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Abstract 14 

Background: Spinocerebellar ataxia type 36 (SCA36) is a late-onset neurodegenerative disorder caused 15 

by a GGCCTG hexanucleotide expansion in the first intron of NOP56. This mutation produces five 16 

dipeptide repeat proteins (DPRs) via repeat-associated non-ATG (RAN) translation, including poly-17 

glycine-proline (poly-GP) which is the most abundant DPR in SCA36. However, the specific contribution 18 

of the poly-GP to SCA36 pathogenesis and the influence of NOP56 levels on poly-GP toxicity remains 19 

poorly understood.  20 

Methods: We generated zebrafish models expressing poly-GP from an alternative codon sequence 21 

lacking the GGCCTG repeat, alone or in combination with partial nop56 downregulation. Disease-22 

associated phenotypes were evaluated by locomotor assays, immunostaining, apoptosis analysis and 23 
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imaging of neuronal, muscular, and mitochondrial alterations. Proteomic and metabolomic profiling 24 

were performed to identify affected molecular pathways, followed by pathway enrichment analyses. 25 

Mitochondrial respiration was assessed using Seahorse analysis. 26 

Results: Poly-GP expression alone induced locomotor impairment associated with p62 aggregation and 27 

increased TUNEL-positive cells. These phenotypes were exacerbated by partial nop56 loss-of-function, 28 

which enhanced poly-GP accumulation and promoted cerebellar malformation, motor neuron defects, 29 

and myosin-associated muscle fiber dysfunction. Proteomic profiling identified convergent alterations 30 

in ribosomal function, protein homeostasis, and cytoskeletal organization in both models. 31 

Metabolomic analysis revealed extensive metabolic remodelling in the combined model, accompanied 32 

by increased mitochondrial respiratory activity. Notably, several of these molecular alterations overlap 33 

with pathways implicated in ALS and related neurodegenerative disorders, suggesting convergent 34 

pathogenic mechanisms.  35 

Conclusions: Our findings demonstrate that partial nop56 loss of function exacerbates poly-GP 36 

associated toxicity in the absence of repeat-derived RNA, supporting the hypothesis that alterations in 37 

NOP56 expression influence the molecular response to DPR accumulation in SCA36. These results 38 

provide new insights into SCA36 pathogenesis and identify molecular and metabolic pathways that 39 

may inform future biomarker and therapeutic studies. 40 

 41 

Keywords 42 

SCA36, poly-GP, NOP56, dipeptide repeat proteins, repeat expansion disorders, neurodegeneration 43 
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 45 

Background 46 

Spinocerebellar ataxia type 36 (SCA36) is a late-onset dominant ataxia caused by atrophy of the 47 

cerebellum and its afferent and efferent connections. Its clinical phenotype includes gait impairment, 48 

hearing loss and motoneuronal dysfunction (most notably tongue atrophy and fasciculations, although 49 

limb involvement may also occur). The disease was first described in Japan, where it is known as 50 

“Asidan River ataxia” (1), and in Spain, known as “Ataxia da Costa da Morte” (2). SCA36 is caused by 51 

the GGCCTG expansion in the first intron of the NOP56 gene. While healthy individuals typically carry 52 
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between 3 and 14 repeats, pathogenic expansions range from 30 to more than 2000 repeats. 53 

Interestingly, a similar intronic hexanucleotide repeat expansion (GGGGCC) in C9ORF72 is the main 54 

cause of amyotrophic lateral sclerosis and frontotemporal dementia (C9 ALS/FTD) (3,4).  55 

Current research into pathogenic mechanisms in SCA36 remains very limited, leaving the underlying 56 

mechanisms and molecular pathways largely unknown. There are discrepancies regarding the role of 57 

haploinsufficiency in the disease. Reduced NOP56 expression has been reported in patients' peripheral 58 

blood and in iPSCs derived neurons (5,6), while increased NOP56 expression has been observed in the 59 

region containing the expansion (intron 1–exon 2 junction) in the cerebellar cortex of patients (7). In 60 

zebrafish, nop56 loss-of-function leads to severe neurodevelopmental defects, including absence of 61 

cerebellum, reduced number of 5HT interneurons, altered spinal motor neurons, locomotor deficits, 62 

increased apoptosis in the nervous system and premature death (8). Recently, a NOP56 knockout 63 

mouse model resulted in total embryonic lethality in homozygosity while heterozygous adult mice 64 

developed progressive cerebellar degeneration with Purkinje cell loss and impaired rotarod 65 

performance (9). These results suggest an essential role of nop56 in nervous system development and 66 

maintenance and support a potential contribution of reduced NOP56 gene dosage in SCA36 67 

pathogenesis.  68 

Repeats in SCA36 and C9 ALS/FTD undergo Repeat Associated Non-ATG (RAN) translation, being 69 

spontaneously translated without the need for a start codon or ATG, and producing dipeptide repeat 70 

proteins (DPRs) that accumulate in the nervous system (10–13). In SCA36, bidirectional translation 71 

across six different reading frames potentially produces five types of DPRs: poly-GL, poly-GP and poly-72 

