figure 5-1C). 
We previously showed that some meningeal fibroblast layer specific markers (e.g., S100a6, CRABP2) are shared between fetal mouse and human meninges (DeSisto et al. 2020). To further test this, we used published single nuclear RNA sequencing data sets from early embryonic (human gestational week 6-10) and later fetal (gestational week 16-25) human brain development to identify cell clusters that are representative of putative meningeal mesenchymal/fibroblast, meningeal macrophage, and vascular cells (Figure 5-1D, E). At early embryonic stages, three mesenchymal cell clusters were identified with one of the clusters (mes 3) showing enriched gene expression of previously identified mouse fetal pia (NGFR, LAMA1, CYP1B1, LUM) and arachnoid cells (CLDN11, ALCAM) (DeSisto et al. 2020) (Figure 5-1D). The analysis of clusters at later stages of fetal human brain development identified a meningeal fibroblast enriched cluster, likely representing a mixture of arachnoid and pial cells (Figure 5-1E) as first identified in mouse fetal meninges. At both stages, we identified endothelial cell clusters with CNS specific gene expression profiles, (low PLVAP, high CLDN5, SOX17) and macrophage clusters with MRC1 and LYVE1 (Figure 5-1D, E), consistent with studies in mouse on vascular and macrophage development. This indicates that mouse leptomeninges contain meningeal fibroblasts, macrophages, and vasculature populations that are transcriptionally like human embryonic and fetal meninges. Further, these data provide supportive evidence that mouse leptomeninges are a reasonable proxy for human-derived tissue.


Generation of LMNO fusions.
Neural organoid platforms mimicking human development have yet to incorporate the meninges, a structure essential for proper brain development. To develop LMNO fusions,  neural organoids were first generated from iPSCs as previously described (A.I. Romero-Morales et al. 2022; Velasco et al. 2019) and grown up to day 15 in culture, resembling approximately 6-9 gestational weeks in human (Figure 5-2A). Then, we isolated leptomeninges from embryonic day (E)16 Col1a1-GFP+ mice, in which meningeal fibroblasts express GFP under the Col1a1 promoter (Yata et al. 2003). Prior to isolation of the meninges, embryos were perfused with ion-free HBSS on ice to remove blood contents (Figure 5-2A). Then, brains were removed and the leptomeninges were dissected from each hemisphere of the forebrain (Figure 5-2A), as previously described (Jones, Abrams, and Siegenthaler 2022). Isolated meninges were collected in sterile, ion-free HBSS on ice until ready to be transferred into culture with neural organoids (Figure 5-2A). We transferred one neural organoid along with 2-4 pieces of Col1a1-GFP+ forebrain leptomeninges into one well of a static culture system consisting of a round-bottom Eppendorf tube secured with hot glue to the bottom of each well of a 6-well plate (Figure 5-2A). Each well was filled with approximately 300-500uL of organoid differentiation media and given complete media changes every other day (Figure 5-2A). We monitored neural organoid-meninges fusion progression by capturing bright-field images every other day (Figure 5-2A-B). At day 3 in culture, the organoid and meninges components remain mostly separate, but by day 6 we observe fusion between the neural organoid and meninges, thus generating LMNOs (Figure 5-2B). LMNOs remained fused throughout the course of the experiment, including after collection for staining at day 30 or 60 (Figure 5-2A-B). 
 
Characterization of specialized meningeal cell types within LMNO fusions. 
The meninges are a complex tissue consisting of a diverse array of cell types including specialized fibroblasts and tissue resident immune cells. Thus, we next sought to understand the cellular composition of the meningeal tissue compartment of the LMNO fusions. 
The meninges contain tissue-resident yolk-sac derived macrophages called border associated macrophages (BAMs) that play an important role in immunological surveillance and response to infection and injury (Rebejac et al. 2022; Riew et al. 2022). BAMs appear in the meninges embryonically persisting through adulthood and are identified by the markers CD206 (also known as mannose receptor C-type 1 (MRC1)) and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1). We conducted fluorescent immunolabeling for CD206 and LYVE1 on sections from LMNO fusions at day 30 and day 60 and found an abundance of CD206 and LYVE1 labeling of BAMs in the meningeal compartment of the LMNOs at both timepoints (Figure 5-3A). The CD206 and LYVE1 labeling remained within the meningeal compartment and no labeling was observed in the organoid compartment, suggesting that any BAMs that persist in the LMNO fusions stay confined in the meninges. At day 60, we observed that much of the Col1a1-GFP+ signal colocalized with CD206 and/or LYVE1 (Figure 5-3A), suggesting that BAMs may be phagocytosing cells within the LMNOs. 
The meninges also contain specialized fibroblasts called arachnoid barrier (AB) cells that are critical for maintaining the barrier properties of the meninges (Derk et al. 2023). AB cells are specified and form elaborate cell-cell adhesions utilizing the molecules E-cadherin (ECAD) and claudin 11 (CLDN11) during embryonic development (Derk et al. 2023). We conducted fluorescent immunolabeling for AB cell junctional proteins ECAD and CLDN11 on sections from LMNO fusions at day 30 and day 60 and saw labeling for these markers within the meningeal compartment at both timepoints (Figure 5-3B-C). At day 30, we observed ‘ribbons’ of co-localized ECAD/CLDN11 labeling reminiscent of the AB layer in vivo (Figure 5-3B, Figure 5-3C inset). By day 60, these structures were mostly absent and most of the ECAD/CLDN11 labeling was seen in ameboid-like structures (Figure 5-3B-C); given the abundance of BAMs we suspect that any AB structures that remain in the meningeal compartment of the LMNO fusions are phagocytosed by this timepoint. Taken together, this data shows that specialized meningeal cell types (BAMs and AB cells) are able to persist in LMNO fusion cultures at day 30 and 60 and retain functional and structural characteristics. 

Neural organoids in the LMNO fusion model display reduced apoptosis.
LMNO fusions retain characteristic meningeal cell types (Col1a1-GFP+ fibroblasts, AB cells, and BAMs) 30-60 days into culture, though we observe a significant amount of cell fragmentation and what appears to be phagocytosed cellular components by resident BAMs by day 60. Thus, we next quantified the relative frequency of cell death as a readout for overall health of the culture system. To do so, we conducted immunofluorescent labeling for the apoptosis pathway component activated Caspase-3, along with CRABP2, which labels both meningeal fibroblasts and neurons, in LMNO fusions at D30 and D60 (Figure 5-4A, LMNO). We also conducted the same staining in neural organoids not fused to meninges but kept in the same culture conditions as the LMNO fusions (Figure 45-A, org. only). We then quantified cell death by measuring the percentage of the area labeled with Caspase-3 of each LMNO compartment (organoid, meninges) (Figure 5-4B). At D30, we find that the organoid compartment of LMNOs contain significantly less Caspase-3 labeling compared to the meninges compartment, and the organoid compartment had significantly less Caspase-3 labeling compared to organoids lacking meninges (Figure 5-4B). This effect was only observed at D30; at D60 we find that the amount of Caspase-3 labeling is not significantly different between the organoid compartment of LMNO fusions and organoids alone (Figure 5-4B). From these results, we speculate the meninges component of LMNOs are protective against cell death within the organoid compartment, potentially via secretion of pro-survival signals. 

