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Background: Dynamin-related protein Drp1 —a major mitochondrial fission protein— is widely distributed in the central nervous system and plays a crucial role in regulating mitochondrial dynamics, specifically mitochondrial fission and the organelle's shaping. Upregulated Drp1 function may contribute to the pathological progression of neurodegenerative diseases by dysregulating mitochondrial fission/ fusion. The study aims to investigate the effects of Drp1 on retinoic acid-BDNF-induced (RA-BDNF) neuronal differentiation and mitochondrial network reorganization in SH-SY5Y neuroblastoma cells.
Methods: We generated an SH-SY5Y cell line with stably depleted Drp1 (shDrp1). We applied RNA sequencing and analysis to study changes in gene expression upon stable Drp1 knockdown. We visualized the mitochondria by transmission electron microscopy and used high-content confocal imaging to characterize and analyze cell morphology changes and mitochondrial network reorganization during neuronal differentiation.
Results: shDrp1 cells exhibited fused mitochondrial ultrastructure with perinuclear clustering. Stable knockdown of Drp1 resulted in the upregulation of genes involved in nervous system development. High content analysis showed improved neurite outgrowth, segmentation, and extremities in differentiated shDrp1 cells. Neuronal differentiation was associated with a significant reduction in ERK1/2 phosphorylation, and ERK1/2 phosphorylation was independent of the dual specificity phosphatases DUSP1/6 in shDrp1 cells. Differentiated control underwent mitochondrial morphology remodeling, whereas differentiated shDrp1 cells retained the highly fused mitochondria and developed long, elongated structures. The shDrp1 cells responded to specific apoptotic stimuli like control in vitro, suggesting that Drp1 is not a prerequisite for apoptosis in SH-SY5Y cells. Moreover, Drp1 downregulation reduced the formation of toxic mHtt aggregates in vitro.
Discussion: Our results indicate that Drp1 silencing enhances RA-BDNF-induced neuronal differentiation by promoting transcriptional and mitochondrial network changes in undifferentiated cells. We also demonstrate that the suppression of Drp1 reduces toxic mHtt aggregate formation in vitro, suggesting protection against neurotoxicity. Thus, Drp1 may be an attractive target for further investigation in future strategies to combat neurodegenerative diseases.
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INTRODUCTION
Mitochondria are dynamic organelles that continuously fuse and divide, and the machinery that governs mitochondrial fission and fusion is conserved from yeast to humans (Okamoto and Shaw, 2005). The dynamic nature of the mitochondrial network is essential for aligning the capacity of the organelle with the energetic and metabolic requirements of eukaryotic cells (Okamoto and Shaw, 2005). Mitochondrial network adaptations are particularly evident in sperm flagellum, where fused mitochondria are wrapped around the base of the flagellum (Sutovsky et al., 1996), and during mitosis, when the mitochondrial network is highly fragmented (Taguchi et al., 2007). Regulated mitochondrial fission and fusion also play a role in organelle transport (e.g., in neurons, mitochondria quality control, and mitochondrial inheritance during cell division). Mitochondrial fragmentation is involved in programmed cell death programs (Otera et al., 2013) and participates in organelle quality control mechanisms by isolating defective, depolarized mitochondria and facilitates the removal of faulty organelles via mitophagy (Twig and Shirihai, 2011; Mao et al., 2013). It is also associated with mitochondrial dysfunction and disease development (Youle and van der Bliek, 2012; Guo et al., 2013). Unopposed fusion leads to hyperfused mitochondrial network with the role of protecting cells from metabolic insults (Mishra and Chan, 2016; Wai and Langer, 2016). Thus, proteins involved in regulating mitochondrial fission and fusion are crucial factors for maintaining the health of eukaryotic cells.
Mitochondrial fusion proteins include mitofusins (MFN1 and MFN2) and optic atrophy 1 (OPA1), and critical fission proteins include dynamin-related protein 1 (Drp1) and the mitochondrial fission protein 1 (Fis1) (Scott and Youle, 2010; Al Ojaimi et al., 2022). Mitochondrial fission is predominately regulated by Drp1 (Nunnari and Suomalainen, 2012). Drp1 is a large dynamin-related GTPase (Bleazard et al., 1999; Sesaki and Jensen, 1999) that cooperates with adaptor proteins to promote mitochondrial fission (Tieu et al., 2002). Drp1 is primarily cytosolic. However, Drp1 translocates to the mitochondrial surface to mediate the fission process. Due to its initial cytosolic location, mitochondrial receptors recruit and anchor Drp1 to the surface of the mitochondrial membrane. Fis1 is a mitochondrial receptor for Drp1 (Tieu et al., 2002; Suen et al., 2008). Other membrane receptors have been identified, including the mitochondrial fission factor Mff and the 49 and 51 kDa mitochondrial dynamics proteins Mid49 and Mid51, respectively (Koirala et al., 2013; Samangouei et al., 2018).
SH-SY5Y cells are neuroblast-like cells and are triple successive subclones of the parent SK-N-SH cell line, which was obtained from a bone marrow biopsy of a 4-year-old female neuroblastoma patient containing both neuroblast-like and epithelial-like cells (Ross et al., 1983). The cell line is a standard model in neuroscience. The SH-SY5Y cell line produces both substrate adherent (S-type) cells in a small portion and neuroblastic (N-type) cells that can undergo transdifferentiation (Ross et al., 1983). SH-SY5Y cells are characterized by their immortality, a stable karyotype of 47 chromosomes, and the ability to differentiate into mature human neurons (Forster et al., 2016; Shipley et al., 2016). Undifferentiated and differentiated SH-SY5Y cells differ in several ways (Riegerova et al., 2021). Undifferentiated cells rapidly proliferate and display short neuronal processes. In addition, undifferentiated cells are non-polarized, tend to form cell clumps and express neuronal markers indicative of immature neuronal cells. Differentiated SH-SY5Y cells exhibit extended, branched neuronal processes, may become polarized, and undergo less proliferation (Shipley et al., 2016).
In vitro, neuronal differentiation of SH-SY5Y cells can be induced by several methods, including treatment with all-trans retinoic acid (RA) (Truckenmiller et al., 2001; Korecka et al., 2013). The signaling pathways involved in neuronal differentiation of SH-SY5Y cells after RA treatment have been extensively studied (Lopez-Carballo et al., 2002; Lee and Kim, 2004; Miloso et al., 2004; Attoff et al., 2020). PI3K/Akt, JNK, and p35/CDK-5 play essential roles in neurite outgrowth, cell cycle arrest, and differentiation in response to RA treatment (Lopez-Carballo et al., 2002; Yu et al., 2003; He et al., 2009). Furthermore, Akt is involved in RA-mediated neuroprotection from 6-OHDA in SH-SY5Y cells (Cheung et al., 2009). Miloso et al. reported that RA-induced neuritogenesis of SH-SY5Y cells is PKC-dependent and ERK-independent (Miloso et al., 2004). In contrast, Singh et al. demonstrated the involvement of transglutaminase in RA-induced differentiation of SH-SY5Y cells. In the Singh study, activating Rho by transamidation promoted the activation of ERK1/2 and the p38γ MAP kinase. These observations suggest that RA activates different signaling pathways with diverse roles during neuronal differentiation (Singh et al., 2003). The effects of RA can be enhanced with the brain-derived neurotrophic factor (BDNF). BDNF is a member of the neurotrophin family of growth factors. RA differentiation induces the expression of tropomyosin-related kinase B (TrkB) receptor, which turns cells responsive to BDNF. BDNF regulates synapses, maturation, and plasticity of dendrites in young neurons through TrkB signaling, stimulating tyrosine phosphorylation of TrkB (Kaplan et al., 1993; de Medeiros et al., 2019). The BDNF-TrkB interaction activates three signaling pathways: the phospholipase-Cγ (PLCγ) pathway, the phosphatidylinositol 3-kinase (PI3K) pathway, and the ERK-MAPK family. All three pathways modulate synaptic plasticity, neuronal differentiation, and neuroprotection through regulating CREB, a transcription factor. Furthermore, PI3K regulates dendritic growth via Akt and mTOR (Schiro et al., 2022). Recent studies have demonstrated that BDNF triggers the expression of mature neuronal markers and molecular polarization and results in the differentiation of mature neurons from SH-SY5Y cells with distinct neuronal morphology (Hromadkova et al., 2020; Riegerova et al., 2021).
RA-BDNF-induced neuronal differentiation of SH-SY5Y cells was optimized by Forster et al., 2016. Differentiated cells show reduced expression of oxidative stress response genes, increased intracellular ATP levels, and reduced mitochondrial membrane potential. During neuronal differentiation, cells transition from an oxidative stress-resistant state to a neural cell with increased energy stress and oxidative vulnerability. Thus, differentiated SHSY5Y cells are more suitable for studying neuronal energetic vulnerability than undifferentiated SH-SY5Y cells. Another advantage of the RA-BDNF optimized differentiation protocol is the increased selective pressure against S-type cells and a reduced duration of differentiation. Thus, a homogenous cell population can be obtained to perform high-content analysis studies.
Balanced mitochondrial dynamics are essential for neuronal differentiation, development, and function (Vantaggiato et al., 2019). During neurogenesis, mitochondria undergo morphological changes from a mixture of tubular structures to a more elongated and hyperfused meshwork, illustrating maturation and allowing metabolic adaptation from glycolysis to mitochondrial respiration for higher energy demand (Beckervordersandforth et al., 2017; D'Aloia et al., 2024; Khacho and Slack, 2018). Metabolic reprogramming was confirmed during neuronal differentiation in primary cortical neurons and neural progenitor cells (Agostini et al., 2016; Zheng et al., 2016).
