Dose-dependent CHCHD10 dysregulation dictates motor neuron disease severity and alters creatine metabolism
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Supplementary material

Myoblast cell culture
Human myoblast cultures were established from muscle biopsy and cultured by standard methods. Briefly, cells were cultured in at 37℃, in a humidified atmosphere, normoxia and 5% CO2. Myoblasts were maintained in myoblast culture media containing 420 ml Ham`s F10 with GlutaMax (Gibco 41550-021) supplemented with 75 ml of heat-inactivated fetal bovine serum (FBS, Sigma, F9665), 250 mg bovine serum albumin (BSA, Sigma #A-4503), 250 mg fetuin (Sigma #F-2379), 90 mg insulin (Sigma #I-1882), 5 ml of 39 μg/ml dexamethasone (Sigma, #D1756), 500 μl epidermal growth factor (10 μg/ml, BD Biosciences, 354052), 10 mg uridine (Calbiochem, 6680).

Actinonin treatment
iPSC, d14 motor neuron and d35 control and homozygous patient motor neurons were treated with 150 uM Actinonin (Sigma #A6671) for 24 hours. Ethanol was used as vehicle. After treatment, cells were manually collected by scraping on ice and samples were stored at -80°C until further processing. Total RNA from cultures was isolated using NucleoSpin RNA extraction kit (Macherey-Nagel).

Protein extraction, SDS-PAGE and immunoblotting (cell cultures)
For protein analysis cells were manually collected by scraping on ice and samples were maintained at -80°C until further processing. Total protein was extracted with RIPA buffer (Thermo Fisher) supplemented with Halt™ protease inhibitor (Thermo Scientific). To obtain insoluble RIPA fractions, remaining cell pellets were treated with 8M urea (Thermo Scientific) following RIPA lysis. Protein concentration was quantified with BCA assay (Pierce) according to manufacturer’s instructions. 15 µg of protein/sample was run on TGX 10% acrylamide gels (Bio-Rad) and transferred to 0.2 µm PVDF-membrane (Bio-Rad) with the TransBlot Turbo transfer system (Bio-Rad). Membrane was blocked with 5% milk/TBS-T for 1h RT. The primary and secondary antibodies are listed in supplementary table 1. Signal was detected with ECL reagent (Thermo Scientific) and membranes were imaged with Chemidoc XRS+ (Bio-Rad). Image Lab Software (BioRad) was used to quantify the band intensities. For quantification, band intensities were normalized to housekeeping protein indicated in quantifications. 

Protein extraction, SDS-PAGE and immunoblotting (tissues)
The tissue samples were snap frozen in liquid nitrogen and stored in -80°C. About 20 mg of snap frozen tissues were taken and homogenized in RIPA buffer (Cell signaling technology) containing HaltTM Protease-inhibitor Cocktail (ThermoFisher) with Fast Prep w-24 Lysing Matrix D (MP Biomedical) and Precellys w-24 (Bertin Technologies). Protein concentrations were quantified with BCA method (Pierce). Protein samples were loaded into 4-20% polyacrylamide gels (Bio-Rad) and transferred to nitocellulose membranes using transfer-blot turbo transfer system (Bio-Rad). For Native-PAGE protein samples were run in non-denaturing conditions. The membranes were then blocked with 5% BAS in 1X TBS-T to avoid nonspecific binding. The primary antibodies were prepared in 1-2% BSA/TBS-T with the concentrations recommended by the manufacturers. After subsequent washing, membranes were incubated with primary antibodies overnight at +4°C (supplemental table 1). Membranes were washed and then incubated with respective HRP conjugated secondary antibodies for 1 hour in room temperature. The Clarity Western ECL Substrate (BioRad) was used to develop protein band signals, detected by Chemidoc XRS+ Molecular Imager (Bio-Rad). Quantification was done with the ImageLab software (Bio-Rad).