Human REELIN+ neurons migrate into meningeal tissue in LMNO fusion model.
Given the evidence for neuronal cell migration in other iPSC-derived organoid models (Miura et al. 2022), we examined whether any human cells migrated into the meningeal compartment of the LMNO fusion using a marker specific for human mitochondria. Human mitochondria were observed in the mouse meningeal tissue in some instances (Figure 5-5A-B). These migratory human cells express REELIN (Figure 5-5C), a marker of Cajal-Retzius-like cells known to be present in iPSC-derived neural organoids and to migrate within the developing human brain. These data suggest that there is integration of the two tissues and that human neural cells migrate into the meningeal tissue. Conversely, PAX6+ neural progenitors remain in the neural organoid around ventricular-like zones (Figure 5-5A). 
It is well established that meningeal-derived factors are essential for proper cortical development. One essential factor, CXCL12, is secreted by the meningeal fibroblasts embryonically and is required for Cajal-Retzius cell migration in vivo (Borrell and Marín 2006). Given that we observe organoid-derived REELIN+ Cajal-Retzius-like cells within the meningeal compartment of LMNOs, we next sought to determine if the LMNO meningeal compartment acts as a source for CXCL12 ligand. To do so, we conducted RNAscope in situ hybridization for Cxcl12 mRNA on LMNO fusions at D30 and D60. At both timepoints, we observe abundant Cxcl12 signal within the meningeal compartment of LMNOs, and signal is notably lower in the organoid compartment (Figure 5-5C). This may suggest a CXCL12-dependent mechanism is driving Reelin+ cell migration into the meningeal compartment of LMNO fusions. 
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We present a method for co-culturing human iPSC-derived neural organoids with embryonic mouse meninges, referred to as LMNO fusions. In this system, embryonic mouse leptomeninges placed in culture with neural organoids undergo fusion in six days and can remain in culture through 60 days. We find that the leptomeningeal compartment of LMNO fusions retain key characteristics of the meninges in vivo, with tissue-resident macrophages and specialized arachnoid barrier cells persisting in culture through 30 days. Furthermore, the cell types known to be present in neural organoids were present after fusion, suggesting that fusion did not disrupt neural organoid development. We also find that the leptomeninges are potentially neuroprotective in the LMNO organoid compartment within the first 30 days in culture. Finally, we show that the LMNO organoid compartment recapitulates characteristics of cortical development in vivo, including producing migratory REELIN+ Cajal-Retzius-like cells that potentially respond to LMNO meninges compartment-derived CXCL12. 
Our method provides a novel framework for the co-culturing of neural organoids with leptomeningeal tissue. In the LMNO system, whole meninges are placed into culture with neural organoids and undergo spontaneous fusion. Although the meninges in LMNOs do retain key cell types (Figure 3), they do not retain their overall organization or form key structures at the interface between the meningeal and organoid components. In vivo, the meninges consist of three layers—the pia, arachnoid, and dura—with the pia layer residing closest to the brain surface, forming the glia limitans and acting as a crucial attachment point for radial glial cells (Radakovits et al. 2009). Future meninges-neural organoid platforms should aim to retain this organization, via scaffolding and/or methods to self-organize the meninges into the proper layer order around organoids. A dissociated meningeal cell line has been used to coat neural organoids with meningeal fibroblasts (Jalilian and Shin 2023); future systems could employ similar methods with primary embryonic meningeal cells to maintain the cellular diversity. 
Human leptomeningeal tissue has yet to be derived from iPSCs in vitro. However, the LMNO fusion model allows us to study the interaction of human neural organoids and mouse leptomeningeal tissue in vitro, which may give insight into key signaling pathways that are essential to deriving these tissues. Furthermore, this model provides evidence that meningeal tissue can be cultured in vitro and retain the cellular diversity of the tissue. These future, improved systems will not only be important for modeling brain development in vitro but will also be useful models for studying meningeal development and brain-meninges cross-talk. 
Within the meningeal component of LMNO fusions, we observed the survival of meningeal tissue-resident macrophages, BAMs, marked by expression of CD206 and LYVE1. The BAMs appeared to remain confined to the meninges and were not observed in the organoid compartment of LMNO fusions, mirroring the homeostatic localization of BAMs in vivo. We also observed GFP+ fluorescence within the CD206+/LYVE1+ cells, suggesting that the macrophages present in the LMNO fusions may actively phagocytose fragments of dead fibroblasts. We also detect cells expressing the junctional proteins E-cadherin and Claudin-11, which are expressed by AB cells in vivo. These AB-like structures are seen at day 30 but appear to break down by day 60 in culture. It has been established that the AB layer begins establishing cell-cell junctions along with its barrier function embryonically, however it is unknown what signals contribute to maintenance of the AB layer in vivo. Potentially, other meningeal fibroblasts present in the LMNO meninges compartment produce pro-survival signals or the BAMs act to reduce cytotoxicity by phagocytosing dead cells. 
During development, the meninges secrete factors (CXCL12, retinoic acid, BMPs) that are essential for proper cortical development. In the LMNO fusion system, we observed that the meninges component produces CXCL12 ligand, which in vivo is necessary for driving Cajal-Retzius cell migration. We also found evidence that the meninges promote cell survival in the organoid of the LMNO fusion through day 30 in culture. Potentially, other meningeal-derived cues promote neuronal survival in LMNO fusions, though these mechanisms do not seem to persist through day 60 in culture given the widespread cell death seen at this timepoint. 
Developmental apoptosis is an evolutionary conserved pathway critical for neurodevelopment (Ke et al. 2018), that is actively regulated during the generation of neural organoids (Joshi et al. 2020). However, increased cell death can also arise from long-term culturing conditions. At day 30, LMNO fusion organoids show less caspase activation than neural organoids alone, suggesting that the meningeal tissue secretes factors that could prevent cell death during the static conditions of the LMNO fusion protocol and that the factors generated from mouse tissue affect human cells. 
The LMNO fusion system may benefit from experimentation with other aspects of the fusion model as well. For example, both the time post-differentiation of the organoid and the developmental stage of the mice can be manipulated to interrogate different questions. Fusing leptomeningeal tissue from an earlier time in development with a more developed neural organoid may be used to examine how signals from the developing brain impact leptomeningeal maturation. Further, fusion starting with an older neural organoid may allow for examination of interactions between human iPSC-derived glia and leptomeningeal tissue. Overall, the LMNO fusion model shows that human neural organoids can functionally integrate into mouse meningeal tissue and that this platform can be used to reveal the intricate meninges-brain signaling networks that underlie early brain development. 
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Figure 5-1: Characterization of neural organoids and mouse fetal meninges prior to fusion.  
(A) Representative images of day 15 neural organoid labeled with PAX6/MAP2 or SOX2/CTIP2, scale bars 100 m. (B) Schematic and maximum-projection image depicting isolation and whole-mounting of mouse embryonic Col1a1-GFP+ leptomeninges, image shows GFP+ leptomeningeal fibroblasts (green) and vasculature labeled with PECAM (white). (C) Identification of cell types in mouse leptomeningeal whole-mount tissue, images show labeling of S100a6 (fibroblasts)/PECAM (vasculature), RALDH2 (fibroblasts)/Podoplanin (fibroblasts), E-cadherin (arachnoid barrier)/CRABP2 (fibroblasts), and CD206 (macrophages)/LYVE1 (macrophages)/Lectin (vasculature); all scale bars 100m. (D-E) Dot-plots showing conservation of mouse meningeal cell types and markers in human brain data sets at (D) GW 6-10 (from Uze, Aparna et. al. 2021) and (E) GW 16-25 (from Trevino et. al. 2021). 

 


Figure 5-2: Leptomeningeal-neural organoid (LMNO) fusion culture establishment and growth.
(A) Graphical depiction of leptomeningeal dissection and establishment of LMNO fusions cultures. (B) Representative stereoscope images of LMNO fusions throughout time in culture. Red-dashed lines highlight organoid component, yellow-dashed lines and Col1a1-GFP fluorescence distinguishes meningeal component.


Figure 5-3: Characterization of meningeal components in LMNOs after 30 and 60 days in culture. 
Images showing LMNOs after 30 or 60 days in culture, labeled with markers for meningeal cell types; (A) macrophages labeled with CD206 (magenta) and LYVE1 (white), (B) arachnoid barrier cells labeled with E-cadherin (magenta) and CLDN11 (white); all fibroblasts labeled with Col1a1-GFP (green). (C) Images from B with E-cadherin/CLDN11 overlaid; inset shows overlap between markers. Yellow-dashed lines distinguish organoid compartment (org.) from meninges (men.). All scale bars 100m. 