WA from the sense strand (5'-3'), and poly-GP, poly-AQ, poly-PR from the antisense strand (3'-5'). 73 

Among them, poly-PR and poly-GP are shared with C9 ALS/FTD (7,14,15). Poly-PR has been widely 74 

studied due to its high toxicity despite low abundance, whereas poly-GP has traditionally been 75 

considered less toxic. However, recent studies suggest that higher poly-GP levels correlate with more 76 

severe clinical phenotypes in C9 ALS/FTD patients (16), and poly-GP levels are reduced under antisense 77 
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oligonucleotide (ASO) BIIB078 treatment (17). In C9 ALS/FTD, TDP-43 pathology is present together 78 

with accumulation of stress granules and poly-GP inclusions that are p62 positive (7,18,19). In contrast, 79 

TDP-43 pathology or accumulation of stress granules has not been reported in SCA36 patient tissues. 80 

Although poly-GP is the most abundant DPR in SCA36, it remains soluble in brain tissue and does not 81 

associate with p62 in the frontal cortex and cerebellum (7), while some p62 positive inclusions were 82 

found in inferior olivary nucleus (20). Despite this evidence, the role of poly-GP in SCA36 83 

neurodegeneration remains unclear and pathological mechanisms, potentially common between 84 

SCA36 and C9 ALS/FTD, remain largely unexplored. 85 

Importantly, recent work in Drosophila models of SCA36 has demonstrated that neurotoxicity can arise 86 

from the combinatorial expression of repeat-associated RNA and dipeptide repeat proteins, including 87 

poly-GP, supporting a double hit model of SCA36 disease pathogenesis (21). Notably, poly-GP in this 88 

model has been reported to contribute significantly to neurotoxicity relative to other DPR species, 89 

highlighting its potential relevance in disease mechanisms. 90 

Notably, in C9 ALS/FTD, C9ORF72 loss-of-function, has been linked to autophagy defects leading to 91 

poly-GP accumulation and ultimately motor neuron apoptosis (22). This suggests that in C9 ALS/FTD, 92 

toxic gain-of-function and loss-of-function mechanisms may act synergistically. These findings raise the 93 

possibility that similar mechanisms could also contribute to SCA36 pathogenesis, which remains poorly 94 

understood. 95 

Therefore, this work aims to investigate the interaction between poly-GP accumulation and reduced 96 

nop56 function in vivo using zebrafish models, in which poly-GP is produced by canonical ATG-97 

dependent translation from an alternative codon sequence, allowing its contribution to be examined 98 

independently of repeat-derived RNA and of the remaining DPRs. We show that poly-GP expression 99 

alone induces cellular dysfunction and functional alterations characterized by locomotor impairment, 100 

p62 aggregation, and increased TUNEL-positive cells, whereas nop56 knockdown induces severe 101 

neurodegenerative defects consistent with previously described loss of function models (8). 102 
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Remarkably, subphenotypic nop56 knockdown enhances poly-GP accumulation and toxicity, leading 103 

to cerebellar malformation, motor neuron defects and muscle dysfunction. By characterizing these 104 

effects at histopathological, locomotor, proteomic and metabolic levels, we identify convergent 105 

molecular mechanisms associated with neurodegeneration in SCA36, including pathways shared with 106 

ALS and related neurodegenerative disorders. 107 

Methods 108 

• Zebrafish care and maintenance 109 

Zebrafish (Danio rerio) were maintained at the Institut Imagine fish facility (INSERM U1163, Paris, 110 

France) and bred in accordance with the National and European Guidelines for Animal Welfare 111 

(Directive 2010/63/EU). Experiments were performed on wild-type AB strain, heterozygous 112 

nop56sa12582 mutants obtained from the European Zebrafish Resource Center (EZRC), double transgenic 113 

line Tg(mnx1:gal4)/Tg(UAS:RFP), which expresses RFP specifically in motor neuron cell bodies and 114 

axons, and Tg(actc1b:tomm20-ZsGreen), in which expression of the Tomm20-ZsGreen fusion protein 115 

is driven by the muscle-specific α-actin (actc1b) promoter, resulting in ZsGreen labeling of 116 

mitochondria in muscle cells (23). 117 

Fertilized eggs were collected after natural spawning. Zebrafish embryos and larvae were maintained 118 

in embryo medium (Instant Ocean, SS15-10) at 28ºC under a 14-h light/10-h dark cycle in a non-CO₂ 119 

incubator. Experimental procedures were approved by the National and Institutional Ethical 120 