Drp1 plays a central role in the nervous system, and upregulated Drp1 function may contribute to the pathological progression of neurodegenerative diseases by dysregulating mitochondrial fission/fusion (Wang et al., 2009; Su et al., 2010; Guo et al., 2013). Imbalanced mitochondrial dynamics is a crucial event underlying the pathology of Huntington’s disease-induced neurotoxicity. In Huntington’s disease, a mutation in the huntingtin gene results in the expression of mutant huntingtin protein (mHtt), which has abnormal polyQ expansions. The mutant protein is localized to the mitochondrial membranes, which induces free radical production, reduces ATP production, and causes cell death (Beal, 2005; Reddy, 2008). In primary cultured neurons of transgenic HD mice and human post-mortem brains, mHtt induces NO overproduction, leading to S-nitrosylation of Drp1. S-nitrosylated Drp1 triggers mitochondrial fragmentation, synaptic damage, and neuronal loss (Haun et al., 2013). In addition, mHtt disrupts calcium homeostasis, increases intracellular calcium levels, and stimulates calcium-dependent phosphatase calcineurin, which dephosphorylates Drp1, rendering it active (Costa et al., 2010).
This study aims to determine the role of Drp1 in RA-BDNF-induced neuronal differentiation of SH-SY5Y cells and characterize differentiated neurons using high-content analysis. Our transcriptomic analysis demonstrates that stable knockdown of Drp1 results in the upregulation of genes involved in nervous system development, such as synapse assembly, neurogenesis, differentiation, and morphogenesis, suggesting an involvement in the nuclear transcriptional program. Our results show that neuronal differentiation, including neurite outgrowth, segmentation, and the number of extremities, is enhanced in cells stably depleted of Drp1 (shDrp1) compared to control. RA-BDNF-induced neuronal differentiation is associated with a significant reduction of ERK1/2 phosphorylation, suggesting ERK1/2 independent RA-induced differentiation in shDrp1 cells. Furthermore, the phosphorylation level of ERK1/2 is independent of the dual specificity phosphatases DUSP1/6 in shDrp1 cells. Control cells undergo mitochondrial morphology remodeling, while shDrp1 cells conserve highly fused mitochondria in addition to the development of long, elongated tubules. The shDrp1 cells respond to specific apoptotic stimuli like control in vitro, suggesting that Drp1 is not a prerequisite for apoptosis in SH-SY5Y cells.
We also show that the toxic aggregate formation of mHtt following the overexpression of the N-terminal mHtt fragments is reduced. Our results indicate that lowering Drp1 promotes transcriptional changes and improves neuronal differentiation. RA-BDNF-induced differentiation of Drp1 knockdown cells was associated with diminished ERK1/2 activation. Moreover, we show that the suppression of Drp1 reduces toxic mHtt aggregate formation in vitro, suggesting protection against neurotoxicity.
MATERIALS AND METHODS
All materials were purchased from Sigma-Aldrich unless otherwise specified.
Cell culture
Modified human SH-SY5Y (European Tissue Culture) cells were maintained in DMEM with high glucose, supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1x (vol/vol) antibiotic-antimycotic (Gibco), at 37°C in a 5% CO2 incubator. HEK293T cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 1x (vol/vol) antibiotic-antimycotic (Gibco) at 37°C in a 5% CO2 incubator.
Downregulation of hDNM1L/hDrp1
We used lentiviral technology to downregulate the expression of hDNM1L/hDrp1, according to Douida et al., 2020. One day before transfection, HEK293T cells were seeded to reach 80% confluency the next day in a 24-well plate. The expression plasmid pGIPZ-GFP containing the target sequences and the control plasmids were obtained from the shRNA Facility of the Albert Einstein College of Medicine, Bronx, NY, United States, and were provided by Dr. Marion Schmidt. All information on the plasmids is listed in Supplementary Table S1. The packaging and enveloping vectors (HDM-Hgpm2, RC-CMV/Rev, HDM-tat1b, and HDM-VSV-G) were courtesy of Dr. Orsi Giricz (Albert Einstein College of Medicine, Bronx, NY, United States). Transfection was performed using Lipofectamine 3000 (ThermoFisher Sci.) according to the manufacturer’s protocol. Four replicates (wells) were used for each expression plasmid containing the target sequences. The HDM-MIX consisted of HDM-Hgpm2, RC-CMV/Rev, HDM-tat1b (25 ng/μL each), and 50 ng/μL of HDM-VSV-G. The HDM-MIX and the expression plasmids (100 ng/μL) were co-transfected at 1:1. After 24 and 48 h, the transfected cells were visualized by fluorescent microscopy to confirm GFP expression. Culture media was collected 48 and 96 h after transfection. Virus-containing media was filtered through 0.45-µm pore filters and immediately used for transduction. For human SH-SY5Y neuroblastoma cell transduction, cells were incubated with the virus containing antibiotic-free media supplemented with 8 μg/mL polybrene. GFP expression in cells was monitored every day under a fluorescent microscope. Selection with 1.25 μg/mL puromycin was started 72 h after viral transduction. The puromycin-selected and amplified cells were further analyzed by real-time PCR and western blot to verify hDNM1L/hDrp1 depletion.
Titration of antibiotic selection
Puromycin was used to determine the optimal concentration for selecting transduced target cells to generate stable transduced target cell lines. SH-SY5Y cells were seeded to reach 90% confluency in 6-well plates. The appropriate complete medium was added, containing 0, 0.5, 1, 1.25, 2.5, or 5 μg/mL puromycin (Gibco). Cells were incubated for 10 days, replacing the selection media every other day. Cells were monitored using a light microscope every day. The lowest puromycin concentration (1.25 μg/mL) that induced massive cell death in 7 days and killed all cells within 10 days was used for further selection and to maintain the stable cell line under antibiotic selection pressure.
Neuronal differentiation
The differentiation of SH-SY5Y cells was performed according to Forster et al. (Forster et al., 2016) with a slight modification. DMEM (ThermoFisher Sci.) with high glucose (25 mM), 4 mM L-glutamine, and 1% penicillin/streptomycin (P/S), without sodium pyruvate, was used for phase 1 (days 0–3) culture medium. The medium was supplemented with 10 µM RA and 3% heat-inactivated FBS. Neurobasal-A medium without phenol red (ThermoFisher Sci.), supplemented with 2 mM L-glutamine, 1x (v/v) N-2 supplement 100× (ThermoFisher Sci.), 1% P/S, and human BDNF (Peprotech) at a final concentration of 50 ng/mL was used for phase 2 (days 3–6) differentiation. Cells were collected or analyzed at Day 0 (undifferentiated) and after completing phase 1 (Day 3) and phase 2 (Day 6) differentiation.
Tubulin tracker deep red staining for live cell high content analysis confocal imaging
To stain neuron-specific β-tubulin III, 96-well microplates (Corning, Merck) were coated with 5 μg/cm2 laminin at 37°C for 2 hours before seeding 5000 cells per well. The control and shDrp1 neuroblastoma cells were differentiated using the neuronal differentiation protocol (Section 2.4). On Day 6, cells were stained with 1 μΜ Tubulin Tracker Deep Red (ThermoFisher Sci.) to detect neurite outgrowth and 10 μM Hoechst 333642 for nuclei staining for 30 min at 37°C in 5% CO2. Cells were washed twice with Hanks’ Balanced Salt Solution containing calcium and magnesium (ThermoFisher Sci.). Images of live cells were acquired at 37°C and 5% CO2 using an Opera Phenix High Content Analysis system (PerkinElmer).
Neurite analysis
Automated confocal microscopy was performed on an Opera Phenix High Content Analysis system (PerkinElmer). Image-acquisition settings were ×40 water objective (NA = 1.1), appropriate lasers, and filters for Hoechst, eGFP, and Tubulin Tracker Deep Red in sequential mode to exclude spectra overlap. Neurites were detected with a 16-bit camera under nonsaturating conditions. Quantitative image analysis was performed with the built-in software (Harmony 4.9, PerkinElmer). Cell segmentation was performed based on Hoechst and eGFP staining to detect the nuclei and cytoplasm. Analysis was performed with the “CSIRO neurite Analysis 2” built-in method of the Harmony 4.9 software (PerkinElmer) (Wang et al., 2010). The true nuclei were defined based on the Hoechst channel. Neurites were detected using the Tubulin Tracker Deep Red signal with the “Find-Neurites” building block. The length, width, and area units were µm, µm, and µm2, respectively. Other parameters were defined by the HCS built-in functions of the software and presented as arbitrary units. The values are presented as mean ± SD and normalized to cell numbers based on true nuclei. The parameters for neurite outgrowth analysis, which are summarized in Supplementary Table S2, were chosen according to the “CSIRO neurite Analysis 2” built-in method and Wang et al., 2010.
RNA extraction
Total RNA was extracted using TRI reagent (Molecular Research Center, Inc.) following the manufacturer’s protocol. Samples were treated with DNase I in DNA digestion buffer for 15 min before reverse transcription (Zymo Research). For cDNA synthesis, a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used to reverse transcribe 1 μg of total RNA with random primers. The quality of the cDNA was checked on a 1% agarose gel.
Quantitative real-time PCR
Real-time PCR was performed with a LightCycler 480 Thermocycler (Roche) using Xceed qPCR Probe 2 × Mix Hi-ROX (Institute of Applied Biotechnologies, IAB) according to the manufacturer’s protocol. Cycling conditions were as follows: initial denaturation 95°C for 30 s, 1 cycle; PCR 95°C for 5 s and 60°C for 30 s, 40 cycles; and melt curve analysis 95°C for 0 s, 65°C for 15 s and 95°C for 0 s, cooling 50°C for 30 s, 1 cycle. Threshold values (Ct values) for all biological replicates (n ≥ 3) were normalized to GAPDH and PPIA. Each biological replicate included at least three technical replicates for each gene. The fold change in gene expression compared to respective undifferentiated and differentiated cells was calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001). The primers are shown in Supplementary Table S3.
Western blotting
Cells were washed with 1 × phosphate-buffered saline (PBS) and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Na-deoxycholate, 2 mM EDTA, 1% NP-40, and 50 mM NaF) supplemented with a protease inhibitor cocktail (1 mM benzamidine, 1 mM PMSF, and cOmplete Mini-EDTA-free protease inhibitor cocktail (Merck)). Cells were centrifuged at 12,000 rpm at 4°C for 15 min. The supernatants were collected, and the protein concentration was estimated using a Bradford protein assay. Proteins (20 μg/well) were resolved on standard SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane (GE Healthcare Life Sciences). Membranes were incubated with primary antibodies overnight at 4°C and subsequently incubated with secondary antibodies for 2 h at room temperature (RT). Blots were developed with enhanced chemiluminescence (Santa Cruz Biotechnology). The list of antibodies and dilutions is provided in Supplementary Table S4.