Figure 5-4: Neural organoids in LMNO fusions show reduced levels of apoptosis.
(A) Images showing Caspase-3 (white) and CRABP2 (magenta) staining in LMNO fusions and non-fused organoids (org. only) at 30 and 60 days in culture, Col1a1-GFP (green) labeling fibroblasts. Yellow-dashed lines outline organoid compartment. Yellow-dashed lines distinguish organoid compartment (org.) from meninges (men.). All scale bars 100m. (B) Quantification of percentage of area of organoid and meningeal compartments with Caspase-3 fluorescence at 30 and 60 days in culture; meninges in the LMNO fusion (green circles), LMNO fusions (purple squares), non-fused organoid (black triangle). Two-way ANOVA with multiple comparisons revealed significant differences between LMNO fusion versus organoid only at D30 (p = 0.0423) (p< 0.05, *).



Figure 5-5: LMNO fusions recapitulate in vivo Cxcl12-dependent REELIN+ Cajal-Retzius cell migration. 
(A-B) Images of LMNO fusions labeled with (A) neuronal markers HOPX (magenta)/MAP2 (red), (B) progenitor marker PAX6 (red) and human mitochondria (magenta). Top image scale bar 100m and bottom image scale bar 10m. (C) Cajal-Retzius cell marker REELIN (red); Col1a1-GFP marking meningeal fibroblasts (green). Top 2 images scale bar 100m and bottom image scale bar 10m. (D) Images of in situ detection of Cxcl12 (magenta) in LMNO fusions at 30 and 60 days in culture, Col1a1-GFP marking meningeal fibroblasts (yellow). Yellow-dashed lines distinguish organoid compartment (org.) from meninges (men.). All scale bars 100m. 
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INVESTIGATING ORGANELLE DYNAMICS AND METABOLISM IN NEUROGENESIS AND DISEASE USING HUMAN NEURAL ORGANOID MODELS

Adapted from:
Robertson GL, Riffle SN, Patel M, Bodnya C, Marshall A, Beasley HK, Garza Lopez E, Shao J, Vue Z, Hinton AJ, Stoll MS, de Wet S, Theart RP, Chakrabarty RP, Loos B, Chandel NS, Mears JA, & Gama V. (2023) DRP1 mutations associated with EMPF1 encephalopathy alter mitochondrial membrane potential and metabolic programs. Journal of Cell Science. doi: 10.1242/jcs.260370.
Robertson GL, Romero-Morales AI, Lippmann E, Gama V. (2020) Perspective: Uncovering cell biology in the third dimension. Molecular Biology of the Cell. doi: 10.1091/mbc.E19-04-0211
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	Mitochondrial function is crucial for maintaining homeostasis of highly metabolic tissues. The brain consumes nearly 20% of the oxygen and calories from the whole body, while representing about 2% of its total weight (Picard and McEwen 2014). While the exact underlying mechanisms responsible for the complex cognitive capacity of the human brain remain elusive, it is not surprising that mitochondrial health and metabolism are linked to the normal development of the human central nervous system. Several studies in both humans and other animals have linked defects in mitochondrial fusion and fission and in mitochondrial metabolism with complex disorders such as Leigh syndrome, neurodevelopmental disorders such as autism spectrum disorder (ASD), and with neurodegenerative diseases such as Alzheimer’s and amyotrophic lateral sclerosis (ALS).
	
Despite this irrefutable link between mitochondrial dysfunction and human disease, the regulation of mitochondrial morphology and function in the context of the human brain is just beginning to emerge (references Khacho and Iwata). Seminal studies have relied on yeast, cultured mammalian cells, and mice (Meeusen et al., n.d.; Ioannou et al. 2019; Khacho, Clark, Svoboda, Azzi, et al. 2016b; Iwata, Casimir, and Vanderhaeghen 2020) to improve our understanding of the basic principles and molecular mechanisms governing mitochondrial morphology and function. However, based on its unique metabolic requirements, the human brain may have novel modes of mitochondrial modulation that could not be gleaned from simpler organisms. Neural organoid models, coupled with gene editing, classical biochemistry, high resolution microscopy and proteomics, could provide the tools required to embark on this quest to uncover the contribution of mitochondria and metabolism to human brain development. Moreover, a better understanding of mitochondrial biology and inter-organelle communication in early human brain development could provide insight into the molecular details underlying neuronal specification, migration, and maturation. 
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Our studies suggests that the mechanistic and functional connection between mitochondrial/peroxisomal remodeling and metabolic homeostasis is dysregulated in the rare mitochondrial disease EMPF1. While there is consensus on the mechanistic basis of DRP1’s function in fission, our studies highlight new areas that require further investigation. To date, there are 40 EMPF1 cases reported in the literature with most mutations located in the GTPase or stalk domain (Batzir et al., 2019; Díez et al., 2017; Gerber et al., 2017; Hogarth et al., 2018; Keller et al., 2021b; Ladds et al., 2018; Lhuissier et al., 2022; Longo et al., 2020b; Nolden et al., 2022; Piccoli et al., 2021; Ryan et al., 2018; Schmid et al., 2019; Trujillano et al., 2017; Vanstone et al., 2016; Verrigni et al., 2019; Waterham et al., 2007; Wei and Qian, 2021; Whitley et al., 2018; Yoon et al., 2016; Zaha et al., 2016). There are clinical characteristics that are significantly different between the two domains, for example, abnormal EEG (~20% of patient with GTPase domain mutations and ~92.9% of patients with mutations in the middle region), psychomotor delay (~50% of patients with GTPase mutations and ~91.3% with middle domain mutations), and epilepsy (~8.3% of patients with mutations in the GTPase domain and ~89.5% of patients with mutations in the middle domain) (Lhuissier et al. 2022; Xingmiao Liu et al. 2021). The severity of clinical manifestations is more severe when patients have mutations in the middle domain. Understanding how mutations in different domains of DRP1 affect mitochondrial and/or peroxisomal fission and the effects of dysregulated fission for cellular homeostasis and function is imperative. In this context, we propose, that rare mitochondrial diseases can provide insight into the causal mechanisms underlying basic cellular processes, such as organelle fission. 
	Mitochondrial morphology has been linked to the bioenergetic capacity of the cell; however, DRP1 function has not been linked to other metabolic pathways. Our data with EMPF1 suggest that disrupting mitochondrial and peroxisomal dynamics impacts more than just ATP production but also purine and pyrimidine metabolism, pyruvate metabolism, fatty acid oxidation, among other pathways. More research is needed to understand the mechanism behind how DRP1 mutations impact these metabolic pathways and whether they can be used as therapeutic targets to treat EMPF1. Carbon-tracing experiments to identify which metabolic pathway is upstream of the general metabolic abnormalities in DRP1 mutant NPCs would be informative. Additionally, introducing mutations that only impact either mitochondrial or peroxisomal dynamics as a control could help to clarify whether specific metabolic pathways in DRP1 mutant cells are due to mitochondria, peroxisomes, or both. 
In addition to metabolic changes, we also report that DRP1 mutations cause defective NPC differentiation in iPSC-derived models of cortical neurodevelopment. This phenotype in vitro may be representative of patient phenotypes such as microcephaly and ventricle expansion. Surprisingly, we also uncovered that DRP1 mutant neural organoids adopt a choroid plexus-like identity. Choroid plexus development and differentiation is not thoroughly characterized but an organoid model does exist (Pellegrini, Bonfio, et al. 2020; Pellegrini, Albecka, et al. 2020). In order to identify why DRP1 mutant organoids adopt choroid plexus-like identity, more research on the metabolic capacity and signaling in the choroid plexus is needed. Understanding the mechanism behind these cell fate changes may point towards a therapeutic target for EMPF1 treatment. 

[bookmark: _Toc155296139]iPSC-derived models for studying cell fate decisions in neurodevelopment.