Filter trap
Filter trap assay captures large detergent-insoluble protein aggregates. Assay was performed as previously described in [3]. Briefly, 25 μg of total muscle (G66V mice) or heart (S59L and G58R mice) homogenate were solubilized with 0.5% Triton in PBS for 15 min on ice. Samples were loaded onto a Bio-Dot Microfiltration apparatus (Bio-Rad) containing a cellulose acetate membrane (0.2 μm pore diameter, Whatman). Vacuum was applied to pass samples through the membrane, which was then was washed with 0.5% Triton in PBS. Trapped proteins were detected with antibodies Rabbit anti-CHCHD10 (ProteinTech, 1:500) or Rabbit anti-CHCHD2 (ProteinTech, 1:500). Blots were then imaged as described above.

RNA extraction and RT-qPCR analysis
Total RNA from cell cultures was isolated using NucleoSpin RNA extraction kit (Macherey-Nagel). Total RNA from tissues was extracted using TRIsure+chloroform+ethanol (Bioline) method followed by in-column DNA digestion (Qiagen). RNA was reverse transcribed with Maxima first strand cDNA synthesis kit (Thermo Fisher). cDNA levels were analyzed by qRT-PCR amplification in CFX Real-time system C1000T (Bio-Rad) with SYBR green Flash (Thermo Fisher) by transcript specific primers. The cycling protocol was 95°C for 7 min, then 40 cycles of 95°C for 10 s and 60°C for 30 s. Technical duplicates were used for all studies. 2 ng of cDNA was used for total mRNA quantification. Relative quantification was done using the ΔΔCt method with normalization to B2M. A list of primers can be found at supplementary table 2.

Quantitative PCR (qPCR) based determination of mitochondrial DNA copy number
DNA was extracted with Macherey-Nagel™ NucleoSpin™ according to manufacturer instructions. 25 ng of DNA was used for the qPCR reaction. Levels of mitochondrial tRNA-LEU (UUR) (MT-TL1) and nuclear B2M were analyzed by qPCR amplification in CFX Real-time system C1000Touch (Bio-Rad) with SYBR-green Flash (Thermo Fisher) by transcript specific primers. The ratio between MT-TL1 and B2M transcripts were used to determine the copy number of mtDNA. 

Long range PCR for mtDNA deletions
For determination mtDNA deletion load we used previously decribed protocol [1]. Long-range PCR reactions were performed for deleted and undeleted fractions of mtDNA using primers in non-deleted region between 16S rRNA and ND1 to enable partly deleted mtDNA molecules. 10 ng of total genomic DNA was amplified with primers for long template PCR using Phusion high-fidelity DNA polymerase (Thermo Fisher) and supplied GC buffer PCR reaction was initial denaturation for 30 s at 98°C, 22 cycles of 10 s at 98°C and 12 min extension at 72°C and a final extension step for 10 min at 72°C.

Oxygen consumption
Oxygen consumption rate in fibroblasts, myoblasts and iPSC-derived motor neurons at day 35 was measured using Seahorse XF96 Extracellular Flux Analyzer (Agilent) as previously described in [4]. Briefly, cells were seeded at density of 15 000-25 000 cells/well 24 h prior measurements on Matrigel-coated (Corning) XF96 Seahorse plates in the presence of 10 μM Y-27632 (Selleckchem) [5]. Oxygen consumption rate (OCR) was measured one day after seeding. At day 10 of differentiation iPSC-derived motor neuron progenitors were seeded at density of 15 000-25 000 cells/well on poly-D-lysine and laminin coated XF96 Seahorse plates (Agilent). Oxygen consumption rate (OCR) was measured at day 30 of motor neuron differentiation. On the day of the assay, medium was replaced with Seahorse Base Medium supplemented with 1 mM pyruvate, 2 mM glutamine, 25 mM glucose and 5 mM HEPES, pH adjusted to 7.4. In baseline conditions, three measurements of OCR were done, after which ATP synthetase was inhibited by injection of 2 μM oligomycin (Sigma). Oligomycin induced drop in baseline OCR reflects oxygen consumption needed for ATP production. Next, 2-5 μM (see table 1) uncoupler carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (Sigma) was injected. FCCP injection forces cells to use their maximal mitochondrial capacity to maintain membrane potential and increase in OCR reflects the spare respiratory capacity. Finally, electron transport chain was shut down by inhibiting complex I and III activity by addition of rotenone (Sigma) and antimycin-A (Sigma) at 1 μM concentration in well and remaining OCR reflects non-mitochondrial oxygen consumption. After assay, results were normalized to DNA content using CyQUANT kit (Invitrogen). Two independent runs (one for myoblasts) were performed, where each run contained 13-16 (fibroblasts), 11 (myoblasts) or 24-28 (iPSC-MN) wells per cell line. Only those wells with a homogeneous monolayer of fibroblasts or intact neuronal culture were included in the analysis.
Table 1. Concentrations of inhibitors in different cell models in Seahorse Extracellular Flux analysis.
	Inhibitors (Sigma)
	Fibroblasts
25 000 cells/well
	Myoblasts
15 000 cells/well
	iPSC-MN day 35
25 000 cells/well