Committees (code: 26775).  121 

Embryos derived from a cross between nop56sa12582 heterozygous carriers and 122 

Tg(mnx1:gal4)/Tg(UAS:RFP) were genotyped at the end of the experimental procedures. Genomic 123 

DNA was released from individual embryos using the Phire Animal Tissue Direct PCR Kit (F140WH, 124 

Thermo Fisher Scientific; Waltham, USA) following the manufacturer’s protocol. PCR was performed 125 

with Phire Hot Start II DNA Polymerase using the primers F: 5′-TGGCGGAAGATTTGATTCTG-3′ and R: 5′-126 
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TTTCCACTCGACATTCATCG-3′, with an annealing temperature of 60 °C. PCR products were resolved on 127 

1% agarose gels and genotypes were determined by Sanger sequencing on a 3730xl DNA Analyzer 128 

(Thermo Fisher Scientific). Sequences were analysed with CodonCode Aligner (CodonCode 129 

Corporation; Centerville, MA, USA) 130 

• Microinjections 131 

A GFP control plasmid and a poly-GP plasmid containing 100 glycine-proline repeats from an 132 

alternative codon sequence lacking the GGCCTG hexanucleotide repeat, preceded by an initiating ATG, 133 

flanked by an intron from NOP56 human gene and fused to GFP (hereafter named SCA36-GP), were 134 

kindly provided by Dr Nicolas Charlet-Berguerand lab (IGBMC, Illkirch, France). Plasmids were 135 

microinjected at the DNA concentration of 100 ng/μl. 136 

Morpholino antisense oligonucleotides (MO) were designed to bind the ATG start codon of zebrafish 137 

nop56: 5’ACGTGTAAAAGCACCATGTTTGCCG 3’ Control MO, containing mismatch nucleotides with 138 

predicted binding sites in the zebrafish genome, has the following sequence: 5’-139 

ATTCTCGAGCACAGCCTCAAGACAT-3’ (Gene tools; Philomath, OR, USA). For loss-of-function modelling, 140 

embryos were injected with 0.3 mM of nop56 MO (established as minimum effective dose). For 141 

combined loss and gain of function modelling we coinjected a subphenotypic dose of 0.15mM nop56 142 

MO along with 75ng/μl of SCA36-GP. Controls included coinjection of 100 ng/μl control GFP plasmid 143 

with 0.3 mM control MO (Cgfp+CMO) and injection of the subphenotypic dose of 0.15 mM nop56 MO 144 

(MOnop56low). All the microinjections were carried out at one cell stage. 145 

• Imaging 146 

Embryos were screened for GFP fluorescence at 24 and 48 hours post fertilization (hpf) with a binocular 147 

fluorescence microscope (Olympus; Tokio, Japan). For live imaging, 48 hpf microinjected embryos from 148 

AB, Tg(mnx1:gal4)/Tg(UAS:RFP) or Tg(actc1b:tomm20-ZsGreen) lines were mounted in 1% low-149 

melting-point agarose dissolved in embryo medium and supplemented with 0.16 mg/mL tricaine (A-150 
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5040, Sigma-Aldrich; Saint Louis, USA). Images of the larvae general morphology, GFP aggregates, 151 

motor neurons and mitochondria were acquired using a Confocal Spinning Disk system (Carl Zeiss; 152 

Oberkochen, Germany) and a ZEISS Lightsheet 7 (Carl Zeiss) with 5x, 10x and 20x objectives. 153 

For phenotypic characterization of larvae, three measurements were measured using Fiji software 154 

(Image J; National Institutes of Health; Bethesda, USA (24)): total length, head area, and eye area.  155 

Axonal lengths of four ventral motor neuron projections were measured using Fiji software. 156 

Measurements were taken from the ventral root to the ventral edge of the musculature between 14th 157 

and 18th segments.  158 

The density and level of organization (mitochondrial network index) of mitochondrial TOMM20-159 

positive structures were analyzed using an in-house protocol developed for ImageJ or Fiji, which 160 

integrated FribrilTool, a plug-in published by (25) for the quantification of anisotropy.  161 

• Locomotion 162 

Locomotor phenotypes of 48 hpf zebrafish embryos were assessed using the Touched-Evoked Escape 163 

Response (TEER) test. In this assay, the tail of each embryo was mechanically stimulated with a tip to 164 

cause the stereotyped escape response to touch, which was recorded at 30 fps using a SpinView 165 

V2.0.0.147 software (FLIR Systems; Wilsonville, USA). Swimming trajectories were traced using the 166 

Manual Tracking plugin in ImageJ software, and distance and velocity were quantified. 167 