While organoids are not brains in a dish, they serve as an indispensable model system to uncover fundamental mechanisms of basic cell biology, human neurodevelopment, and neurological pathology. There have been tremendous advances in the past decade that continue to push the boundaries of mimicking in vivo human brain development. The emergence of neural organoid systems and the advancement of biomedical engineering has placed the field in the unique position to shed light on the basic molecular mechanisms involved in human brain development. Evolutionary focused studies are emerging on understanding what distinguishes humans from other species, which is thought to reside on the unique features of brain development, in particular the complexity of neural circuits that underlie our remarkable cognitive abilities. The emergence of neural organoid technologies may provide a much-needed platform not only to model current untreatable human neurological disorders but also to contribute to our understanding of complex biological processes in the context of brain development. 
	Landmark studies have examined mitochondrial morphology in cortical development in mouse models (Iwata, Casimir, and Vanderhaeghen 2020; Khacho, Clark, Svoboda, Harper, et al. 2016) and now organoids models (A.I. Romero-Morales et al. 2022; Gabriella L Robertson et al. 2024); yet, little is known about how mitochondrial/peroxisomal dynamics or metabolic function impact development of other brain regions or differentiation of other cell types within the brain. For example, Parkinson’s disease is caused by defective mitochondrial function, specifically mitophagy, and primarily impacts dopaminergic neurons in the substantia nigra (Fearnley and Lees 1991; Damier et al. 1999; Agarwal et al. 2020). This selective deterioration of dopaminergic neurons suggests a unique role for mitochondrial function in these neurons. However, mitochondrial dynamics have not been examined in substantia nigra development or dopaminergic neuron differentiation. Additionally, our data suggest that DRP1 mutant organoids preferentially produce more ventral inhibitory neurons, yet little is known about how mitochondrial or peroxisomal morphology impact the development of these neurons. Organoid models such as midbrain organoids or assembloids (fusion of dorsal and ventral organoids) could prove useful tools to examine the role of mitochondrial and peroxisomal function in the development of these other brain regions. Assembloids are particularly advantageous because organelle dynamics can be manipulated in only one regional organoid and then assembled to investigate the non-cell autonomous impact of disrupting mitochondria or peroxisomes in either ventral or dorsal organoids. 
	Alongside the development of cortical neurons, progenitors in the cortex also give rise to glial cells. Astrocytes have been shown to increase their mitochondrial content as they mature (Zehnder et al. 2021). However, little is known about how mitochondrial morphology may change during astrocyte differentiation from progenitors to mature astrocytes. Another essential glial cell in the brain is oligodendrocytes, which arise from oligodendrocyte precursor cells and are responsible for myelination of neuronal axons in the brain. Interestingly, peroxisome metabolism is essential in oligodendrocyte function (Van den Branden et al. 1990; Teigler et al. 2009; Kassmann 2014) but mitochondrial and peroxisomal dynamics are just beginning to be explored in oligodendrogenesis (Gil et al. 2024).  

[bookmark: _Toc155296140]Metabolic signaling in cell fate and identity.

Mitochondrial metabolism undoubtably provides for the bioenergetic needs of the cell. Central to this function is the TCA cycle, a looped series of reactions that feeds into the electron transport chain to produce ATP. The TCA cycle begins with acetyl-CoA, which can be generated from oxidation of fatty acids, amino acids, or pyruvate from glycolysis. Ultimately, TCA cycle intermediates participate in both catabolic and anabolic processes. Metabolites from the cycle can be transported into the cytosol and be used for macromolecule synthesis. Indeed, many enzymes in the TCA cycle evolved prior to the presence of oxygen, underscoring the importance of this cycle in more than just mitochondrial respiration.  
Alongside meeting bioenergetic demands, mitochondrial metabolism has been shown to maintain bidirectional regulation with the nucleus (Figure 6-1A). For example, acetyl-CoA is crucial for sustaining the TCA cycle and participates in signaling processes in mitochondria, the cytosol, and the nucleus. Beyond its metabolic role, acetyl-CoA plays a central role in chromatin dynamics by influencing histone acetylation, a key regulator of gene expression. Changes in acetyl-CoA levels impact histone acetyltransferases, thereby modulating global histone acetylation and gene expression (Martínez-Reyes and Chandel 2020; Schvartzman, Thompson, and Finley 2018). The diverse functions of acetyl-CoA extend to immune modulation, cancer cell growth, and stem cell maintenance, where elevated histone acetylation promotes a pro-anabolic state, influencing cell growth and proliferation (J. V. Lee et al. 2014). Context-specific signaling pathways link acetyl-CoA levels to various cellular functions, such as macrophage activation, T cell function, and stem cell differentiation (Moussaieff et al. 2015; Infantino et al. 2013). These studies underscore acetyl-CoA not only as a metabolic intermediate but also as a crucial signaling molecule shaping cellular functions through the regulation of gene expression.
	Our work has further suggested a role for acetyl-CoA regulation in NPC differentiation. In DRP1 mutant NPCs two pieces of evidence suggested that acetyl-CoA regulation may be altered: key intermediates of the TCA cycle were found to be altered and fatty acid oxidation was implicated in metabolomics of mutant NPCs. Thus, we examined whether pharmacological manipulation of acetyl-CoA would impact PAX6 expression in control or DRP1 mutant NPCs. We treated NPCs with CPI-613, a potent inhibitor of pyruvate dehydrogenase and a-ketoglutarate dehydrogenase, over the course of differentiation. CPI should lead to a depletion of mitochondrial acetyl-CoA pools derived from pyruvate. We found that CPI treatment did not rescue PAX6 expression in DRP1 mutant cells but rather led to reduced expression of PAX6 in control NPCs (Figure 6-1B), indicating that modulation of acetyl-CoA metabolism impacts cell fate during NPC differentiation. Given the relationship between acetyl-CoA regulation and histone acetylation, we examined H3K9 acetylation in early developing neural organoids. H3K9 acetylation has been shown to regulate activation of gene expression during differentiation of neural stem cells to neurons (Sun et al. 2016; J. V. Lee et al. 2014; Xiong et al. 2018). In control organoids, SOX2+ neural progenitor cells show low H3K9ac; however, DRP1 mutant organoids have fewer SOX2+ cells and retain more H3K9ac (Figure 6-2). Together, these data point to a regulatory role for acetyl-CoA in NPC cell fate. Future experiments should examine whether nuclear or mitochondrial acetyl-CoA pools are dysregulated in DRP1 mutant NPCs and whether these pools change across differentiation.  


[bookmark: _Toc155296141]Peroxisomal morphology in cell fate

Peroxisomes have been overlooked in studies of DRP1 function; however, loss of DRP1 function also causes peroxisomal elongation alongside mitochondrial elongation. In previous studies, knockdown or inhibition of DRP1 has been used to understand the impact of mitochondrial dynamics on neural cell fate (Khacho et al., 2016; Iwata et al., 2020); however, these studies did not examine or isolate the impact of peroxisomes. Our data suggest that DRP1 mutations that alter peroxisomal morphology impact both mitochondrial and peroxisomal metabolism (Figure 3-4). Pathway enrichment analysis of significantly different metabolites in DRP1 mutant NPCs showed that peroxisomal pathways such as phytanic acid oxidation, plasmalogen synthesis, branched chain fatty acid oxidation are changed. While it is difficult to separate mitochondrial and peroxisomal metabolism in DRP1 mutant cells, these altered pathways are uniquely peroxisomal. Therefore, peroxisomal elongation due to defective DRP1 fission may impact peroxisomal metabolism. Additionally, knockdown of MFN2 rescues mitochondrial but not peroxisomal elongation in EMPF1 patient fibroblasts; however, persistent knockdown of MFN2 over the course of neural induction does not rescue PAX6 expression in DRP1 mutant NPCs. While there are several potential explanations, it is possible that MFN2 knockdown doesn’t rescue PAX6 expression due to the persistent peroxisomal elongation and aberrant peroxisomal metabolism. Altogether, peroxisomal dynamics and morphology may impact the metabolic state of the organelle and, like mitochondria, peroxisomes may play a role in directing cell fate in neurodevelopment.  
While mitochondrial morphology has been characterized in the developing cortex, little is known about whether peroxisomal morphology changes across differentiation. Peroxisomes are small and round in iPSCs (Supp. Figure 3-1A). To examine whether peroxisomal morphology changes during differentiation, we measured peroxisomal volume and surface area throughout the course of neural induction from iPSC to NPC. These data show that peroxisomal volume and surface area increase from day 0 up to day 6 of differentiation (Figure 6-3A). The timing of peak peroxisomal elongation coincides with the peak of PAX6 expression across the differentiation (Figure 6-3B). However, at day 8 of differentiation, when PAX6 expression plateaus, peroxisomal size decreases (Figure 6-3A-B). Together, these data suggest that peroxisomal morphology and dynamics, like mitochondrial, change throughout neural differentiation. Many questions remain though. Are the mechanisms underlying mitochondrial changes in neurodevelopment conserved in peroxisomes? Do peroxisomal dynamics influence cell fate decisions or just correlate with the cell identity? Do changes in peroxisomal morphology impact the metabolic state of the organelle? Can manipulation of peroxisomal dynamics change neural cell fate? 
In order to further investigate the role of peroxisomal dynamics and function in neurodevelopment, new tools need to be developed to manipulate peroxisomes without impacting mitochondria. Peroxisomal dynamics proteins that do not impact mitochondrial morphology, such as PEX11, are being manipulated in our laboratory to examine the impact of peroxisomal elongation on metabolism and cell fate. Peroxisomal and mitochondrial metabolism are also very interconnected and some pathways overlap. However, some pharmacological manipulation can be used to isolate the impact of the two organelles, such as enoximone, which selectively inhibits peroxisomal fatty-acid oxidation, or etomoxir, which inhibits import of fatty-acids into the mitochondria. Additionally, genetically encoded tools for organelle specific sensors of REDOX balance and manipulation of NAD+/NADH ratio can be used to examine the impact of mitochondria and peroxisomes independently. Although mitochondria and peroxisomes are highly connected, understanding the independent role of these organelles in cellular metabolism and neurodevelopment may lead to unique therapeutic targets for devastating diseases.  