Mitochondrial staining for live cell high content analysis confocal imaging
To stain the mitochondria, 96-well microplates (Corning, Merck) were coated with 5 μg/cm2 laminin at 37°C for 2 hours before seeding 5000 cells per well. The control and shDrp1 neuroblastoma cells were differentiated using the neuronal differentiation protocol (Section 2.4). On Day 6, cells were carefully rinsed with 1 × PBS and stained with 100 nM Mitotracker Red CMX ROS (ThermoFisher Sci.) and 10 µM Hoechst 33342 in serum-free media for 20 min at 37°C in a 5% CO2 incubator. The media was changed to fresh culture media, and live cell imaging was performed using an Opera Phenix High-Content-Screening system (PerkinElmer) at 37°C at 5% CO2. Image-acquisition settings were ×63 water objective (NA = 1.15), appropriate lasers, and filters for Hoechst, eGFP, and Mitotracker Red in sequential mode to exclude spectra overlap. Detection was performed with a 16-bit camera under nonsaturating conditions. Cell segmentation was performed based on Hoechst and EGFP staining to detect the nuclei and cytoplasm. Mitochondria were determined by the Mitotracker Orange signal using the Find-Spots building block. Mitochondria morphology analysis was performed as previously described (D'Aloia et al., 2024; Douida et al., 2021).
Seahorse XF analysis
Oxygen consumption rate (OCR) was measured at Days 0 and 6 of control and shDrp1 cells. Cells were seeded in appropriate culture media in XF96 cell culture microplates (Agilent, Seahorse Bioscience) with proper background correction wells and incubated overnight at 37°C in a 5% CO2 incubator. On the following day (Day 0), the media were changed to phase 1 media in cells subjected to phase 1 (days 0–3) and 2 differentiations. On Day 3, the media was replaced with phase 2 media in cells subjected to phase 2 (days 3–6) differentiation. The sensor cartridge was prepared by adding 200 µL of Seahorse Bioscience XF96 calibrant solution (pH, 7.4) (Agilent, Seahorse Bioscience) to each Seahorse Bioscience 96-well utility plate well. The sensors with the calibrant solution were incubated overnight at 37°C without CO2. Measurements were performed using the Seahorse XF96 Analyzer. For XF Cell Mito Stress analysis, the media was replaced with 180 µL of XF assay medium (Agilent, Seahorse Bioscience) supplemented with 2 mΜ L-glutamine and 25 mM glucose on the day of measurement, and the plate was incubated at 37°C without CO2 for 1 h. After a 20-min equilibration time, OCR was measured every 6 min (1 min mixing, 5 min measurement) for five cycles. Mitochondrial inhibitors were applied at the following final concentrations: 1.5 µM oligomycin (O), 1 µM FCCP (F), 1 µM antimycin-A (A), and 1 µM rotenone (R). The OCR values were normalized to the total protein concentration of each well using a quick Bradford protein assay (BIO-RAD). Data were analyzed using a 2.3 Agilent Seahorse Desktop Software. Reports were generated by the Multi-File XF Report Generator (Agilent, Seahorse Bioscience) that automatically calculates assay parameters of the Seahorse XF Cell Mito Stress Test as the average ± S.E.M of the average parameter value of the biological replicate groups.
Sulphorhodamine B assay
Cell viability after RA treatment was measured using a sulphorhodamine B (SRB) assay. The assay is based on measuring cellular protein content, as described by Vichai & Kirtikara (Vichai and Kirtikara, 2006). Cell viability was calculated as follows: % cell viability = Absorbance sample/Absorbance negative control or untreated sample × 100.
Propidium iodide staining to assess cell viability
Cell viability of undifferentiated and differentiated control and shDrp1 cells on Days 3 and 6 was assessed using 500 ng/mL propidium iodide (PI) (BD Biosciences) counterstained with 10 μM Hoechst 33342. Briefly, the media was aspirated, and culture media containing 500 ng/mL PI and 10 μM Hoechst was added, and cells were incubated for 15 min at 37°C in a 5% CO2 incubator. Live cell imaging was performed using an Opera Phenix High-Content-Screening confocal microscopy (PerkinElmer) at 37°C with 5% CO2. Image-acquisition settings were ×10 objective (NA = 0,3), appropriate lasers, and filters for Hoechst and Alexa 568 for PI in sequential mode to exclude spectra overlap. A 16-bit camera under nonsaturating conditions was used for detection. Analysis was performed using the “Live/Dead Cells” built-in method of the Harmony 4.9 software (PerkinElmer). The true nuclei were defined based on the Hoechst channel. The PI-positive cells were selected using the channel Alexa 568. The formula output to calculate the percentage of dead cells was as follows: cells stained positive for Alexa Fluor 568/true nuclei ×100.
Immunofluorescence staining
Control and shDrp1 cells (3.5 × 104 cells/well) were seeded in a 12-well plate. The cells were differentiated on the following day (Section 2.4). Undifferentiated and differentiated cells on Days 3 and 6 were gently rinsed twice with 1 × PBS, fixed with 4% paraformaldehyde (PFA) for 15 min, rinsed with 1× PBS, and permeabilized with 0.01% Triton X-100 for 15 min. The cells were blocked with 5% BSA in 1 × PBS for 1 hour and incubated with the primary anti-Tuj1 antibody (Biolegend) at 1:1000 dilution in 1 × PBS for 90 min at RT. The samples were gently rinsed with 1 × PBS and incubated with the secondary antibody Alexa Fluor 568 (ThermoFisher Sci.) and Hoechst 33342 at 1:1000 dilution for 1 h at RT. Moviol 4-88: Dabco 33-LV (1:50) was used to mount the coverslips on the slides. Images were acquired on a Leica SP8 confocal laser scanning microscope.
7000 control or shDrp1cells/well were seeded on Perkin Elmer 96-well microplates coated with 5 μg/cm2 laminin for transient transfections. On the following day, cells were transiently transfected with pHM6-Q23 (a gift from David Rubinsztein, Addgene plasmid #40263; http://n2t.net/addgene:40263; RRID: Addgene_40263) (Narain et al., 1999) expressing the wild-type N-terminal huntingtin fragment (N-Htt) or pHM6-Q74 (a gift from David Rubinsztein, (Addgene plasmid # 40264; http://n2t.net/addgene:40264; RRID: Addgene_40264) (Narain et al., 1999), expressing the mutant N-Htt huntingtin fragment, using Lipofectamine 3000 according to the manufacturer’s protocol and Aladdin et al. (Aladdin et al., 2020). The cells were incubated for 72 h and gently rinsed twice with 1× PBS. The cells were fixed with 4% PFA for 15 min, rinsed with 1× PBS, and permeabilized with 0.01% Triton X-100 for 15 min. After blocking with 5% BSA in 1× PBS for 1 hour, the cells were incubated with the primary anti-HA-Tag antibody (1:1000 dilution, Cell Signaling) for 90 min at RT. The samples were gently rinsed with 1 × PBS and incubated with secondary antibody Alexa Fluor 568 (ThermoFisher Sci.) and Hoechst 33342 at 1:1000 dilution for 1 hour at RT. Images were acquired on an Opera Phenix High Content Screening System (PerkinElmer). Image-acquisition settings were ×40 water objective (NA = 1.1), appropriate lasers, and filters for Hoechst, eGFP, and Alexa 568 in sequential mode to exclude spectra overlap. Detection was performed with a 16-bit camera under nonsaturating conditions.
Images were analyzed using Harmony 4.9 software (PerkinElmer, Waltham, MA, United States). The nuclei were segmented on the Hoechst channel, and the object’s borders were extended on the eGFP channel. The insoluble huntingtin protein fragments were segmented on the Alexa568 channel using the software’s embedded spot analysis module. The values are expressed as means ± SDs.
Transmission electron microscopy
Monolayers of control and shDrp1 cells were grown on Aclar thermoplastic film (EMS- Electron Microscopy Sciences). Cell pellets were fixed in 3% glutaraldehyde dissolved in 0.1 M cacodylate buffer (pH, 7.4), containing 5% sucrose for 1 h at RT. After washing the cells several times in cacodylate buffer (pH, 7.4), samples were post-fixed in 2% osmium tetroxide dissolved in 0.1 M cacodylate buffer (pH, 7.4) for 1 h at RT. Following several washes in cacodylate buffer (pH, 7.4), cells were dehydrated and embedded into Durcupan ACM resin. Ultrathin sections were collected on Formvar-coated single-slot grids and counterstained with uranyl acetate and lead citrate. Sections were observed with a transmission electron microscope (JEOL 1010) and photographed at a magnification of 4000–10000 × with an Olympus Veleta CCD camera.
Cell and mitochondria contours were manually segmented. Only mitochondria with visible and intact internal membranes were considered for consecutive analyses. Amira 3D (version 2022.1; ThermoFischer Scientific) image analysis software was used to analyze the numerical parameters of the segmented structures as follows: visible area (μm2) of the cell in a given image, the total (summed) and average area (μm2) and inside length (μm) of mitochondria within the visible part of the cell. The length (inside length; μm) and area (μm2) were determined for 13-76 individual mitochondria/cell in control and 12-122 individual mitochondria/cell in the shDrp1 cell line.
The clustering of mitochondria was quantified as a measure of the closest neighbor of each mitochondrion in μm. Mitochondria were color-coded based on their distance from the closest neighbor (Garza-Lopez et al., 2021). Distance values in μm were extracted using the Label Analysis module of Amira 3D. Then, these distance values were displayed using the Colorize by Measure module of Amira 3D, which colored the mitochondria according to the values. Color scales were added using the Colormap Legend module from Amira 3D.