• Whole-mount immunohistochemistry and TUNEL staining 168 

Whole-mount immunohistochemistry was performed on 2 and 4 days post fertilization (dpf) zebrafish, 169 

using 10 fish per condition, following a previously established protocol (26). For TUNEL staining, we 170 

used 10 fish at 2 dpf following the manufacture’s protocol of the “Click-iT™ Plus TUNEL Assay Kits for 171 

In Situ Apoptosis Detection, Alexa Fluor™ 647” (Thermo Fisher Scientific). For both protocols, embryos 172 

were treated with 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich) at 24 hpf to prevent pigmentation. At 173 

2dpf, zebrafish were anaesthetized with 0.16 mg/mL tricaine, fixed in 4% paraformaldehyde (Sigma-174 
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Aldrich) for 2 h at room temperature (RT) and washed with PBS 3 times. Embryos were then 175 

dehydrated in methanol (Sigma-Aldrich) followed by gradual rehydration. After washes with PBST 0.1% 176 

and distilled water, they were permeabilized in fresh acetone (Sigma-Aldrich) for 20 min. Before 177 

starting subsequent steps, they were washed in distilled water and PBST. 178 

For whole-mount immunohistochemistry, the samples were blocked in 10% bovine serum albumin 179 

(BSA; Eurobio Scientific; Les Ulis, France) diluted in 0.1% PBS Tween (0.1% PBST) for 2h at RT. 180 

Primary antibodies diluted in 10% BSA were applied overnight at 4 °C: p62 (1:100 dilution; sc-28359, 181 

Santa Cruz Biotechnology; Dallas, USA), Zebrin II (1:100 dilution; mouse anti-Aldolase C; kindly 182 

provided by Prof. Richard Hawkes); F59 (1:10 dilution; Developmental Studies Hybridoma Bank - DSHB, 183 

Iowa, USA). Embryos then were washed in 0.1% PBST and incubated overnight at 4ºC with secondary 184 

antibodies diluted in 10% BSA: Alexa Fluor 488 and Alexa Fluor 568 (1:300 dilution; Thermo Fisher 185 

Scientific).  186 

For both protocols, after additional PBS washes, embryos were mounted in 1% agarose in 50% glycerol 187 

and imaged using spinning disk system and ZEISS Lightsheet 7. 188 

• Western blot 189 

Pools of 30 zebrafish embryos at 48hpf were homogenized in RIPA buffer (50 mM Tris-HCl pH 7.5, 0.15 190 

M NaCl, 0.5% Triton X-100) supplemented with protease inhibitors (Complete mini, 11836153001, 191 

Roche; Basel, Switzerland) by sonication. Lysates were centrifuged at maximum speed at 4ºC for 30 192 

minutes and supernatants were collected. Protein concentration was calculated using a BCA assay (27). 193 

Proteins were denatured at 98°C for 5 minutes and 30 μg proteins per sample were separated by SDS 194 

polyacrylamide gel electrophoresis. Separated proteins were transferred to nitrocellulose membranes 195 

(1704270, Bio-Rad; Hercules, USA) and blocked in 0.5% milk in 0.1% PBST for 1h. 196 

Primary antibodies diluted in blocking solution were applied overnight at 4ºC: poly(GP) TALS (1:20 197 

dilution, DSHB) and β -actin (1:5000 dilution, 66009-1-Ig, Proteintech; Chicago, USA). After 0.1% PBST 198 
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washes, membranes were incubated with secondary antibodies (IRDye® 680RD and IRDye® 800CW Li-199 

Cor; Lincoln, USA) diluted 1:5000 in blocking solution. Signals were detected using an ODYSSEY® CLx 200 

system (Li-Cor).  201 

• Statistical Analysis 202 

Data were analyzed and graphs generated using GraphPad Prism 9 (GraphPad; San Diego, USA (28)). 203 

Data normality was assessed using the D’Agostino–Pearson test. One-way analysis of variance 204 

(ANOVA), followed by Tukey’s multiple comparison test, was performed, Statistical significance was 205 

established at p-value < 0.05. 206 

• Immunoprecipitation-based proteomic analysis 207 

To identify proteins associated with poly-GP, GFP-tagged poly-GP was immunoprecipitated using an 208 

anti-GFP antibody, and the immunoprecipitates were subjected to LC-MS/MS analysis. Therefore, 209 

proteomic analysis was restricted to conditions expressing the GFP-tag (Cgfp+CMO, SCA36-GP and 210 

SCA36-GP+ MOnop56low). 3 pools of 30 embryos of 48hpf per condition were used. Embryos were 211 

lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 0.15 M NaCl, 0.5% Triton X-100) supplemented with 212 

protease inhibitor cocktail (Sigma, 11873580001). Lysates were clarified by centrifugation at 14000 213 

rpm for 30 min and supernatants were collected. GFP-tagged proteins were immunoprecipitated by 214 

incubating at 4°C for 1 h with pre-washed anti-GFP (Abcam, ab193983) Magnetic Beads in RIPA buffer. 215 