	Oligomycin (uM)
	2
	2
	2

	FCCP (uM)
	2
	3
	5

	Rotenone + Antimycin A (uM)
	1
	1
	1



Mitochondrial superoxide production
Mitochondrial superoxide production in fibroblast cultured in 10 cm plates was determined using MitoSOX (Invitrogen). Cultured cells were incubated in staining solution containing 1 uM MitoSOX for 10 min. The staining solution was removed, and the cells were collected to the tubes using 1xTrypsin-EDTA. Then the cells were pelleted and resuspended in complete phosphate-buffered saline and analyzed by flow cytometry using BDInflux Flow Cytometer at the Biomedicum Flow Cytometry Unit (University of Helsinki, Finland). The results were analyzed using FCSalyzer software. 

NAD(P)H measurement (fibroblasts)
NAD(P)(H) was measured from fibroblasts with NADMED redox profiling technology (NADMED Ltd, https://www.nadmed.fi/). Briefly, cells were grown to almost confluent on 100 mm dishes, and half of the plate was used for the measurements. Cells were detached from the plates with trypsin and trypsin was inactivated with cell growth medium. After collection, cells were pelleted by ultra-centrifugation followed by wash with PBS. Excess PBS was removed before snap-freezing at liquid nitrogen. Cell pellets were stored at -80 until measurement. NAD metabolite levels were normalized to total protein content in the sample. Protein amounts were determined following Bradford method with Bio-Rad reagent.

ISRIB treatment
Control and homozygous patient fibroblasts were treated with 200 nM ISRIB (Sigma #SML0843) for 6 hours. After treatment, oxygen consumption rate was measured with using Seahorse XF96 Extracellular Flux Analyzer (Agilent) according to previous description. Additionally, fibroblasts were manually collected after 6h treatment by scraping on ice and samples were stored at -80°C until further processing. Total RNA from cultures was isolated using NucleoSpin RNA extraction kit (Macherey-Nagel).

Immunocytochemistry
Fibroblasts were grown in standard cell culture conditions as described above on cover glasses in 24-well plates until they reached appropriate confluency, media was changed every other day.  When confluent, cells were washed three times with PBS, fixed with 4% paraformaldehyde for 15 min and washed three times with PBS. Cells were then permeabilized in 0.2% Triton X-100 in PBS for 15 min at room temperature, followed by three times washing in PBS-T (0.1% Tween-20) followed. Cells were then blocked in 5% BSA/PBS-T (#001-000-162, Jackson Immuno Research) for two hours at room temperature. Primary antibody in 5% BSA/PBS-T was incubated overnight at 4°C. The following day, coverslips were washed three times with PBS-T for 10-15. Coverslips were incubated in secondary antibody in 5% BSA/PBST for one hour at room temperature, followed by three times washing for 10 min. Finally, the coverslips were mounted on microscope slides with Vectashield DAPI (#H-1200, Vector Laboratories) and imaged with Axio Observer Z1 (Zeiss) inverted fluorescence microscope with the same exposure and export setting used on all slides of each targeted marker. The antibodies used are listed in supplemental table X. The results were visualized with Zen Blue and Image J.