[bookmark: _Toc155296142]Outlook

Mitochondria and peroxisomes are multifunctional and undeniably critical during neuronal development. The specific mechanisms by which changes in mitochondrial and peroxisomal morphology underly the shifts in metabolic signal during neurogenesis are not well understood. The events involved in relaying specific metabolic signals from the mitochondria and peroxisomes to the nucleus are beginning to emerge; however, how defective mitochondrial and peroxisomal fission alter these signals remains unexplored. Research centered on DRP1 has revealed the fundamental principles governing mitochondrial and peroxisomal fission. Given the multicellular composition and functional specialization of various brain regions, there remains much to be unveiled in this area. Future mechanistic investigations could focus at uncovering the precise connections between mitochondrial biology, brain networks, and variations in behavior. 
There is also a great need for uncovering the mechanisms that drive the onset and progression of rare diseases, such as the ones caused by mutations in DNM1L. This approach has the potential to refine and expand our understanding of basic organelle mechanisms while also strengthening the potential of identifying distinct molecular targets that may guide the development of novel therapeutics for these debilitating and fatal disorders. Given the genetic etiology of EMPF1, emerging gene therapy technology presents a powerful therapeutic option for this hereto unmanageable disease. One possible approach is prime editing, which does not rely on double-strand breaks. Instead, primer editors consist of a Cas9 nickase, a reverse transcriptase fused to Cas9, and sing-guide RNAs, which specify the genomic change(Yan, Cirincione, and Adamson 2020; Anzalone et al. 2019; Levesque et al. 2022; Godbout and Tremblay 2023). In addition to the possibility of gene therapy, expanding our understanding of the molecular mechanism underlying EMPF1 may lead to druggable targets that can restore the metabolic profile of DRP1 mutant cells. Overall, there is a great need for further research at the intersection of basic organelle biology and neurodevelopment.  



[bookmark: _Toc155296143]Figures and Legends 



Figure 6-1: The TCA cycle can signal back to the nucleus to regulation gene expression. (A) Schematic representation of metabolic regulation of gene expression. (B) Representative images of day 4 NPCs treated with CPI-613 on days 2 and 3 of differentiation and stained for PAX6 and SOX2. Scale bars 20m.




Figure 6-2: H3K9 acetylation is variable in neural progenitors in day 15 organoids. 
Representative images of day 15 organoids stained for H3K9ac, MAP2, and SOX2. 




Figure 6-3: Peroxisomal morphology changes over neural induction and peaks when PAX6 expression peaks. (A) Quantification of peroxisomal morphology measured every two days over the course of NPC differentiation. Analyzed using one-way ANOVA followed by Šídák's multiple comparisons test. (B) qRT-PCR analysis of NANOG and PAX6 gene expression in NPCs relative to iPSCs and normalized to two housekeeping genes (GPI and GAPDH). Quantifications are shown for three independent biological replicates.
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[bookmark: Methods]MATERIALS AND METHODS