The beads were washed three times and then bound proteins were eluted by denaturation in Laemmli 216 

buffer at 95°C for 3 min. Protein mixtures precipitated with tricholoroacetic (TCA) overnight at 4°C, 217 

pellets were washed twice with 1 mL cold acetone, air-dried and resuspended in 2 M urea in 0.1 218 

mM Tris-HCl pH 8.5 for reduction (5 mM TCEP, 30 min.) and alkylation (10 mM iodoacetamide, 30 219 

min.). Trypsin digestion was carried out at 37°C overnight. 220 

Extracted peptides were then analyzed using an Ultimate 3000 nano-RSLC (Thermo Fisher Scientific) 221 

coupled in line with either an Orbitrap ELITE or an Orbitrap Exploris 480 mass spectrometer (Thermo 222 
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Fisher Scientific) via a nano-electrospray ionization source equipped with the FAIMS Pro interface. 223 

Peptides were separated on a C18 Acclaim PepMap nano-column (75 µm ID x 25 cm, 2.6 µm, 150Å, 224 

Thermo Fisher Scientific) with a 20 minutes linear gradient from 8% to 35% buffer B (A: 0.1% formic 225 

acid (FA) in H2O; B: 0.1% FA in 80% acetonitrile, flow rate 400 nl/min, 50°C) followed by a regeneration 226 

step at 90% buffer B and an equilibration at 8% buffer B. The total chromatography was 30 minutes. 227 

The mass spectrometer was operated in positive ionization mode in Data-Dependent Acquisition (DDA) 228 

with FAIMS compensation voltages (CV) of -45V. The DDA cycle consisted of one survey scans (350-229 

1400 m/z, 90,000 FWHM) followed by MS² spectra (HCD; 30% normalized energy; 2 m/z window; 230 

22,500 FWMH) in the limit of 1 sec. Unassigned and single charged states were rejected. Exclusion 231 

duration was set for 40 s with mass width was ± 10 ppm.  232 

Proteins were identified with Proteome Discoverer 2.5 software (Thermo Fisher Scientific) and 233 

Zebrafish proteome database. Precursor and fragment mass tolerances were set at 10 ppm and 0.02 234 

Da respectively, and up to 2 missed cleavages were allowed. Oxidation (M) and N-terminal Acetylation 235 

were set as variable modification, and Carbamidomethylation (C) as fixed modification. Peptides were 236 

filtered with a false discovery rate (FDR) at 1%, rank 1. Proteins were quantified with a minimum of 1 237 

unique peptide based on the XIC (sum of the Extracted Ion Chromatogram). The quantification values 238 

were exported in Perseus (1.6.15.0) for statistical analysis involving a log[2] transform, imputation, 239 

normalization. 240 

A Venn diagram was generated to compare both experimental conditions (Biovenn; 241 

https://www.biovenn.nl/index.php; (29). Pathway enrichment analysis was performed with ShinyGO 242 

0.82 (https://bioinformatics.sdstate.edu/go/;  (30) using a FDR cutoff of 0.05, minimum pathway size 243 

of 10 and maximum pathway size of 500. Pathways were selected based on FDR and sorted by fold 244 

enrichment. Protein interaction analysis of the enriched proteins was performed using the STRING 245 

database (https://string-db.org/; (31) with a minimum required interaction score of 0.7 (high 246 

confidence).  Gene Set Enrichment Analysis was realized with Gestalt database 247 

(https://www.webgestalt.org/) with a minimum FDR score of 0.1. 248 
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• Metabolomics 249 

For metabolomic analysis 5 pools of 10 embryos of 48hpf per condition were used. Metabolites were 250 

extracted using solution composed of 50% methanol, 30% acetonitrile (ACN) and 20% water. After 251 

addition of extraction solution, samples were vortexed for 5 min at 4 °C and centrifuged at 16,000 g 252 

for 15 min at 4 °C. The supernatants were collected and stored at −80 °C until analysis. LC/MS analyses 253 

were conducted on a QExactive Plus Orbitrap mass spectrometer equipped with an Ion Max source 254 

and a HESI II probe coupled to a Dionex UltiMate 3000 UPLC system (Thermo Fisher Scientific). The 5 255 

µl samples were injected onto a SeQuant® ZIC®-HILIC Columns (150 mm × 2.1 mm; i.d. 5 µm) with a 256 

guard column (20 mm × 2.1 mm; i.d. 5 µm) (Millipore) for LC separation. Buffer A was 20 mM 257 

ammonium carbonate, 0.1% ammonium hydroxide (pH 9.2), and buffer B was ACN. 258 

The chromatographic gradient was run at a flow rate of 0.2 µl min−1 as follows: 0–20 min, linear 259 

gradient from 80% to 20% of buffer B; 20–20.5 min, linear gradient from 20% to 80% of buffer B; 20.5–260 