Immunohistochemistry
Immunohistochemistry was done both from frozen muscle samples and formalin fixed spinal cords. Before staining spinal cord was treated with 30% sucrose overnight at +4C. The following day, spinal cords were embedded into OCT and sectioned using Leica CM3050S cryostat. Frozen samples were first dried 20 minutes at room temperature and rinsed with 0.1% PBS-Triton-X. After this all steps were the same for both sample types. Nonspecific staining was blocked by incubating samples in blocking buffer (1.5% Normal goat serum + 5% fetal bovine serum in 0.1% PBS-Triton X-100) for 1 hour at room temperature. The primary antibodies were diluted in Dako antibody diluent (Agilent S3022) and incubated overnight at +4°C. Next day samples were washed three times with 0.1% PBS-Triton X-100 and secondary antibodies were diluted in Dako antibody diluent and incubated 30 min at RT. The samples then washed 3x with 0.1% PBS-Triton X-100 and mounted with Antifade (Vector laboratories H-1200). Images were taken with Axioplan 2 Universal Microscope wide field microscope and Leica SPX8 confocal microscope with the same exposure and export setting used on all slides of each targeted marker. The antibodies used are listed in supplemental table 1. The results were visualized with Image J.

Histology 
For histological staining muscle tissues were freshly embedded in small amount of OCT medium (Tissue-Tek) and frozen in 2-methylbutane bath in liquid nitrogen and kept in -20C. The sectioning was done using Leica CM3050S cryostat. For Hematoxylin and Eosin (HE) the tissue sections were sectioned and stained with Hematoxylin for 1 min and with Eosin for 2 min, with washes in between the stains. Dehydration was done with absolute EtOH, cleared with xylene. The sections were then mounted with Pertex mounting medium (Histolab 00811). For the stainings of cytochrome c oxidase (COX) and succinate dehydrogenase (SDH) activities, the muscle sections were incubated for 30 min in COX and 40 min in SDH straight on the object glass and washed in between. Dehydration was done with ascending EtOH series, cleared with xylene and then mounted with Pertex mounting medium (Histolab 00811). All the stained sections were imaged by Axioplan 2 Universal Microscope (Zeiss). 

Electron microscopy (MN and mouse muscle)
Motor neuronal cultures on cover glasses were fixed with 2% glutaraldehyde in 0.1 M NaCac buffer for 30 min at RT, and then washed with NaCac buffer. Cells were kept in NaCac buffer at +4 °C until further use. iPSC on glass slides were fixed with 2% PFA + 2% Glutaraldehyde (Sigma) for 30 min at 4 °C, then washed once with PBS and fixed with 2% Glutaraldehyde O/N at 4 °C. Mouse muscle was submerged into 2 % Glutaraldehyde fixative and cut into 1-2 mm3 pieces. Muscle was fixed in 2% Glutaraldehyde for 2h in RT, followed by 2% PFA in 100 nM Na-phosphate buffer fixation at +4°C until further processing. Fixed neurons and muscle samples were prepared according to standard protocols for transmission electron microscopy. Ultrathin sections were observed with Jeol 1400 transmission electron microscope at 80000 V. ImageJ (https://imagej.nih.gov/ij/) package Fiji was used to assess mitochondria length.

NfL measurement 
In the cell experiments, 1 ml of media was collected from day 35 iPSC-MN. Media were centrifuged at 13000 g for 5 min and frozen. Mouse blood was collected to Microstainer Blood Collection tubes (BD #365968) by terminal heart puncture and serum was separated by centriguation 10 min 1,300g +4C. Media and serum were thawed on ice, mixed, centrifuged at 10000 g 5 min and diluted (1:50 for media, 1:100 for serum) to measure NFL concentration on a 96-well format in duplicate wells with the Single molecule array (Simoa) HD-1 analyzer (Quanterix, Billerica, MA) and the NF-Light Advantage Kit (ref.103186) according to manufacturer’s instructions (Quanterix, Billerica, MA). 

CK measurement
Creatine kinase levels were measured from 100 uL mouse serum at Helsinki University Animal Hospital laboratory (YESLAB).

Mouse behavioral assays
Treadmill
Endurance was measured every six months starting at P200 as time to fatigue on a conventional treadmill running task. After 3 consecutive day training sessions, mice were placed on a treadmill (Columbus Instruments) with a speed starting at a 10 m/min increasing incrementally by 1 m every 3 minutes to until mice were unable to maintain pace despite reinforcement, on a flat surface. The treadmill was equipped with a motivational grid. 