Human fibroblast culture 
Patient fibroblasts harboring the R403C mutation were obtained from Dr. Eric Payne (Ryan et al. 2018). Patient fibroblasts with the G32A mutation and a healthy age-matched control were obtained from Dr. Suzanne Hoppins (Whitley et al., 2018). All of the fibroblast lines were obtained by skin biopsy and similar passage (+/- 2) were used for all experiments. Human fibroblasts were thawed and plated directly in maintenance medium consisting of MEM (Gibco #11095098) with 10% FBS (Sigma-Aldrich #F2442) and non-essential amino acids (Gibco # 11-140-050). Cells were maintained at 37°C and 5% CO2 with media changes every other day. Cells were passaged as needed using TrypLE (Thermo Fisher #12-064-013). For imaging experiments, cells were re-plated onto #1.5 glass-bottom 35 mm dishes (Cellvis #D35C4-20-1.5-N).
Human iPSCs
 The WTC11 iPSC line used in this study was maintained in E8 medium, while the control line edited for DRP1 studies was the PGP-1 line maintained in StemFlex media 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.
iPSC-derived NPC culture
iPSCs were cultured until reaching 70-80% confluency, ensuring minimal differentiation at the colony edges. Cells were dissociating using 1 mL of a gentle dissociation reagent and incubating at 37°C for 8 minutes. 2 mL of DMEM-F12 supplemented with a ROCK inhibitor (10uM) was added to each well, and cells were gently scraped and pipetted for transfer into a conical tube. A 5-minute centrifugation at 350 x g followed. Cells were resuspended in E6 media supplemented with 10uM SB4 and 1uM Dorsomorphin (SMADi) and 10uM ROCK inhibitor, counted and plated at a density of 2.5-2.7x106 cells per well in a 6-well plate. Subsequently, cells were incubated at 37°C for 7-9 days, with daily feeding of E6+SMADi.
Neural organoids
 Cerebral organoids were generated as previously described3,4,16 with some modifications. Briefly, organoids were generated using the STEMdiff™ Cerebral Organoid Kit (STEMCELL Technologies; Cat# 08571, 08570), supplemented with dual SMAD inhibitors. 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 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 for 15 days. 
Cell Treatments 
All treatments were added directly to fibroblasts in maintenance medium. The electron transport chain decoupler CCCP (Sigma-Aldrich #C2759-250MG) was added to cells at a concentration of 1µM (Figure 2). Cells were treated for 2 hours prior to fixation and imaging. All stock solutions were prepared in DMSO. The pan kinase inhibitor staurosporine (STS) was added for a final concentration of 100nM for 16 hours prior to CaspaseGlo assay. The DNA damage agent etoposide was added for a final concentration of 1µM for 16 hours prior to cell titer blue assay. For live-imaging, cells were treated with TMRE (Sigma Aldrich # 87917-25MG) at a concentration of 500nM for 10 minutes and/or MitoTracker Green (Thermo Scientific # M7514) at a concentration of 100nM for 20 minutes. 
Plasmid Transfection
Plasmid encoding mCherry-DRP1 (Addgene #49152) was transfected using FuGENE (Promega #E2311) as described in the manufacturer protocol. Patient mutations were introduced to plasmids using the In Fusion cloning kit (Takara Bio #638909) as described in the manufacturer protocol. Cells were maintained until optimal transfection efficiency was reached before cells were imaged.
siRNA Transfection
siRNA knockdown against MFN2 (Thermo Fisher #s19260) or negative control scrambled was performed using Lipofectamine RNAiMAX tranfection reagent (Thermo Fisher # 13778150). Cells were fixed and stained 48hrs after transfection. 
Immunofluorescence 
For immunofluorescence, cells were fixed with 4% paraformaldehyde for 20 min and permeabilized in 1% Triton-X-100 for 10 min at room temperature. After blocking in 10% BSA, cells were treated with primary and secondary antibodies using standard methods. Cells were mounted in Fluoromount-G (Electron Microscopy Sciences #17984-25) prior to imaging. Primary antibodies used include mouse anti-Mitochondria (Abcam #ab92824), rabbit anti-Tom20 (Cell Signaling Technology #42406S), rabbit anti-DRP1 (Cell Signaling Technology #8570S), rabbit anti-HSP60 (Cell Signaling Technologies # 12165S), mouse anti-PMP70 (Thermo Fisher # MA5-31368), and rabbit anti-pDRP1 S616 (Cell Signaling Technology #3455S). Secondary antibodies used include donkey anti-mouse Alexa Fluor-488 (Thermo Fisher Scientific #A21202), donkey anti-rabbit Alexa Fluor-488 (Thermo Fisher Scientific #A21206), and donkey anti-mouse Alexa Fluor-546 (Thermo Fisher Scientific #A10036), and donkey anti-rabbit Alexa Fluor-546 (Thermo Fisher Scientific #A10040). 
Western blot
Cells were harvested in lysis buffer containing 1% Triton X-100 (T9284, Sigma), 1X cOmplete protease inhibitor cocktail (04693159001, Roche), 1X PhosSTOP phosphatase inhibitor (04906837001, Roche), and 0.5mM PMSF (#P20270, RPI). For experiments probing the acetylation of H3K27, sodium butyrate was added to the lysis buffer to inhibit HDACs (303410, Sigma). Lysate protein concentrations were quantified using the Pierce BCA Protein Assay Kit (23225, ThermoScientific). Western blotting was performed using the Bio-Rad Mini-PROTEAN Electrophoresis System (#1658036, Bio-Rad). Samples were run on either 4-20% or 12% Mini-PROTEAN TGX gels (#4561094/#4561044, Bio-Rad). Protein was transferred from gels onto methanol activated PVDF membranes (#1620177, Bio-Rad). All membranes were washed in Tris-buffered saline with 0.1% Tween-20 (TBST) and blocked in TBST containing 5% milk. Primary antibodies were incubated at 1:1,000 overnight at 4C unless otherwise stated: acetyl-H3K27 (8173, Cell Signaling Technology (CST)), trimethyl-H3K27 (9733T, CST), ubiquityl-H2A (1:2000; 8240S, CST), Histone H3 (4499, CST), Histone H2A (12349S, CST), PAX6 (60433S, CST), and -actin (1:20,000; A1978, Sigma). The following secondary antibodies were used at 1:10,000 dilution and incubated for 1 hour at room temperature in 5% milk w/ TBST: HRP donkey anti-rabbit (711-035-152, Jackson ImmunoResearch) and HRP goat anti-mouse IgG subclass 1-specific (115-035-205, Jackson ImmunoResearch). Protein signal was developed using either Pierce ECL Western Blot Substrate (32109, ThermoScientific) or SuperSignal West Femto (34094, ThermoScientific), depending on the sensitivity of the primary antibody. Protein signal was visualized using the Amersham Imager 600 (29-0834-61, GE Life Sciences). Obtained images were quantified using Fiji (imagej.net/software/fiji/) and representative images were composed using Affinity Designer 2 (affinity.serif.com/en-us/designer/).
Seahorse XF analysis
[bookmark: _Hlk89355541]Fibroblasts were plated onto Seahorse XF96 V3 PS cell culture microplates 2 days before the assay at 50,000 cells per well. One hour prior to the assay, media was switched to XF DMEM media containing 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. For the Seahorse XF Mito Stress Test, oxygen consumption rate (OCR) was measured sequentially after addition of 1.0 μM oligomycin, 0.5 μM FCCP, and 0.5 μM rotenone plus antimycin A. Protein leak and coupling efficiency were calculated using OCR. For the Seahorse XF Glycolytic Rate Assay, basal glycolytic rate was measured by extracellular acidification, and compensatory glycolysis was measured after addition of 0.5 μM rotenone plus antimycin A. Treatment with 50 mM 2-DG was used as a negative control. For the Seahorse XF Fuel Flex Test, glutamine dependency was measured by sequential addition of 3.0 μM BPTES followed by 4.0 μM Etomoxir plus 2.0 μM UK5099. Fatty acid dependency was measured by sequential addition of 4.0 μM Etomoxir followed by 3.0 μM BPTES plus 2.0 μM UK5099. Glucose dependency was measured by sequential addition of 2.0 μM UK5099 followed by 3.0 μM BPTES plus 4.0 μM Etomoxir. For the Seahorse XF Long-Chain Fatty Acid Oxidation Stress Test, 24 hours prior to assay cells were switched to base media containing 0.5 mM glucose, 1.0 mM glutamine, 0.5 mM XF L-carnitine, and 1.0 % fetal bovine serum. One hour prior to the assay, media was switched to XF DMEM media containing 2 mM glucose, 0.5 mM L-carnitine, and Palmitate-BSA.  OCR was measured sequentially after addition of 4.0 μM etomoxir, 1.5 μM oligomycin, 2.0 μM FCCP, and 0.5 μM rotenone plus Antimycin A.
O2K analysis
Oxygen consumption was measured with an O2K system (OROBOROS) using protocols 1 and 2 described in Ye and Hoppel, 2013. Briefly, 2 ml of cell suspension (600,000 cells/ml) in Mir05 buffer was added to each chamber. Initial substrates were added (malate and pyruvate in protocol 1 and malate and palmitoylcarnitine in protocol 2) followed by addition of digitonin in increments (2ug/ml) to permeabilize the cell membranes. The final concentration of substrates and inhibitors was composed of malate (2 mM), pyruvate (2.5 mM), adenosine diphosphate (ADP, 2.5 mM), glutamate (10 mM), succinate (10 mM), palmitoylcarnitine (10 μM), duroquinol (0.5 mM), etramethyl-p-phenylenediamine (TMPD, 0.5 μM), ascorbate (2 mM), carbonylcyanide-p-trifluoromethoxy- phenylhydrazone (FCCP, 0.5 μM increment), rotenone (75 nM), antimycin A (125 nM), and sodium azide (200 mM). For protocol 1, the non-mitochondrial (AA-insensitive) rate was subtracted. For protocol 2, the Rot-insensitive rate was subtracted. For DHQ, the AA was subtracted.
RNA extraction and cDNA synthesis
Cells were washed with PBS and scraped into 1000μl Trizol reagent. 200μl of chloroform was added and the samples were incubated at room temperature for 5 minutes. The samples were centrifuged at 12,000 g and the aqueous phase was collected. 500μl of isopropanol was added to precipitate RNA, and the sample was incubated for 25 minutes at room temperature, followed by centrifugation at 12,000 g for 10 minutes at 4°C. The RNA pellet was washed with 75% ethanol, semi-dried, and resuspended in 30μl of DEPC-treated water. After quantification and adjusting the volume of all the samples to 1μg/μl, the samples were treated with DNAse (New England Biolabs #M0303). 10μl of this volume was used to generate cDNA using the manufacturer’s protocol (Thermo Fisher #4368814).
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 #4364346), and manufacturer instructions were used to set up the assay.
Single-cell dissociation of neural organoids and neural progenitors for single-cell RNA sequencing
Before beginning single-cell dissociation, the following reagents from the Worthington Papain Dissociation Kit (Worthington #LK003153) were reconstituted according to manufacturer instructions: Papain, DNAse, Inhibitor. Then, 500uL of reconstituted DNAse was gently mixed with 5mL of reconstituted Papain. Next, 2-3 organoids per cell line were transferred to individual 60mm dishes using a wide-bore P1000. Any excess media was aspirated and 2.5mL of Papain + DNAse was added to the 60mm plate. Organoids were then minced into <1mm pieces using a sterile razor blade before being transferred to an orbital shaker at 70rpm in the incubator at 37°C and 5% CO2 for 30 minutes. After 30 minutes, a P1000 was used to gently break up the minced pieces before the plate was returned to the orbital shaker for an additional 10 minutes with the same conditions as previously described. The minced organoid pieces were then pipetted 10 additional times before being transferred to a 15mL conical. After debris had settled, the cell suspension (but not any debris) was transferred to a 15mL conical containing 5mL Earle’s medium + 3mL reconstituted Inhibitor (1 conical per cell line). The tube was closed, inverted several times, and the cells were centrifuged at 300xg for 7 minutes. After centrifugation, the supernatant was aspirated from the cells, and they were resuspended in 1000uL of PBS. The cell suspension was then passed through a 40m filter (). Finally, BSA was added to a final concentration of 0.04%. 