28 min, 80% buffer B. The mass spectrometer was operated in full scan, polarity switching mode with 261 

the spray voltage set to 2.5 kV and the heated capillary held at 320 °C. The sheath gas flow was set to 262 

20 units, the auxiliary gas flow to 5 units and the sweep gas flow to 0 units. The metabolites were 263 

detected across a mass range of 75–1000 m/z at a resolution of 35,000 (at 200 m/z) with the automatic 264 

gain control target at 106 and the maximum injection time at 250 ms. Lock masses were used to ensure 265 

mass accuracy below 5 ppm. Data were acquired with Thermo Xcalibur software (Thermo Fisher 266 

Scientific). The peak area of metabolites was determined using Thermo TraceFinder software (Thermo 267 

Fisher Scientific), identified by the exact mass of each singly charged ion and by the known retention 268 

time on the HPLC column.  269 

Metabolomic data were normalized and a student-t test was performed using MetaboAnalyst 6.0 270 

(https://www.metaboanalyst.ca/; (32)). Significant data were filter using the following criteria: p < 271 

0.05, fold change > 1.5, VIP score > 1. Pathway enrichment analysis was performed according to the 272 
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KEGG database and RaMP-DB which integrate KEGG pathways via HMDB, Reactome, WikiPathways. A 273 

Venn diagram was generated to compare both experimental conditions (Biovenn). 274 

 Finally, an integrative analysis of significant metabolomics and proteomics data was performed in 275 

MetaboAnalyst 6.0 using Joint Pathway Analysis. Pathway impact values > 0.20 were considered 276 

significant. 277 

• Seahorse 278 

48hpf zebrafish embryos were euthanized with 0.3 mg/mL tricaine and dissociated with 0.25% EDTA-279 

trypsin at 30°C by pipetting up and down during 1h. Digestion was stopped with 10% fetal calf serum 280 

and cells were centrifuged at 600 rpm for 6 minutes at room temperature and resuspended in sodium 281 

bicarbonate (NaHCO₃)-free DMEM. Cell concentration was determined using an automated cell 282 

counter. Cells were plated in 96-well plates using 300.000 cells per well with at least 4 wells per 283 

condition and incubated for 1 hour at 28º C. Mitochondrial stress tests were conducted using the 284 

Seahorse XFe96 Analyzer (Agilent Technologies; Santa Clara, USA) at 28 °C, following the 285 

manufacturer’s protocol. 286 

The oxygen consumption rate (OCR) was measured under basal conditions and subsequently after 287 

sequential injections of oligomycin (4 µM), fluorocarbonyl cyanide phenylhydrazone (FCCP; 4 µM), and 288 

a combination of rotenone and antimycin A (6 µM). Oligomycin-sensitive OCR reflects ATP-linked 289 

respiration, while FCCP-induced OCR indicates the maximal mitochondrial respiratory capacity. The 290 

final injection of rotenone/antimycin A was used to determine non-mitochondrial respiration. 291 

Raw OCR data were normalized to total protein content per well to account for variability in cell 292 

number and ensure accurate comparisons across samples. Student-t test was considered significant 293 

with p < 0.05 and graphs were generated with Agilent Seahorse Analytics. 294 

 295 

 296 
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Results 297 

• Nop56 knockdown enhances poly-GP accumulation, causes malformations and p62 298 

aggregation 299 

In vivo poly-GP accumulation in SCA36 was modeled by injecting a construct containing 100 poly-GP 300 

repeats downstream of an intronic human sequence of the NOP56 gene fused to a GFP tag (referred 301 

to as “SCA36-GP”) into one-cell stage zebrafish embryos (Fig 1A). Loss of function was modeled by 302 

knocking down the zebrafish nop56 homolog (ENSDART00000114524.5) using a translation-blocking 303 

morpholino. We determined that the lowest dose causing a phenotype was 0.3 mM (“MOnop56” 304 

group), while we determined that 0.15 mM was a subphenotypic dose that did not cause any 305 

detectable neurodegenerative phenotype or morphological abnormalities in zebrafish embryos 306 