RNA-seq
High throughput mRNA sequencing analysis was performed on an Illumina sequencing platform to obtain global transcriptome data. Total RNA was extracted from control and shDrp1 cells grown in T-75 flasks up to 90% confluence (Zymo Research). The quality of total RNA was checked on an Agilent BioAnalyzer using a Eukaryotic Total RNA Nano Kit according to the manufacturer’s protocol. Samples with an RNA integrity number (RIN) value of >7 were accepted for the library preparation process. RNA-Seq libraries were prepared from total RNA using an Ultra II RNA Sample Prep kit (New England BioLabs) according to the manufacturer’s protocol. Briefly, poly-A RNAs were captured by oligo-dT conjugated magnetic beads. The mRNAs were eluted and fragmented at 94°C. First-strand cDNA was generated by random priming reverse transcription. After the second-strand synthesis step, double-stranded cDNA was generated. After repairing ends, A-tailing, and adapter ligation steps, adapter-ligated fragments were amplified in enrichment PCR. The libraries were sequenced on an Illumina NextSeq 500 instrument using single-end 75-cycle sequencing.
RNA-seq data analysis
Raw sequencing data (fastq) was aligned to the human reference genome version GRCh38 using the HISAT2 algorithm, and BAM files were generated. Downstream analysis was performed using StrandNGS software (www.strand-ngs.com). BAM files were imported into the software DESeq algorithm used for normalization. CytoScape 3.4.0 with the ClueGo application was used for gene ontology analysis of differentially expressed genes.
Statistical analysis
Data are presented as means and standard deviations (SDs) of n ≥ 3 experiments. The normality of the population was determined using the Shapiro-Wilk test. One-way ANOVA with multiple comparisons followed by Tukey post hoc tests or Kruskal-Wallis test followed by Dunn’s multiple comparison post hoc test, and unpaired t-test or Mann-Whitney test were used for analyses (Torocsik et al., 2021). Two-way ANOVA with Tukey post hoc test was used to analyze the Seahorse experiments and mitochondrial classes. Statistical analyses were conducted using GraphPad Prism v9.5.1. A p-value of <0.05 was considered significant.
For RNA-seq data analysis, differentially expressed genes were determined by a moderated t-test with Bejamini-Hochberg FDR for multiple testing corrections. A hypergeometric test with Bonferroni step-down correction was used to determine overrepresented GO categories. The Bonferroni step-down corrected p-value <0.05 was considered significant.
RESULTS
Stable knockdown of Drp1 causes fused mitochondrial ultrastructure with perinuclear clustering and global transcriptomic changes in SH-SY5Y cells
A human neuroblastoma SH-SY5Y cell line stably depleted of Drp1/DNML1 was generated as described in our previously published manuscript (Douida et al., 2020). qRT-PCR confirmed knockdown efficiency with two primer pairs and Western blotting (Figures 1A,B). The relative changes in the DNM1L (gene name for Drp1) gene expression using the two primer pairs confirmed efficient knockdown. As a control, SH-SY5Y cells were stably expressing pGIPZ-GFP (referred to as control). Cells stably depleted of Drp1 are referred to as shDrp1.
[image: Figure 1]FIGURE 1 | Generating a stably depleted human neuroblastoma cell line for Drp1 using lentiviral technology. Using lentiviral technology, DNM1L/Drp1 expression was downregulated in the SH-SY5Y human neuroblastoma cell line. HEK293T cells were transfected with the mixture of packaging-enveloping vectors and the plasmid pGIPZ-GFP containing the shRNA target sequence to produce the virus. Cells stably expressing empty pGIPZ-GFP were used as a control. Transduction of SH-SY5Y neuroblastoma cells was conducted using 8 μg/mL polybrene, and cells were maintained in media containing 1.25 μg/mL puromycin for selection. (A) The qPCR analysis shows successful silencing of DNM1L in shDrp1 cells. The sequences of primer #1 and #2 are listed in Supplementary Table S3. (B) Total cell lysates from control and shDrp1 cells were separated by SDS-PAGE to analyze Drp1 protein levels. Actin was used as the loading control. (C) Representative transmission electron microscopy images of mitochondria in control (upper panel) and shDrp1 cells (lower panel). Cell and mitochondria contours were manually segmented. Only mitochondria with visible and intact internal membranes were considered for consecutive analyses (insets). Mitochondria were displayed using a default shared colormaps option of Amira 3D with 8 distinct colors. Colors are independent of values; their purpose is to show the mitochondria used for further analyses. Amira 3D (version 2022.1; ThermoFischer Scientific) image analysis software was used to analyze the numerical parameters of the segmented structures. The clustering of mitochondria was quantified as a measure of the closest neighbor of each mitochondrion. Mitochondria were color-coded based on their distance from the closest neighbor. Distance values in μm were extracted using the Label Analysis module of Amira 3D. These distance values were displayed using the Colorize by Measure module of Amira 3D, which colored the mitochondria according to the values. Color scales were added using the Colormap Legend module from Amira 3D. A scale bar was added by the software to the upper right corner of each image. Quantitative analyses of average inside mitochondrial length (μm) (D), total inside mitochondrial length (μm) (E), average (F) and total (G) mitochondrial area (μm2), and average mitochondrial distance (μm) (H). Mann-Whitney test was used for statistical analyses. Only p values p < 0.05 are considered statistically significant.
Stable depletion of Drp1 promotes changes in mitochondrial morphology, resulting in an elongated, hyperfused mitochondrial network (Kitamura et al., 2017). To confirm the effects of stable knockdown in our cellular model, we performed transmission electron microscopy (TEM) to examine the ultrastructure of mitochondria in both control and shDrp1 cells (Figure 1C). TEM images revealed that shDrp1 cells contained long, highly fused, clustered, and elongated mitochondrial networks compared to the control cells (Figure 1C). We measured inside mitochondrial length, area and the formation of mitochondrial clusters using the Amira 3D analysis software. The average inside mitochondrial length (Figure 1D) and area (Figure 1F) and the total mitochondrial area (Figure 1G) were significantly higher in shDrp1 cells than in the control. The difference in total inside mitochondrial length was not significant (Figure 1E). Stable depletion of Drp1 resulted in a change in mitochondrial morphology, forming mitochondrial clusters at the perinuclear region (Figure 1C (clusters)). To quantify the formation of mitochondrial clusters, we measured the distance of each mitochondrion to its closest neighbor. We showed that the average mitochondrial distance was significantly smaller in shDrp1 cells than in control cells. We showed that the average mitochondrial distance was significantly smaller in shDrp1 cells than in control cells (Figure 1H).
The link between Drp1 and human diseases is the subject of increasing studies (Guo et al., 2013; Tanwar et al., 2016; Qi et al., 2019; Jin et al., 2021). To determine the effect of Drp1 on global gene expression, we performed mRNA sequencing and compared the transcriptomes of shDrp1 and control cells. DNM1L mRNA was substantially reduced in the SH-SY5Y knockdown cells (Figure 2A). In addition, Drp1 deficiency resulted in changes in gene expression. Of the differentially expressed genes (DEGs), 782 genes were significantly downregulated, and 972 genes were significantly upregulated in cells constitutively depleted of Drp1 compared to control cells (Figure 2B, Supplementary Table S5).
[image: Figure 2]FIGURE 2 | Drp1 deficiency affects the transcription of functionally relevant genes. (A) RNA-Seq data analysis from three independent experiments confirmed the depletion of DNM1L (gene name for Drp1) mRNA in the shDrp1 knockdown SH-SY5Y cells. (B) Compared to control cells, the differentially expressed genes (DEGs) in shDrp1 cells included 972 upregulated and 782 downregulated genes. Only significant DEGs are presented (Bejamini-Hochberg FDR corrected p-value <0.05). GO analysis of differentially expressed genes between shDrp1 and control cells significantly enriched several nerve system-related pathways (Bonferroni step-down corrected p-value <0.05). Heatmaps represent the expression patterns of genes of neurogenesis GO:0022008 (C), axon development GO:0007409 (D), regulation of synapse organization GO:0050807 (E), and synapse assembly GO:0007416 (F). Heatmaps were generated by a hierarchical clustering algorithm using Ward’s linkage method, and similarity measures were determined by Euclidean distance metric with the StranNGS software. The color range shows the normalized gene expression values on the log2 scale; the histogram represents the distribution of the genes by their normalized values. (G) The Volcano plot was generated by the online application VolcaNoseR2.https://huygens.science.uva.nl/VolcaNoseR2/. The ten most significantly upregulated and downregulated genes of shDrp1 cells are shown.
We performed Gene Ontology (GO) term enrichment analysis using the significantly upregulated and downregulated genes to find the significant biological relevance of the DEGs (Supplementary Tables S6, S7). GO analysis of DEGs revealed upregulation of cellular processes (Supplementary Figure S1). Heatmaps represent the expression patterns of genes related to neurogenesis, including regulation of neuron differentiation, generation of neurons, neuron differentiation, and neuron development (Figure 2C), axon development (Figure 2D), regulation of synapse organization (Figure 2E) and synapse assembly (Figure 2F) to be associated with Drp1 suppression. The ten most significantly upregulated genes of shDrp1 cells are related to the regulation of cell growth and cellular energy (DDIT4-DNA damage-inducible transcript 4 protein), neuronal differentiation (NEUROG2-neurogenin 2), navigation and projection of axons during neuronal development (ROBO2-Roundabout homolog 2), transcriptional regulation in neurogenesis (INSM1-Insulinoma-associated protein 1 and HES7-Transcription factor HES-7), promoting an increase both in neurite number and in neurite length (FLRT1-Leucine-rich repeat transmembrane protein), scaffolding and trafficking multiprotein signaling complexes in neurons (GRIP1-Glutamate receptor-interacting protein 1), neuronal differentiation and plasticity (GPM6A-Neuronal membrane glycoprotein M6-a), the biosynthesis of catecholamines, dopamine, noradrenaline, and adrenaline (TH-Tyrosine 3-monooxygenase), and axon guidance and neurite outgrowth (EPHA8-Ephrin type-A receptor 8) (Figure 2G and Supplementary Tables S5, S6). The ten most significantly downregulated genes are involved in the development of the cardiovascular system (NRP1- Neuropilin-1), apoptosis and angiogenesis (ID2- DNA-binding protein inhibitor ID-2, ID4- DNA-binding protein inhibitor ID-4), cytoskeleton remodeling (PLXNA4-Plexin A4), immune responses (ANXA1-Annexin A1, IL33-Interleukin 33), responses to environmental stress (SOK1- Serine/threonine-protein kinase 25) and DNA damage (HES1- Transcription factor HES-1), and the formation or maintenance of inhibitory synapses (MDGA1 MAM domain-containing glycosylphosphatidylinositol anchor protein 1) (Figure 2G and Supplementary Tables S5, S7). These findings suggest that Drp1 is an upstream regulator of essential cellular processes through transcriptional programming.