For single cell dissociation of neural progenitor cells, the protocol above was followed with the following modifications: Media was aspirated from NPCs in a 12-well plate and 1mL of Papain + DNAse solution was added per well, rather than cells being transferred to a 60mm dish. Cells were dissociated using a P1000 rather than razor blade.
Image acquisition 
Super-resolution images were acquired using a Nikon SIM microscope equipped with a 1.49 NA 100x Oil objective and an Andor DU-897 EMCCD camera. For SIM, all images used a step size of 0.12μm for a total of 1.92 μm. Live-imaging experiments were acquired on a Nikon Eclipse Ti-E spinning disk confocal microscope equipped with a 1.40 NA 60X Oil objective or Apo TIRF 1.49 NA 100× objective and an Andor DU-897 EMCCD camera. For 100x, all images used a step size of 0.2μm for a total of 1.8μm, while 60x used a step size of 0.3μm for a total of 2.1μm. Image processing and quantification for live imaging was performed using Fiji. 
Confocal images in chapters 3 and 5 were acquired on a Nikon Ti2 inverted light microscope equipped with a Yokogawa CSU-X1 spinning disk head, with 488 nm, 561 nm, and 647 nm excitation LASERs, and Photometrics Prime 95B sCMOS camera. 
Quantification of mitochondrial morphology was performed in NIS-Elements (Nikon). Briefly, we segmented mitochondria in 3D and performed skeletonization of the resulting 3D mask. Skeleton major axis length, volume, and surface area measurements were exported into GraphPad Prism v9.  
Image processing and quantification for live-imaging of mCherry-DRP1 was performed using NIS-Elements (Nikon). The workflow used can be found below:

Quantification of mitochondrial morphology was performed in NIS-Elements (Nikon); briefly, we segmented mitochondria in 3D and performed skeletonization of the resulting 3D mask. Skeleton major axis length, volume, and surface area measurements were exported into GraphPad PRISM v9.  The workflow used can be found below: 

Quantification of DRP1/pDRP1 localization to either peroxisomes or mitochondria was performed in NIS-Elements (Nikon). The workflow used can be found below:


Sample preparation for transmission electron microscope (TEM) analysis
Human fibroblasts were immediately washed in ice-cold saline. Samples were processed as previously described by (Lam et al. 2021; de Assumpcão Pereira-da-Silva and Ferri 2017). Cells were fixed in 2.5% glutaraldehyde in sodium cacodylate buffer for 1 hour at 37 °C, embedded in 2% agarose, postfixed in buffered 1% osmium tetroxide, stained in 2% uranyl acetate, and dehydrated with an ethanol graded series. After embedding in EMbed-812 resin, 80 nm sections were cut on an ultramicrotome and stained with 2% uranyl acetate and lead citrate. Images were acquired on a JEOL JEM-1230 Transmission Electron Microscope, operating at 120 kV. Random images of human fibroblasts were obtained.
Serial block facing-scanning electron microscopy (SBF-SEM) processing  
Human fibroblasts were fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer and processed using a heavy metal protocol adapted from a previously published protocol (Courson et al. 2021; Mustafi, Kikano, and Palczewski 2014). Human fibroblasts were immersed in 3% potassium ferrocyanide and 2% osmium tetroxide (1 hour at 4 °C), followed by filtered 0.1% thiocarbohydrazide (20 min), 2% osmium tetroxide (30 min), and left overnight in 1% uranyl acetate at 4 °C (several de-ionized H2O washes were performed between each step). The next day samples were immersed in a 0.6% lead aspartate solution (30 min at 60 °C and dehydrated in graded acetone (as described for TEM). Human fibroblasts were impregnated with epoxy Taab 812 hard resin, embedded in fresh resin, and polymerized at 60 °C for 36–48 hours. After polymerization, the block was sectioned for TEM to identify the area of interest, then trimmed to 0.5 mm × 0.5 mm and glued to an aluminum pin. The pin was placed into an FEI/Thermo Scientific Volumescope 2 scanning electron microscope (SEM). Additional information can be found in Supplemental Extended Methods.
TEM and SBF-SEM analysis
Measurements of mitochondrial area, circularity, and length were performed using the multi-measure region of interest (ROI) tool in ImageJ (Parra et al. 2014; Lam et al. 2021).. To measure cristae morphology, we used ROIs in ImageJ to determine the cristae area, circulatory index, number, volume, and cristae score. The NIH ImageJ software was used to manually trace and analyze all mitochondria or cristae using the freehand told in the ImageJ application (Lam et al. 2021; Parra et al. 2014). Additional details can be found in Supplemental Extended Methods.
Mitochondrial event localizer (MEL) 
The MEL algorithm processes a fluorescence microscopy timelapse sequence of z-stack images of MitoTracker-labeled mitochondria and produces event counts per frame and 3D locations indicating where mitochondrial events are likely to have occurred at each time step (Theart et al. 2020). These locations can subsequently be superimposed on the z-stacks to indicate the different mitochondrial events. The algorithm was organized into two consecutive steps, namely the image pre-processing step which normalizes and prepares the timelapse frames, and the automatic image analysis step which calculates the location of the mitochondrial events based on the normalized frames. MEL also allows each event to be subsequently validated and removed from the visualization and event counts. The code is available for download: https://github.com/rensutheart/MEL-Fiji-Plugin.
Metabolomics analysis
Control and patient fibroblasts 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 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 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 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  recorded peaks within the acquisition window. Five biological replicates per genotype were analyzed.
Normalized data was uploaded to MetaboAnalyst (https://www.metaboanalyst.ca/home.xhtml) for analysis. Samples were normalized to control, and a one-way analysis of variance (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.
Statistical analysis
All experiments were performed with a minimum of 3 biological replicates. Statistical significance was determined by one-way or repeated measures one-way ANOVA as appropriate for each experiment. Significance was assessed using Fisher’s protected least significance difference test. GraphPad Prism v9 and Statplus software package were used for all statistical analysis (SAS Institute: Cary, NC, USA) and data visualization. Error bars in all bar graphs represent standard error of the mean unless otherwise noted in the figure. No outliers were removed from the analyses. For all statistical analyses, a significant difference was accepted when P < 0.05.
Animals
 All mice were housed in specific-pathogen-free facilities approved by AALAC and were handled in accordance with protocols approved by the IACUC committee on animal research at the University of Colorado, Anschutz Medical Campus. The following mouse line was used in this study: Col1a1-GFP17 on a C57/BLK6J background. GFP+ embryos were identified by fluorescence detection using a stereoscope equipped with a fluorescent light source.