Grip strength 
Muscle strength was determined with a grip strength meter (Bioseb). The mouse was placed over the grid, gently pulled by its tail, and allowed to grasp the mesh grid by its fore and hind limbs. Six consecutive measurements were performed with a minute interval for each mouse. The mean maximal grip strength was recorded and then normalized to the body weight of individual mouse.

Body composition
Bruker minispec LF50 Body Composition Analyzer was used to measure the body composition including fat and lean mass.

Hindlimb clasping
Mice were lifted by the tail and suspended for 30s. Timing and duration of clasping hindlimbs against abdomen was measured and scored based on the time taken to clasp as following:
Score zero = No clasping; Score one = Clasping in 16-30s; Score two = Clasping in 8–15 s; Score three = Clasping in 5–7 s; Score four = Clasping in 3–4 s; Score five = Clasping in 1–2 s.

Compound muscle action potential measurement
Motor neuron functionality was assessed at P550 with compound muscle action potential measurement (CMAP) as previously described [2]. Briefly, anesthesia was induced with isoflurane/oxygen inhalation (3% for induction and 2-2.5% for maintenance) at 2.5 L/min flow of oxygen. Body temperature was controlled with thermostatic heating plate. Needle electrodes (27 G) were placed subcutaneously on both sides of sciatic notch (stimulating electrodes), aligning gastrocnemius muscle (recording electrode), and next to Achilles tendon (reference electrode). Ground electrode was placed contralaterally to stimulating electrodes. Axons were stimulated using 1 pulse/s with 0.1 ms pulse duration at 18 mA. At least 4 measurement per animal per side were recorded. 

Echocardiography
The cardiac dimensions and ejection volume of mice were measured by using Vevo 2100 imaging system (Fujifilm). B‐mode and M‐mode were used to measure left ventricle dimensions, and the average values were used for analysis.

Supplemental Table 1. List of antibodies for immunoblotting and immunocytochemistry
	Antibody
	Catalogue number
	Host
	Concentration

	Primary

	ChAT
	Merck Millipore #AB144P
	Goat
	1:100 IHC

	CHCHD10 
	Sigma #HPA003440
	Rabbit
	1:300 WB/ICC

	CHCHD10
	Proteintech #25671-1-AP
	Rabbit
	1:1000 WB/IHC

	CHCHD2
	Sigma #HPA027407
	Rabbit
	1:1000 WB

	CII-SDHA
	Abcam #ab14715
	Mouse
	1:750 ICC

	GAPDH
	Cell Signaling # 14C10
	Rabbit
	1:1000 WB

	Hb9
	DSHB #81.5C10-s
	Mouse
	1:50 ICC

	MAP2
	Abcam #5392
	Chicken
	1:1000 ICC

	MYHC
	R&D Systems #MAB4470
	Mouse
	1:50 ICC

	Nanog
	Cell Signalling #4903
	Rabbit
	1:200 ICC

	NEFM
	Proteintech #20664-1-AP
	Rabbit
	1:1000 WB

	NEFH
	Abcam #AB8135
	Rabbit
	1:1000 IHC

	NeuN
	Thermo Fisher #PA5-78499
	Rabbit
	1:200 IHC

	OPA1
	BD Biosciences #612606
	Mouse
	1:1000 WB

	TOM20
	Santa Cruz #17764
	Mouse
	1:50 IHC

	TRA-1-60
	Invitrogen #MA1-023
	Mouse IgM
	1:100 ICC

	TUBB3
	Biolegend #801201
	Mouse
	1:1000 ICC/WB

	VDAC
	Abcam #ab14734
	Mouse
	1:1000 ICC/WB

	Vinculin
	Sigma #V9264-25UL
	Mouse
	1:8000 WB

	Secondary

	Alexa FluorTM 594 alpha-bungarotoxin
	Invitrogen #B13423
	
	1:500

	AlexaFluorTM 488 anti-goat IgG
	Invitrogen #A11055
	
	1:1000

	AlexaFluorTM 488 anti-mouse IgG
	Abcam #ab150133
	
	1:1000

	AlexaFluorTM 488 anti-rabbit IgG
	Invitrogen #A11008
	
	1:1000

	AlexaFluorTM 594 anti-mouse IgG
	Invitrogen #A21201
	
	1:1000

	AlexaFluorTM 594 anti-mouse IgM
	Invitrogen #A21044
	
	1:1000

	AlexaFluorTM 594 anti-rabbit IgG 
	Invitrogen #A11012
	
	1:1000

	Dapi Vectashield
	Vector #H-1200
	
	