shDrp1 cells show improved RA-BDNF-induced neuronal differentiation in vitro
To understand the role of Drp1 on neuronal cell differentiation, we differentiated Drp1 knockdown and control SH-SY5Y cells. The SH-SY5Y cell line is immortalized, highly proliferative, and widely used in neuroscience research (Kovalevich and Langford, 2013; de Medeiros et al., 2019; Ioghen et al., 2023). The cells were differentiated toward the neuronal lineage using an established protocol by Forster et al., 2016. The 2 cell lines were compared after completing phase 1 (days 0–3) and phase 2 (days 3–6) differentiation. Neuronal differentiation was monitored over time by bright-field and fluorescence microscopy on Days 3 and 6 (Supplementary Figure S2). Live cell imaging with tubulin tracker staining (Figure 3A) and neuron-specific β-III tubulin (Tuj1) staining of fixed cells (Supplementary Figure S3) confirmed neuronal differentiation. Undifferentiated (Day 0) control and shDrp1 cells show clumping (Figure 3A). The differentiated cells clearly show morphological characteristics of neurons, including neurofilament outgrowth and an interconnected neuronal network. Our imaging demonstrates that shDrp1 cells had longer neurite outgrowth and more interconnected neuronal networks than differentiated control cells, indicating a greater extent of neuronal differentiation in the shDrp1 cells (Figures 3A, insets).
[image: Figure 3]FIGURE 3 | shDrp1 cells show increased neuronal differentiation with longer neurite outgrowth and more interconnected neuronal networks. Control and shDrp1 cells were treated with 10 μM RA on day 0 for 3 days (days 0–3) and 50 ng/mL BDNF on day 3 for 3 days (days 3–6) to induce neuronal differentiation. Automated live-cell confocal microscopy was performed on an Opera Phenix High Content Analysis system. A ×40 water objective was used for image acquisition settings. (A) Representative images of differentiated (Day 6) and undifferentiated control and shDrp1 live cells stained with Hoechst 33342 for nuclei and tubulin tracker for neuron-specific β-tubulin III. Images were merged to visualize both stains. Inset images reveal neurite outgrowth and the presence of several branches in differentiated cells. (Scale bar: 50 µm) (B–G) The mRNA levels of marker genes for neuronal differentiation, including SYN1 (Synapsin 1) (B), SNAP25 (Synaptosomal-associated protein 25) (C), TUBB3 (Tubulin beta-3 chain) (D), NES (Nestin) (E), SOX2 (Transcription factor SOX-2) (F) and DDC (Aromatic-L-amino-acid decarboxylase) (G) were measured by qPCR and using the 2−ΔΔCT method in undifferentiated and differentiated control and shDrp1 cells. Data are presented as the mean ± SD of n ≥ 3 separate experiments. Statistical analysis was performed by ordinary One-way ANOVA with multiple comparisons (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001).
qRT-PCR was performed on selected neuronal markers, and the mRNA fold change was calculated using the 2−ΔΔCT method in undifferentiated (Day 0) and differentiated (Day 6) cell lines. According to Forster et al., 2016, RA-BDNF-induced neuronal differentiation of SH-SY5Y cells does not represent a fully mature neurotransmitter signature. When we compared the undifferentiated control cells to the differentiated control cells, synaptic markers, such as SYN1 (Synapsin1) and SNAP25 (Synaptosomal-associated protein 25), showed an increasing but not significant trend in the differentiated control cells (Figures 3B,C). The expression of NES (the gene that encodes Nestin, which is required for central nervous system development) (Yaworsky and Kappen, 1999) showed no significant differential expression in differentiated versus undifferentiated control cells (Figure 3E), similar to the result obtained by Forster et al., 2016. SOX2, a transcription factor and a marker of pluripotency, decreased significantly in control cells, indicating a commitment towards differentiation (Figure 3F). On the other hand, the gene expression of SYN1, SNAP25, and the axonal marker TUBB3 (Tubulin beta-3) increased and SOX2 decreased significantly in differentiated shDrp1 cells compared to undifferentiated shDrp1 cells (Figures 3B–D,F). Comparing the gene expression in differentiated shDrp1 to differentiated control cells, DDC (Dopa decarboxylase; a serotonergic marker) expression was significantly higher in differentiated shDrp1 cells (Figure 3G). In addition, we found a significant increase in the gene expression of SYN1, SNAP25, TUBB3, and NES in differentiated shDrp1 compared to differentiated control (Figures 3B–D).
To quantitatively assess the morphology of neuronal differentiation, we performed an automated analysis of neurite outgrowth and branching of our differentiated cells using the CSIRO neurite outgrowth analysis algorithm incorporated into the High Content Analysis System (Opera™, PerkinElmer) (Figure 4). Quantitative morphological live-cell assessment including multiple parameters such as maximum neurite length (Figure 4A), number of extremities (Figures 4C,D), total neurite length (Figure 4E), and number of roots (Figure 4F) significantly increased in both differentiated shDrp1 and control cells compared to undifferentiated shDrp1 and control, respectively. We also observed a significant increase in the number of segments in differentiated shDrp1 cells compared to undifferentiated shDrp1 cells (Figure 4B). Measurement of neurite outgrowth is critical for assessing nervous system development. We found that the value of maximum neurite length of differentiated shDrp1 cells was significantly higher than the maximum length of differentiated control cells, indicating that differentiated shDrp1 cells have extended outgrowth to connect synaptically with other neuron-like cells (Figure 4A). The number of segments connecting branch points or neuron bodies, and the number of extremities (the total number of neurite segments with a terminal endpoint) per cell was also significantly higher in differentiated shDrp1 cells compared to differentiated control cells (Figures 4B,C). Other parameters, including node types, were higher, but the differences were not significant (Figures 4G,H). These results suggest that reduced expression of Drp1 enhances RA-BDNF-induced neuronal differentiation of SH-SY5Y cells in vitro. In summary, this effect may be caused by the widespread transcriptomic changes induced by the stable knockdown of Drp1.
[image: Figure 4]FIGURE 4 | Quantitative analysis demonstrates a significant increase in neurite outgrowth parameters in shDrp1 cells. Automated confocal microscopy analysis of neurite outgrowth in undifferentiated and differentiated (Day 6) control and shDrp1 live cells was performed on an Opera Phenix High Content Analysis system. Live cells were stained with Hoechst 33342 for nuclei and tubulin tracker for neuron-specific β-tubulin III. Quantitative analysis was performed using the built-in “CSIRO neurite Analysis 2” method of the Harmony 4.9 software. (A–H) Defined parameters were analyzed in three independent experiments. Data are presented as the mean ± SD of three independent experiments (n = 3). 39677 differentiated and 39658 undifferentiated shDrp1 cells and 45066 differentiated and 22568 undifferentiated control cells were analyzed. Groups were compared using ordinary One-way ANOVA with multiple comparisons (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, ns indicates not-significant).
Reduced ERK1/2 activation in differentiated shDrp1 cells
According to our transcriptomic data, the knockdown of Drp1 modulates the expression of genes involved in protein phosphorylation (Supplementary Figure S4, Supplementary Table S5). Moreover, GO terms for genes that regulate the MAPK and ERK1/2 signaling pathways were significantly downregulated after the Drp1 knockdown in undifferentiated cells (Figures 5A,B, Supplementary Table S7). Emerging studies suggest that RA-BDNF-induced differentiation activates different signaling pathways with diverse roles during neuronal differentiation. Thus, the activation and phosphorylation status of signaling molecules after RA-BDNF-induced neuronal differentiation in control and Drp1 knockdown cells were assessed by immunoblot analysis of undifferentiated and Days 3 and 6 differentiated cells. JNK and Akt phosphorylation were increased on Day 3 in both cell lines, with a significant change for phospho-Akt. Both JNK and Akt remained phosphorylated on Day 6 in both cell lines, indicating that RA induces the phosphorylation of JNK and Akt, and their activation is required for phase 2 differentiation (Figures 5C,D). RA-induced phosphorylation of p38, MEK1/2, and ERK1/2 was elevated on Day 3 in control, indicating the activation of the ERK-MAPK pathway by RA during the early differentiation phase (Figures 5E–G).
[image: Figure 5]FIGURE 5 | Reduced phosphorylation of ERK1/2 in shDrp1 cells on Days 3 after RA-induced differentiation. Heatmaps represent the expression patterns of genes regulating MAPK cascade GO:0043408 (A) and ERK1 and ERK2 (B) cascade GO:0070371. Heatmaps were generated by a hierarchical clustering algorithm using Ward’s linkage method, and similarity measures were determined by Euclidean distance metric with the StranNGS software. The color range shows the normalized gene expression values on the log2 scale, and the histogram represents the distribution of the genes by their normalized values. The protein- and phosphoprotein levels of members of cellular signaling pathways, including JNK, phospho-JNK (C), Akt, phospho-Akt (D), p38, phospho-p38 (E), MEK1/2, phospho-MEK1/2 (F) and ERK1/2, phospho-ERK1/2 (G) were examined by western blotting in undifferentiated and differentiated (Days 3 and 6) control and shDrp1 cells. Cells were untreated or treated with 10 μM RA for 3 days (0–3) and 50 ng/mL BDNF for the next 3 days (3–6) to achieve neuronal differentiation. Cells were lysed with RIPA buffer, and an equal amount of protein was separated. β-actin was used as an internal loading control. Representative images of western blots are shown. Statistical analyses of the relative protein expressions are shown. Images were taken using a ChemiDoc Imager, and the pixel intensity was quantified and normalized to the internal control, β-actin, using Image Lab software. Data are presented as means ± SD (n = 4). Groups were compared using One-way ANOVA with multiple comparisons. Only significant differences are shown (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001).