Bioinformatic Analysis
 Published human embryonic and fetal brain single nuclei data sets were generously provided by Dr. Aparna Shah and Dr. Alexandro Trevino as R objects (Dr. Shah) or were available as raw single cell data from the NeMO Repository at and GEO: GSE162170. From individual data sets containing nuclei isolated from Carnegie Stage (CS) 12-22 (correspond to gestational weeks 6-10) cortex/telencephalon, hindbrain, midbrain or thalamus, clusters with expression of putative meningeal mesenchymal cell enriched genes (COL1A1, COL1A2, LUM, S100A6, CRABP2, TBX18, FOXC1, DCN, NNAT, ALCAM, and BGN), endothelial genes (CLDN5, PECAM1, SOX17), mural cell genes (RGS5, ABCC9, KCNJ8) or macrophages/monocytes/microglia (MRC1, CD74, AIF1, P2YR12) were subset, integrated and re-clustered. This dataset was further subset to remove a cluster of putative neural cells and reclustered at 0.8 resolution leaving clusters of putative mesenchymal (combined meningeal mesenchymal and pericyte markers), endothelial and macrophages/monocytes/microglia. From a data set containing nuclei isolated from GW16-22 human cortex, previously annotated clusters 16 (‘microglia’), 19 (‘pericyte’), 20 (‘endothelial cell)’, and 22 (‘vascular and leptomeningeal cell’) were subset and cluster analysis was performed. Analysis of putative meningeal mesenchyme, pericyte/mural cell, monocyte/macrophage/microglia and endothelial markers in the data set showed the presence of clusters with neural identity. This dataset was further subset to remove a cluster of putative neural cells and reclustered at 0.8 resolution leaving clusters of meningeal, pericyte/mural cell, monocyte/macrophage/microglia and endothelial cells.

Isolation of Leptomeninges
 Embryos were collected from Col1a1-GFP pregnant dams at E16. Leptomeningeal tissue was dissected using previously established methods; briefly, a single lateral cut is made from the back of the head towards the eye, and the skin and calvarium is lifted dorsally exposing the brain surface and GFP+ leptomeninges. Whole pieces of leptomeninges were then peeled off the forebrain (telencephalon) using a dissecting scope and then stored in ion-free HBSS on ice until fusion with organoids.

Generation of LMNO fusions
 Leptomeninges from mice at E16 of embryonic development were isolated (described above) and seeded together with neural organoids in a round-bottom tube placed within a modified 6-well plate. The leptomeninges fused to forebrain neural organoids within 6 days and were kept in culture for 30 to 60 days, with complete media changes and imaging using a fluorescent stereoscope every other day. 

Immunohistochemistry and RNAscope
 At day 30 and 60, leptomeningeal-neural organoid fusions were collected and sectioned prior to immunohistochemistry and detection of mRNA using RNAScope. Briefly, neural organoids and LMNO fusions were fixed in 4% paraformaldehyde for 15 minutes at 4°C, washed in PBS, then incubated in a 20% sucrose gradient at 4°C prior to embedding and flash-freezing in a solution of 7.5% gelatin/10% sucrose. Organoids were sectioned on a cryostat (Leica CM1950) at a thickness of 15μm. For detection of leptomeningeal components and assaying for cell death, the following antibodies were used at a dilution of 1:100: CD206 (goat, R&D Systems, AF2535), Lyve1 (rat, R&D Systems, MAB2125), E-cadherin (mouse, BD Biosciences, 610181), Claudin-11 (rabbit, Invitrogen, 36-4500), CRABP2 (mouse, Sigma-Aldrich, MAB5488), Cleaved Caspase-3 (rabbit, Cell Signaling Technology, 9661) . For immunolabeling of Cajal-Retzius like cells the following antibodies were used at a dilution of 1:200: Reelin (mouse, Sigma-Aldrich, MAB5366), and Mitochondria (mouse, Abcam, ab92824). For detection of Cxcl12 transcript, the RNAScope Manual Detection Kit v.2.0 from ACDBio (Cat. No. 323100) and probe against mouse Cxcl12 (Cat. No. 422711-C3). 
KEY RESOURCES TABLE
	REAGENT or RESOURCE
	SOURCE
	IDENTIFIER

	Antibodies

	Mouse anti-mitochondria [113-1]
	Abcam
	Cat#Ab92824
RRID:AB_10562769

	Rabbit anti-Tom20 
	Cell Signaling Technologies 
	Cat# 42406S
RRID:AB_2687663

	Rabbit anti-DRP-1
	Cell Signaling Technologies
	Cat#8570S; RRID:AB_10950498

	Rabbit anti-pDRP-1 S616
	Cell Signaling Technologies
	Cat#3455S; RRID:AB_2085352

	Rabbit anti-OPA1
	Cell Signaling Technologies
	Cat#67589S; RRID:AB_2799728

	Mouse anti-Mitofusin 1
	Abcam
	Cat# ab57602, RRID:AB_2142624

	Mouse anti-Mitofusin 2
	Abcam
	Cat# ab56889, RRID:AB_2142629

	Mouse anti-Hsp70
	Thermo Fisher Scientific
	Cat# MA3-006, RRID:AB_325454

	Rabbit anti-MPC1
	Atlas Antibodies
	Cat# HPA045119, RRID:AB_10960421

	Rabbit anti-MPC2
	Proteintech
	Cat# 20049-1-AP, RRID:AB_10665371

	Mouse anti-PMP70
	Thermo Fisher Scientific
	MA5-31368, RRID:AB_2787005

	Rabbit anti-Bax
	Cell Signaling Technologies
	Cat# 5023, RRID:AB_10557411

	Rabbit anti-Bak
	Cell Signaling Technologies
	Cat# 12105, RRID:AB_2716685

	Rabbit anti-BCL-XL
	Cell Signaling Technologies
	Cat# 2764, RRID:AB_2228008

	Rabbit anti-MCL-1
	Cell Signaling Technologies
	Cat#94296S; RRID:AB_2722740

	Mouse anti-MAP2
	Thermo Fisher Scientific
	Cat # 131500, AB_2533001

	Rabbit anti-SOX2
	Cell Signaling Technology
	Cat # 5049S, AB_10828386

	Rabbit anti-PAX6
	Cell Signaling Technology
	Cat # 60433, AB_2797599

	Mouse anti-β3 TUBULIN
	Cell Signaling Technology
	Cat # 4466, AB_10270973

	Mouse anti-NESTIN
	STEMCELL Technologies
	Cat # 60091, AB_2650581

	Alexa Fluor-488 anti-mouse IgG
	Thermo Fisher Scientific
	Cat# A-21202, RRID:AB_141607

	Alexa Fluor-546 anti-rabbit IgG
	Thermo Fisher Scientific
	Cat# A10040, RRID:AB_2534016

	Alexa Fluor-546 anti-mouse IgG
	Thermo Fisher Scientific
	Cat# A10036, RRID:AB_2534012

	
	
	

	Chemicals, Peptides, and Recombinant Proteins

	CCCP ETC decoupler 
	Sigma-Aldrich
	Cat#C2759-250MG

	FuGENE transfection reagent
	Promega
	Cat#E2311

	TMRE
	Sigma Aldrich
	Cat# 7917-25MG

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	Critical Commercial Assays

	In Fusion cloning kit
	Takara Bio
	Cat# 638909

	Seahorse XF Cell Mito Stress Test Kit
	Agilent
	Cat#103015-100

	Seahorse XF Glycolytic Rate Assay
	Agilent 
	Cat#103344-100

	Seahorse XF Mito Fuel Flex Test Kit
	Agilent
	Cat#103260-100

	Seahorse XF Long Chain Fatty Acid Oxidation Stress Test
	Agilent
	Cat#103672-100

	
	
	

	Recombinant DNA

	Plasmid encoding mCherry-DRP1
	Addgene 

	Cat#49152; RRID:Addgene_49152


	
	
	

	
	
	

	
	
	

	
	
	

	Software and Algorithms

	Fiji
	Schindelin et al., 2012
	https://imagej.net/Fiji

	GraphPad Prism v8.1.2
	GraphPad
	https://www.graphpad.com/scientific-software/prism/

	NIS-Elements
	
	

	Affinity Designer
	Affinity 
	https://affinity.serif.com/en-us/designer/ 

	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

	Image Studio Lite
	LI-COR
	https://www.licor.com/bio/image-studio-lite/ 

	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

	AggrewellTM 800 24-well plate
	STEMCELL Technologies
	Cat # 34815

	AggreWell™ Rinsing Solution
	STEMCELL Technologies
	Cat # 07010

	Seahorse XF 1.0 M glucose solution
	Agilent
	Cat#103577-100

	Seahrose XF 100mM pyruvate solution
	Agilent
	Cat#103578-100

	Seahorse XF 200 mM glutamine solution 
	Agilent
	Cat#103579-100
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