	DyLight 488 anti-chicken IgG
	Thermo Fisher #SA-5-10070
	
	1:1000

	Hoechst
	Invitrogen #62249
	
	1:1000

	HPR Goat Anti-Mouse IgG
	Jackson #115-035-146
	
	1:5000 

	HPR Goat Anti-Rabbit IgG
	Jackson #111-035-144
	
	1:5000



Supplemental Table 2. List of primers used.
	Gene
	Primer
	Sequence 5’-3’

	ATF4
	Forward
	AGTGGCATCTGTATGAGCCCA

	
	Reverse
	GCTCCTATTTGGAGAGCCCCT

	ATF5
	Forward
	CTGGCTCCCTATGAGGTCCTTG

	
	Reverse
	GAGCTGTGAAATCAACTCGCTCAG

	B2M
	Forward
	TGCTGTCTCCATGTTTGATGTATCT

	
	Reverse
	TCTCTGCTCCCCACCTCTAAGT

	ACTB
	Forward
	CCTGGCACCCAGCACAAT

	
	Reverse
	GGGCCGGACTCGTCATAC

	CHCHD2
	Forward
	AGGGTTTCAATGAGGTGCTG

	
	Reverse
	GAAGCCAGGAATGACAGGAG

	CHCHD10 
	Forward
	GTGACCTGTCCCTGTGTGAG

	
	Reverse
	TCTGTGGGGTGAGAAACCTC

	DDIT3/CHOP10 
	Forward
	GCAAGAGGTCCTGTCTTCAGATG

	
	Reverse
	CTCAGTCAGCCAAGCCAGAGA

	GDF15 

	Forward
	AGAGTTGCACTCCGAAGACT

	
	Reverse
	GGACAGCCGGAACAGAGC

	MTHFD2 
	Forward
	GTGATCCTGGTTGGCGAGAA

	
	Reverse
	ACTGTTGATTCCCACAACTGC

	MT-TL1
	Forward
	CACCCAAGAACAGGGTTTGT

	
	Reverse
	TGGCCATGGGTATGTTGTTA

	TFAM
	Forward
	ATGGCGTTTCTCCGAAGCAT

	
	Reverse
	CAGATGAAAACCACCTCGGTAA

	Chchd10
	Forward
	CAGCCGGGTCTTATGGCTC

	
	Reverse
	CAGGCTCTGAATTTCCCCCAC

	Chchd2
	Forward
	TTATTGGTTGCCCGGTGAGG

	
	Reverse
	CTGCGAAACGTACAGAAGCG

	Atf4
	Forward
	CCTATAAAGGCTTGCGGCCA

	
	Reverse
	GTCCGTTACAGCAACACTGC

	Atf5
	Forward
	TGGGCTGGCTCGTAGACTAT

	
	Reverse
	GTCATCCAATCAGAGAAGCCG

	Ddit3/Chop
	Forward
	TCTTGAGCCTAACACGTCGAT

	
	Reverse
	CCAGGTTCTCTCTCCTCAGGT

	Gdf15
	Forward
	CAACCAGAGCCGAGAGGAC

	
	Reverse
	TGCACGCGGTAGGCTTC

	Rpl13a
	Forward
	GTGGTCCCTGCTGCTCTCAAG 

	
	Reverse
	CGATAGTGCATCTTGGCCTTTT 

	mtDNA deletions (mouse)
	Forward
	GAGGTGATGTTTTTGGTAAACAGGCGGGGT

	
	Reverse
	GGTTCGTTTGTTCAACGATTAAAGTCCTACGTG

	mtDNA deletions (patient)
	L10 5’-
	TCTATCACCCTATTAACCACTCACGGGAGCT

	
	H16496 5’-
	CGGATACAGTTCACTTTAGCTACCCCCAAGTG
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