Interestingly, phosphorylated ERK1/2 was significantly lower on Day 3 in shDrp1 cells compared to the control cells (Figure 5G), and according to our western blot, only ERK1 was weakly phosphorylated. This result suggests that the suppression of Drp1 might result in ERK1/2 independent neuronal differentiation in SH-SY5Y cells. By Day 6, phosphorylation of p38, MEK1/2, and ERK1/2 decreased to the levels of undifferentiated cells (Figures 5E–G), suggesting that BDNF does not induce the phosphorylation of p38, MEK1/2, and ERK1/2 in SH-SY5Y cells. In summary, these results indicate that downregulation of Drp1 modulates the activation of ERK1/2 during RA-induced neuronal differentiation.
ERK1/2 dephosphorylation is independent of DUSP1 and DUSP6 in shDrp1 cells during neuronal differentiation
The phosphorylation of ERK1 and ERK2 is catalyzed by the dual-specificity mitogen-activated protein kinases 1 and 2 (MEK1/2). MEK1/2 was similarly phosphorylated and activated during RA-induced differentiation until Day 3 in both cell lines. Therefore, the differences in the phosphorylation level of ERK1/2 may be due to the phosphatases that dephosphorylate ERK1/2. ERK1/2 is dephosphorylated by the dual specificity phosphatases 1 and 6 (DUSP1 and DUSP6). Next, we assessed the effects of the DUSP1 and DUSP6 inhibitor BCI on phospho-ERK1/2 levels during differentiation in control and shDrp1 cells. Cells were induced with RA on Day 0, and on Day 2, the indicated concentrations of BCI were added for 24 h to determine the optimal experimental concentration of BCI. Cells were collected on Day 3 after completing phase 1 differentiation. 1 μM BCI treatment caused robust phosphorylation of ERK1/2 in control but not shDrp1 cells (Figure 6A). Thus, we used 1 μM BCI treatment for further experiments. ERK1/2 protein level and phosphorylation were compared in undifferentiated and differentiated control and shDrp1 cells with or without 1 μM BCI treatment. BCI did not cause changes in the ERK1/2 level in control and shDrp1 cells (Figures 6B,C) and did not induce elevated phospho-ERK1/2 levels in undifferentiated control or shDrp1 cells (Figures 6B,D). RA significantly increased phospho-ERK1/2 levels in Day 3 differentiated control cells compared with the phospho-ERK1/2 levels in undifferentiated control cells. Furthermore, BCI treatment significantly increased phosphorylated ERK1/2 in Day 3 differentiated control cells (Figures 6B,D). Remarkably, BCI treatment did not affect phospho-ERK1/2 levels in differentiated shDrp1 cells, suggesting that dephosphorylation of ERK1/2 is independent of DUSP1 and 6 in shDrp1 cells.
[image: Figure 6]FIGURE 6 | Inhibition of dual specificity phosphatases 1 and 6 does not lead to increased phospho-ERK1/2 in shDrp1 cells. (A) The optimal working concentration of BCI was obtained by the following: Cells were treated with 10 μM RA for 3 days to induce phase 1 differentiation. Control and shDrp1 cells were treated with 0.1 vol% vehicle DMSO or different concentrations of BCI for 24 h on Day 2. Cells were lysed with RIPA buffer, and an equal amount of proteins were separated to examine the level of phospho-ERK1/2. GAPDH was used as the internal loading control. (B) The protein and phosphoprotein levels of ERK1/2 were examined by SDS-PAGE and western blotting in undifferentiated and differentiated (Day 3) control and shDrp1 cells. Cells were treated with DMSO or 10 μM RA for 3 days to induce phase 1 differentiation. Control and shDrp1 cells were treated with vehicle or 1 μM BCI for 24 h on Day 2. Cells were lysed with RIPA buffer, and an equal amount of proteins were separated. β-actin was used as the internal loading control. Representative images of western blots are shown. Statistical analyses of the relative protein expression of ERK1/2 (C) and phospho-ERK1/2 (D) are shown. Images were taken with a ChemiDoc Imager, and the pixel intensity was quantified and normalized to the internal control β-actin using Image Lab software. Data are presented as means values ±SD (n = 4). Groups were compared using ordinary One-way ANOVA with multiple comparisons. Only significant differences are shown (** indicates p < 0.01).
Mitochondrial network rearrangement and metabolic adaptation of control and shDrp1 cells during neuronal differentiation
Drp1 is a crucial regulator of mitochondrial dynamics. The shape and morphology of mitochondria greatly depend on their function. The morphology of mitochondria changes during the differentiation of neural stem cells in the developing and adult brain and is regulated by mitochondrial fusion and fission proteins. Mitochondria of differentiated neurons in the developing brain show an elongated structure. In the adult hippocampus, mitochondria show a highly elongated morphology (Khacho et al., 2016; Beckervordersandforth et al., 2017; Khacho and Slack, 2018).
A recent study confirmed that differentiating SH-SY5Y cells exhibited a significant increase in cells with tubular mitochondria (D'Aloia et al., 2024). Thus, the effects of reduced Drp1 levels on mitochondrial morphology during neuronal differentiation of SH-SY5Y cells were investigated. We assessed mitochondrial morphology using live cell high-content imaging analysis with Mitotracker Red CMXRos to stain mitochondria and Hoechst to stain nuclei. On Day 6, control cells exhibited interconnected tubules with elongated structures and compact “pearl-like” tubules (marked with arrows on Figure 7A insets) compared to the separate tubules of undifferentiated control, suggesting remodeling (Figure 7A upper panels and insets). The mitochondrial networks of shDrp1 cells remained highly fused with asymmetric, typically perinuclear distribution with “pearl-like” and elongated interconnected tubules (marked with arrows on Figure 7A insets), suggesting that mitochondria of shDrp1 cells retained the hyperfused mitochondrial structure but also developed long, elongated, highly interconnected tubules during differentiation, a result similar to that obtained by Vantaggiato et al., 2019 in mouse embryonic carcinoma P19 cells (Figure 7A lower panels and insets). To further corroborate the microscopic data, we quantified mitochondrial phenotypes of undifferentiated and differentiated control and shDrp1 cells using live-cell high-content image analysis with a method established earlier by our group (Douida et al., 2021). Quantification confirmed a significantly increasing extended, elongated, and round, compact tubular mitochondrial populations in both cell lines during differentiation. Furthermore, mitochondria seem to go through a morphological change from short to long tubular structure. Differentiated shDrp1 cells represent significantly higher populations of extended, elongated phenotype and round, compact tubular mitochondria than differentiated control (Figure 7B).
[image: Figure 7]FIGURE 7 | Mitochondrial network remodeling of control and shDrp1 cells during neuronal differentiation. Cells were treated with 10 μM RA for 3 days (0–3) and 50 ng/mL BDNF for the next 3 days (3–6) to achieve neuronal differentiation. (A) Automated confocal microscopy was performed on an Opera Phenix High Content Analysis system. A ×63 water objective was used for image acquisition settings. Representative images for mitochondrial morphology in undifferentiated and differentiated (Day 6) control and shDrp1 live cells stained with MitoTracker Red CMXRos for mitochondria and Hoechst 33342 for nuclei are shown. (B) Quantification of mitochondrial classes was performed with the built-in Harmony 4.9 and PhenoLogic machine-learning software. Mitochondria were classified as long, elongated tubular, short tubular, round, compact tubular, and fragmented. The number of objects (mitochondrial populations) were counted in undifferentiated and differentiated control and shDrp1 cells and were expressed as percent % of the overall. > 300 cells were analyzed/sample. Statistical analysis was performed by two-way ANOVA with multiple comparisons (** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001, and ns indicates not-significant).
Drp1 protein levels increased slightly during differentiation in control cells, but the difference was not significant. The constitutive depletion of Drp1 was maintained in shDrp1 cells during RA-BDNF-induced differentiation (Figure 8A). We also evaluated the phosphorylation of Drp1 at Ser-637 and Ser-616 in control cells during neuronal differentiation. RA induced the phosphorylation of Drp1 at Ser-637 by Day 3, and the phosphorylation disappeared by Day 6. The phosphorylation of Drp1 at Ser-616 remained steady during differentiation (Supplementary Figure S5). The mitochondrial fusion protein Opa1 level showed an elevated but not significant trend in both cell lines during differentiation (Figure 8B). MFN1 increased significantly during differentiation in control, not in shDrp1 cells (Figure 8C), and MFN2 levels did not change significantly in any of the cell lines during differentiation (Figure 8D). MFN1 protein levels were lower (significant at Day 6) and MFN2 levels were markedly lower in shDrp1 cells compared to the respective controls during differentiation (Figures 8C,D). These results are consistent with the data obtained in Drp1−/− MEF by Wakabayashi et al., 2009, suggesting that mitochondrial fusion may compensate for the loss/reduction of a critical fission protein independent of cell type.
[image: Figure 8]FIGURE 8 | Reduced expression of mitochondrial fusion proteins MFN1 and MFN2 in shDrp1 cells compared to control cells. The protein levels of mitochondrial fission and fusion proteins were examined using anti-DNM1L (A), anti-Opa1 (B), anti-MFN1 (C), and anti-MFN2 (D) antibodies in undifferentiated and differentiated (Days 3 and 6) control and shDrp1 cells. Cells were lysed with RIPA buffer, and an equal amount of protein was separated using SDS-PAGE and analyzed by western blotting. β-actin was used as an internal loading control. Representative images of western blots are shown. Statistical analyses of the relative protein levels are shown. Images were taken using a ChemiDoc Imager, and the pixel intensity was quantified and normalized to the internal control, β-actin, using Image Lab software. Data are presented as mean values ±SD (n ≥ 3). Groups were compared using One-way ANOVA with multiple comparisons (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and ns indicates not-significant).