(“MOnop56low”) (Supplementary figure 1). A combined model of poly-GP and partial knockdown of 307 

nop56 function was generated by co-injecting SCA36-GP plasmid with the subphenotypic dose of the 308 

nop56 morpholino (“SCA36-GP+ MOnop56low” group). As control, a GFP plasmid was co-injected with 309 

a mismatch morpholino (“Cgfp+CMO”) (Fig 1A). 310 

MOnop56 and SCA36-GP+MOnop56low groups showed increased embryonic lethality and 311 

morphological malformations resembling the previously described nop56 loss-of-function model (8), 312 

including reduced body size and curvature, abnormal eye morphology, swollen yolk, cardiac edema, 313 

head malformations, and impaired locomotion. However, in SCA36-GP only 10% of embryos displayed 314 

macroscopic defects, with 10% increase in lethality, but 40% of morphologically normal embryos 315 

showed reduced locomotion (Fig 1B). No morphological or locomotor defects were observed in 316 

MOnop56low or controls (Fig 1B). Poly-GP was detected in SCA36-GP and SCA36-GP+MOnop56low 317 

embryos by Western blot at 48 hpf at the expected size of 70KDa (Fig 1C), with stronger accumulation 318 

in the combined model. 319 
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Poly-GP inclusions were detected at 24 hpf based on GFP fluorescence in both models injected with 320 

the SCA36-GP plasmid. In SCA36-GP embryos, inclusions were rapidly cleared, with almost no 321 

fluorescence remaining at 48 hpf (Fig 1D). In contrast, in SCA36-GP+MOnop56low embryos, aggregates 322 

accumulated at 48 hpf (Fig 1D) and can be seen in different regions of the embryo. This different 323 

presence of poly-GP aggregates at 48hpf is consistent with the western blot findings. To test whether 324 

poly-GP accumulation was associated with alterations in autophagy, we performed 325 

immunofluorescence using an anti-p62 antibody at 3dpf. p62 positive aggregates were detected in 326 

both SCA36-GP and SCA36-GP+MOnop56low predominantly in the head and skeletal muscle. No 327 

accumulation was observed in control or MOnop56 embryos, indicating that altered autophagy is 328 

associated with poly-GP (Fig 1G). 329 
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Figure 1. Characterization of molecular mechanisms of SCA36 in zebrafish embryos. A. Scheme of the different 331 

experimental groups, doses and observed phenotypes. B. Graph with proportion of embryos that were dead, deformed or 332 

morphologically normal in each condition at 48 hpf. For normal embryos, proportion that displayed locomotor defects is 333 

shown. C. Anti-poly GP Western blot revealing higher accumulation of poly-GP under nop56 knockdown at 48hpf. Poly-GP 334 

band appears at 70KDa, while β actin at 42 KDa. D. GFP fluorescence revealing poly-GP aggregates in the head and tail of 335 

SCA36-GP+ MOnop56low embryos but not in SCA36-GP at 48hpf. Scale bars: 100µm. E. Expression of Zebrin II (green) in 336 

Purkinje cells of the cerebellum at 4dpf. Note the marked malformation of the cerebellum in MOnop56 and SCA36-GP+ 337 

MOnop56 groups, with the presence of only very few Purkinje cells (white arrows). Scale bars: 100µm F. Imaging of motor 338 

neurons in Tg(mnx1:gal4)/Tg(UAS:RFP) line at 2dpf showed that MOnop56 and in SCA36-GP+ MOnop56 embryos display 339 

reduced abnormal axon length and branching, as well as decreased number of motor cell bodies. A green poly-GP aggregate 340 

is also visible in SCA36-GP+ MOnop56low.  Scale bars: 200µm. Motor neuron length data are presented as mean + standard 341 

error of the mean (SEM). Significance indicated with * p < 0.05**, p < 0.01 or *** p < 0.001. G. Anti-p62 342 

immunofluorescence showing accumulation of p62 aggregates (red, marked by white arrows) in SCA36-GP and SCA36-GP+ 343 

MOnop56low embryos at 3dpf, suggesting autophagy alteration. Scale bars: 100µm.  344 

 345 

• SCA36 zebrafish models display neurodevelopmental and neuromuscular defects 346 

To investigate central nervous system abnormalities, we performed zebrin II immunostaining at 4 dpf. 347 

Both MOnop56 and SCA36-GP+MOnop56low embryos lacked a fully formed cerebellum and displayed 348 

only a few Purkinje cells (Fig 1E). In contrast, control, SCA36-GP and MOnop56low embryos had a 349 

normal cerebellum (Fig 1E). Analysis of motor neurons in Tg(mnx1:gal4)/Tg(UAS:RFP) line at 2dpf 350 

revealed reduced axon length and decreased number of cell bodies in MOnop56 and in SCA36-351 

GP+MOnop56low embryos (Fig 1F). The combined model also showed reduced axonal branching (Fig 352 

1F). No alterations in motor neurons were observed in controls or SCA36-GP. 353 
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 354 