We also analyzed mitochondrial bioenergetics during differentiation because mitochondrial dynamics and bioenergetics closely influence each other. Oxygen consumption rate (OCR) was measured in real-time in undifferentiated and Day 6 differentiated cells in both control and shDrp1 cells. Basal OCR and OCRs were measured after adding selective mitochondrial inhibitors in the following sequential order: oligomycin, cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and a combination of rotenone and antimycin A. Oligomycin prevents protons from entering the mitochondria by binding to and inhibiting ATP synthase. Uncoupled mitochondrial respiration (maximal respiration) was measured by adding FCCP, which uncouples mitochondrial respiration and reduces ATP synthesis by collapsing the proton gradient across the inner mitochondrial membrane. The complex I inhibitor rotenone and the complex III inhibitor antimycin A were used to inhibit mitochondrial respiration to distinguish between mitochondrial and non-mitochondrial oxygen consumption (Figure 9A). Data from independent biological replicates were processed and analyzed by Wave desktop and Multi-File XF report generator. Seahorse analysis highlighted that undifferentiated shDrp1 cells did not differ from undifferentiated control in terms of mitochondrial bioenergetics. That suggests that stable knockdown of Drp1 modulates mitochondrial morphology but not bioenergetics at the undifferentiated state. A significant increase in maximal respiration was observed in differentiated shDrp1 cells compared to undifferentiated shDrp1 and differentiated control. An increasing but not significant trend emerged in basal respiration, ATP-linked respiration, proton leak, and spare respiratory capacity in differentiated control and shDrp1 cells (Figure 9B).
[image: Figure 9]FIGURE 9 | Increased maximal respiration in differentiated shDrp1 cells. Oxygen consumption rate (OCR) was measured in undifferentiated Day 6 differentiated control and shDrp1 cells. (A) The basal OCR was determined 30 min before and after mitochondrial sequential addition of 1.5 µM oligomycin (olig), 1 µM FCCP, and 1 µM rotenone/antimycin A cocktail (Anti/Rot). (B) Calculated parameters of mitochondrial respiration based on measured OCR. Data were normalized to total protein (pmol/min/µg protein). Data were analyzed using Wave Desktop software. Data are presented as means ± SEM of n = 3 independent experiments. Statistical analysis was performed by two-way ANOVA with multiple comparisons. Only significant differences are shown (* indicates p < 0.05, ** indicates p < 0.01).
Drp1 is dispensable for cell death after exposure to RA and mitochondrial complex inhibitors
RA mediates neuronal differentiation (Park et al., 2016; Teppola et al., 2016; Dutta et al., 2023). In addition, RA inhibits cell growth and induces cell death and differentiation in various tissues (Wolf, 2008; Noy, 2010; Cheng et al., 2013; Kang and Koh, 2023). To test whether the constitutive depletion of Drp1 affects cell viability during RA-induced differentiation, we treated both control and shDrp1 cells with 10 μM RA or vehicle (DMSO) for 3 days, and cell viability was assessed using sulphorhodamine B (SRB) assays, which measure cellular protein content (Figure 10A). RA induced a non-significant decrease in the viability of both cell lines, and no differences were detected between control and shDrp1 cells. To confirm the results of the SRB assay, we performed differentiation and assessed cell death by propidium iodide staining, which excludes live and apoptotic cells and stains late-apoptotic and necrotic cells. A minimal increase in cell death at Days 3 and 6 in both cell lines was detected. Cell death increased significantly in shDrp1 cells on Day 6, but no significant differences were detected between control and shDrp1 cells (Figure 10B).
[image: Figure 10]FIGURE 10 | Retinoic acid and selective mitochondrial inhibitors induce cell death in Drp1-depleted cells to a similar extent than in control. (A) Cell viability was assessed using the sulphorhodamine B (SRB) assay. Undifferentiated control and shDrp1 cells were treated with 0.1 vol% vehicle DMSO and 10 µM RA. Data are presented as the means ± SD of three independent experiments. Groups were compared using One-way ANOVA with multiple comparisons. (B) The effects of Drp1 depletion on cellular death after differentiation. Cellular death was monitored using propidium iodide (PI) staining in undifferentiated and differentiated control and shDrp1 cells. Results are presented as means ± SD of three independent experiments. Statistical analysis was performed using One-way ANOVA with multiple comparisons (* indicates p < 0.05). (C) Assessment of cell viability using the SRB assay. Undifferentiated control and shDrp1 cells were treated with DMSO, 10 µM Rotenone, 3 µM Oligomycin, or 100 nM Antimycin (A). Data are presented as means ± SD of three independent experiments. Statistical analysis was performed using One-Way ANOVA with multiple comparisons. Only significant differences are shown (* indicates p < 0.05).
Drp1 is critical for mitochondrial fission to initiate cell death, providing cellular quality control when cells are exposed to stress stimuli such as mitochondrial toxins. We used the ATP synthase inhibitor oligomycin, the complex I inhibitor rotenone, and the complex III inhibitor antimycin A to monitor cell vulnerability to cell death in control and Drp1 knockdown cells according to our previously described method (Douida et al., 2020) using the SRB assay. Cell viability remained high after 100 nM Antimycin A treatment in both cell lines. Although 3 μM oligomycin and 10 μM rotenone treatment decreased cell viability in both cell lines, the differences were significant only for rotenone (Figure 10C). We concluded that Drp1 does not modulate RA-induced cell death in differentiated cells and mitochondrial inhibitor-induced toxicity in undifferentiated neuroblastoma cells in vitro.
Downregulation of Drp1 causes late formation and smaller size of toxic huntingtin protein aggregates
The mutant huntingtin protein abnormally interacts with Drp1 and stimulates the enzymatic activity of Drp1, leading to neuronal cell death in mice and humans with Huntington’s disease (Song et al., 2011; Shirendeb et al., 2012). Thus, the effects of Drp1 knockdown on the formation of toxic aggregates of the mutant huntingtin protein were investigated. Cells were transiently transfected to overexpress the N-Htt fragment with 23 polyQ repeats representing the normal length of the protein and the mutant (toxic) N-Htt fragment with 74 polyQ repeats in undifferentiated control and shDrp1 cells. Both inserts are fused to HA-tag for immunolabeling. Protein expression was monitored for 72 h after transfection in fixed cells using high-content analysis. Confocal microscopic image analysis revealed a cytoplasmic distribution of the N-Htt fragment with 23 polyQ in both cell lines (Figures 11A,B upper panels). Cells expressing the mutant N-Htt fragment displayed a mixed population of cells showing a cytoplasmic distribution and aggregates with different sizes and numbers or both of the mutant N-Htt (Figures 11A,B lower panels). To quantitatively assess toxic huntingtin aggregate formation, fluorescent intensity properties normalized to true cell nuclei using batch analysis in untransfected cells (Figure 11C), and cells expressing the normal N-Htt and the mutant N-Htt fragments were analyzed. The number of aggregates in control and shDrp1 cells expressing the mutant N-Htt fragments was significantly increased compared to the respective untransfected cells or cells expressing the normal length of the N-Htt fragment with 23 polyQ. Interestingly, toxic huntingtin aggregates were significantly reduced in Drp1 knockdown cells expressing the mutant N-Htt compared to control cells expressing the mutant N-Htt (Figure 11D). Collectively, these data suggest that the depletion of Drp1 reduces the formation of neurotoxic huntingtin aggregates in undifferentiated cells.
[image: Figure 11]FIGURE 11 | Stable knockdown of Drp1 delays the aggregate formation of mutant N-Htt fragments. Control and shDrp1 cells were transfected with pHM6-Q23 (wild type N-Htt) ((A,B) upper panels) and pHM6-Q74 (mutant N-Htt) ((A,B) lower panels) plasmids, and the overexpression of N-Htt fragments was measured after 72 h. Representative images show cells immunolabeled with anti-HA-tag/Alexa Fluor 568 for Q23 and Q74. Hoescht 33342 was used to stain the cell nuclei. Arrows on inset images indicate toxic N-Htt aggregates. (C) Untransfected cells were used for transfection control and immunolabeled as the transfected cells. (D) Quantitative analysis was performed using the “Spot Analysis” module of the Harmony 4.9 software. The insoluble mutant N-Htt fragments were segmented on the Alexa 568 channel. The numbers of shDrp1 analyzed cells were 23351 untransfected, 49701 pHM6-Q23, and 52920 pHM6-Q74 transfected cells. The numbers of control cells analyzed were as follows: 10945 untransfected, 39873 pHM6-Q23, and 43273 pHM6-Q74 transfected cells. Data are expressed as means ± SD of n = 5 independent experiments. Groups were compared using One-way ANOVA with multiple comparisons (* indicates p < 0.05, ** indicates p < 0.01, **** indicates p < 0.0001, and ns indicates not significant).
DISCUSSION
Increasing evidence indicates that balanced mitochondrial morphology is crucial for embryonic development and cellular differentiation. As part of mitochondrial dynamics, the mitochondrial fission process is mediated by several proteins. Drp1, one of the proteins regulating fission, has been extensively studied in vivo and in vitro. Homozygous deletion of Drp1 leads to embryonic lethality in mice at day 11.5 dpc, and Drp1−/− mice have defects in trophoblast giant cells and cardiomyocytes (Wakabayashi et al., 2009). Furthermore, neural cell-specific (NS) Drp1−/− mice die shortly after birth, and primary cultures of NS- Drp1−/− mouse forebrain exhibited a decreased number of neurites and defective synapse formation (Ishihara et al., 2009). However, partial reduction of Drp1 in heterozygous knockout mice did not affect mitochondrial and synaptic viability (Manczak et al., 2012). Another study also showed that myogenic differentiation requires NO-dependent repression of Drp1 activity through phosphorylation of Drp1 by G-kinase (De Palma et al., 2010).
Genetic and pharmacological inhibition of Drp1 promotes cardiac mesodermal differentiation of human induced pluripotent stem cells (Hoque et al., 2018). Mitochondrial dynamics also regulates the fate and identity of stem cells by regulating the nuclear transcriptional program (Khacho et al., 2016). In the present study, we provide evidence that stable depletion of Drp1 causes widespread transcriptional changes in SH-SY5Y cells and improves neuronal differentiation in vitro. Genes related to neurogenesis, neuronal differentiation, synapse formation, and axon development were upregulated in GO terms. The biological relevance of Drp1 in neuronal differentiation has not been widely studied. Therefore, we analyzed cellular morphology and mitochondrial changes in Drp1 knockdown SH-SY5Y cells during RA-BDNF-induced differentiation. The expression of neuronal markers is a hallmark of RA-BDNF-induced neuronal differentiation. Based on the GO terms analysis results, the expression levels of genes specific for neuronal differentiation increased significantly in differentiated shDrp1 cells compared with those in differentiated control cells. Thus, Drp1 knockdown positively influences the differentiation of SH-SY5Y cells at the transcriptomic level.
Differentiated neuron-like cells are characterized by multiple morphological parameters (Hromadkova et al., 2020; Riegerova et al., 2021). We found that parameters of neuronal differentiation defined by the CSIRO algorithm were significantly increased in differentiated shDrp1 cells compared to undifferentiated shDrp1 cells, and these characteristics were also significantly higher compared to differentiated control cells, suggesting that altered mitochondrial dynamics affect neuronal differentiation. Valenti et al. found similar results after pharmacological inhibition of Drp1 in hippocampal neuronal progenitor cells (NPCs) from mice with Down’s syndrome (DS). DS NPCs exhibit excessive mitochondrial fragmentation and defective neurogenesis. Drp1 inhibition by the neuroprotective mdivi-1 restored mitochondrial network organization and improved neuronal differentiation of DS NPCs, representing an attractive strategy for restoring neurogenesis (Valenti et al., 2017). In hereditary spastic paraplegias (HSPs), the inhibition of Drp1 by a selective peptide inhibitor P110 or genetic depletion of Drp1 rescued axonal and neuronal degeneration in human iPSC derived from the fibroblasts of patients with the SPG11 mutation, implicating mitochondrial dynamics in neurodegeneration (Chen et al., 2022).
Studying the signaling molecules involved in the neuronal differentiation of SH-SY5Y cells, we found similar JNK, Akt, MEK1/2, and p38 activation in both cell lines. At the same time, we observed reduced ERK1/2 phosphorylation in shDrp1 cells after RA-induced differentiation on Day 3, and the total ERK1/2 protein levels were not decreased. MEK1/2, which activates ERK1/2 by phosphorylation, was activated in both cell lines to the same extent, suggesting that the reduced phosphorylation of ERK1/2 may not originate from reduced kinase but elevated phosphatase activity. Dual-specificity phosphatases (DUSPs) control ERK1/2 activity in cells. DUSP1 is known to dephosphorylate ERK1, while DUSP6 dephosphorylates ERK1 and ERK2, rendering them inactive. DUSP6 downregulation results in ERK1/2 activation (Prieto et al., 2016). Inhibition of DUSP1 and DUSP6 by the potent inhibitor BCI resulted in robust phosphorylation of ERK1/2 on Day 3 of differentiation in control but not in shDrp1 cells, confirming the dephosphorylation of ERK1/2 by DUSP1 and 6 in control cells. That suggests that dephosphorylation of ERK1/2 is independent of DUSP1 and 6 in shDrp1 cells.
This alternative scenario may occur through the transcriptional modulation of different DUSP members, leading to the deactivation of ERK1/2. The upregulation of DUSP2 may result in the deactivation of ERK1/2 (Kim et al., 1999; Ding et al., 2022). Our transcriptomic data did not show downregulation of DUSP1 and DUSP6 genes in shDrp1 cells, but DUSP2 gene expression increased significantly in differentiated shDrp1 cells compared to differentiated control cells (Supplementary Figure S6). This proposed mechanism, however, requires further investigation. Nevertheless, our data suggest that the downregulation of Drp1 causes ERK1/2 independent neuronal differentiation in SH-SY5Y cells.
Mitochondrial morphology remodeling and maturation occur during neuronal differentiation to facilitate metabolic reprogramming and adaptation, including several cell types such as embryonic stem cells, induced pluripotent stem cells, and neuroblasts (Voccoli and Colombaioni, 2009; Choi et al., 2015). A recent study also confirmed mitochondrial network remodeling during neuronal differentiation in SH-SY5Y cells, neuroscience’s most commonly used cell model. Mitochondria populations were significantly increased in tubular phenotype during differentiation (D'Aloia et al., 2024). During differentiation, we also monitored mitochondrial network changes and mitochondrial fusion-fission protein levels in our model. During RA-BDNF-induced differentiation, the Opa1 protein gradually but not significantly increased in control. MFN1 protein levels significantly increased, and MFN2 levels did not change during differentiation in control cells. A similar trend occurred in Drp1 knockdown cells; however, MFN1 and MFN2 levels were significantly reduced compared to the respective differentiation stages of control cells. This result indicates that a compensatory mechanism develops in response to Drp1 suppression for the loss/reduction of a crucial fission protein, resulting in altered mitochondrial dynamics.
Posttranslational modifications of Drp1 include reversible phosphorylation. Two extensively studied phosphorylation sites are located at the Ser-616 and Ser-637 of the protein. CDK1-catalyzed phosphorylation of Drp1 at Ser-616 induces microtubule localization of Drp1 and promotes mitochondrial translocation, resulting in mitochondrial division in Jurkat 6E.1 cells (Strack et al., 2013). A panoply of kinases drives the phosphorylation of Drp1 at Ser-637, and the specific role of phosphorylation depends on different parameters, including cell type and upstream regulatory molecules. In most cases, however, the phosphorylation of Ser-637 of Drp1 reduces the catalytic activity of the protein (Jin et al., 2021). In our model, we saw phosphorylated Drp1 at Ser-616 from Day 0 to Day 6. The phosphorylation of Drp1 at Ser-637, which inhibits mitochondrial fission, was induced by RA. This phosphorylation was lost by Day 6. It is known that a distinct Ser616/Ser637 ratio is required to regulate astrocyte mitochondrial fission-fusion (Ko et al., 2016). Furthermore, elevated phosphorylation of Ser-616 alone is not enough to induce mitochondrial fission. In cardiomyocytes, the phosphorylation of Ser-637 regulates Ser-616 phosphorylation (Jhun et al., 2018). It is tempting to speculate that the two sites are required in our control cells for the regulated fusion-fission process during differentiation. Further investigation of Drp1 phosphorylation during differentiation would be fascinating.
After 6 days of differentiation, active mitochondria of control cells were stained with Mitotracker RedCMX Ros, and major rearrangements of mitochondrial networks were observed, resulting from a mix of tubular phenotypes to interconnected tubules. The mitochondrial networks of shDrp1 cells remained highly fused with asymmetric, typically perinuclear compact distribution. We also observed elongated, highly interconnected tubules, suggesting mitochondrial adaptation to neuronal cell morphology.
Increasing mitochondrial bioenergetics parameters based on OCR supports the link between elongated mitochondrial architecture and bioenergetics adaptation in control cells. The reason that we have not seen significant differences in specific parameters might be that we only studied cells after 6 days of RA-BDNF-induced differentiation. D'Aloia et al., 2024 reported that the maximal respiratory capacity was reached on the 20th and maintained to the 40th days of differentiation. They conclude that differentiating cells reached the mitochondrial rearrangement required to mature neurons by day 20. shDrp1 cells exhibited similar behavior to control, but maximal respiration of shDrp1 cells reached a significantly higher OCR by Day 6 compared to control and undifferentiated shDrp1 cells, suggesting that shDrp1 cells acquire a greater mitochondrial respiratory capacity. We speculate that shDrp1 cells might reach a complete mitochondrial rearrangement earlier during differentiation, which might be one reason for improved neuronal cell phenotype.
The downregulation of Drp1 neither inhibited nor enhanced RA, and mitochondrial inhibitors induced cell death. Our results agree with a previously published study demonstrating that Drp1 knockdown delays but does not inhibit apoptosis, and Drp1-dependent mitochondrial fission is not a prerequisite for apoptosis (Estaquier and Arnoult, 2007). Moreover, we demonstrate for the first time that downregulation of Drp1 delays toxic N-Htt aggregate formation suggesting protection of cells from neurotoxicity in an in vitro cellular model. We propose that downregulation of Drp1 improves neuronal differentiation via transcriptional modulation of genes responsible for neuronal development and members of the ERK1/2 signaling pathway and by rearranging mitochondrial dynamics in undifferentiated cell states.
CONCLUSION
The current study investigated the role of Drp1, a major mitochondrial fission protein, in neuronal differentiation of SH-SY5Y cells. Stable knockdown of Drp1 resulted in mitochondrial network rearrangement and the upregulation of genes involved in neural development, including synapse assembly, neurogenesis, differentiation, and morphogenesis. Knockdown of Drp1 improved neuronal differentiation, resulting in longer neurite outgrowth, higher segmentation, and a higher number of extremities. RA-BDNF-induced neuronal differentiation was associated with a significant reduction of ERK1/2 phosphorylation suggesting an ERK1/2-independent neuronal differentiation of shDrp1 cells. Furthermore, the phosphorylation status of ERK1/2 was independent of the dual specificity phosphatases DUSP1/6 in shDrp1 cells. Highly fused and elongated mitochondrial structures were maintained during differentiation in shDrp1 cells, and we observed significantly elevated maximal mitochondrial respiration. These results demonstrate that the downregulation of Drp1 improves neuronal differentiation through transcriptional changes and mitochondrial rearrangement of undifferentiated cells. The shDrp1 cells responded to apoptotic stimuli similar to control in vitro. Notably, the formation of toxic aggregates of the mutant huntingtin (mHtt) protein was reduced after overexpression of the N-terminal mHtt in shDrp1 cells. Thus, reducing Drp1 in a regulated manner may improve cell survival and prevent neurotoxicity. This mechanism should be investigated further to identify novel strategies to combat neurodegenerative diseases.
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