Figure 2. Locomotor and muscular defects in SCA36 zebrafish models. A-C TEER analysis at 48hpf showed significant 355 

reduction in total distance travelled and velocity in SCA36-GP, MOnop56 and SCA36-GP+ MOnop56low groups. A. 356 

representative tracks of 5 fish per condition. B-C Data are presented as mean + standard error of the mean (SEM). 357 

Significance indicated with * p < 0.05**, p < 0.01 or *** p < 0.001. D. Myosin heavy chain immunostaining using F59 358 

antibody at 2dpf showed disorganized fibers (red arrows). Scale bars: 100 µm. E. TUNEL staining revealed increased 359 

apoptosis in the head and muscle of SCA36-GP, MOnop56, and SCA36-GP+MOnop56low embryos. Scale bars: 100 µm.  360 

 361 

Locomotion was quantified at 48 hpf using Touch-Evoked Escape Response (TEER) analysis, which 362 

reveals stereotyped escape responses to touch permitting an assessment of motor ability. Non injected 363 

control embryos (Ni), control and MOnop56low embryos showed no significant differences in distance 364 



19 
 

covered or velocity (Fig 2A-C). In contrast, SCA36-GP embryos exhibited moderately reduced 365 

locomotion, while MOnop56 and SCA36-GP+ MOnop56low showed severe paralysis (Fig 2A-C).  366 

To assess whether locomotor defects were associated with myosin abnormalities, we performed 367 

immunostaining with F59 (myosin heavy chain) antibody at 2dpf (Fig 2D). SCA36-GP embryos showed 368 

no differences compared to controls. Conversely, MOnop56 and SCA36-GP+MOnop56low embryos 369 

exhibited disorganization of heavy chain fibers, more severe in the combined model. These results 370 

suggest that locomotor defects in MOnop56 and SCA36-GP+MOnop56low embryos may be associated 371 

with structural alterations affecting muscle fibers, motor neurons and cerebellar development. In 372 

contrast, no structural alterations were detected in these tissues in SCA36-GP, suggesting that their 373 

locomotor impairment may instead arise from more subtle cellular dysfunction, not being associated 374 

with overt myofiber damage at this stage. 375 

Moreover, TUNEL staining revealed increased apoptosis in the head region of SCA36-GP, MOnop56, 376 

and SCA36-GP+MOnop56low embryos (Fig 2E). Apoptotic cells were also detected in the muscle across 377 

all three conditions, although to a lesser extent in SCA36-GP embryos (Fig 2E). Notably, apoptosis was 378 

also observed in the notochord of SCA36-GP+MOnop56low embryos. These findings suggest that both 379 

poly-GP expression and nop56 reduction promote cellular vulnerability and cell death-associated 380 

phenotypes, with a more severe and widespread effect in the combined condition.  381 

 382 

• Poly-GP also accumulates in nop56 heterozygous embryos, causing motor neuron 383 

and locomotor defects 384 

Given that there is a higher accumulation poly-GP after partial reduction of nop56, we investigated 385 

whether a similar effect occurs in heterozygous fish of the nop56sa12582 knockout line (8). For this 386 

purpose, SCA36-GP was injected into wild type AB embryos (“SCA36-GP (WT)”) and in embryos 387 

obtained from nop56+/- incross (“SCA36-GP (nop56+/-)”). In the latter group, we observed that 388 
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approximately 50% of the injected embryos, corresponding with nop56+/-, displayed enhanced poly-389 

GP accumulation in the head at 48 hpf, without showing gross morphological abnormalities. Moreover, 390 

motor neurons in SCA36-GP (nop56+/-) embryos exhibited reduced branching and shorter axons (Fig 391 

3A-B). Locomotion was significantly decreased in both SCA36-GP models compared to control, with 392 

SCA36-GP (nop56+/-) showing a more pronounced reduction than SCA36-GP (WT). These findings 393 

suggest that nop56 heterozygosity enhances poly-GP accumulation and exacerbates motor neuron and 394 

locomotor defects, like the SCA36-GP+MOnop56low combined model, but without inducing gross 395 

morphological abnormalities.  396 

 397 

Figure 3. Injection of SCA36-GP in nop56+/- embryos leads to poly-GP accumulation and motor neuron defects. A-B. Poly-398 

GP aggregates (red arrows) and motor neurons with reduced branching and shorter axons are observed at 2 dpf (white 399 

arrows). Scale bars: 100µm.  C. TEER analysis showing significantly reduced locomotor distance in both SCA36-GP (WT) and 400 
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SCA36-GP (nop56+/-) with a more pronounced effect in nop56+/-.  Data are presented as mean + standard error of the mean 401 

(SEM). Significance indicated with * p < 0.05**, p < 0.01 or *** p < 0.001. 402 

 403 

• Proteomic analysis reveals differential pathway enrichment in SCA36-GP and SCA36-404 

GP+MOnop56low zebrafish models 405 

Proteomic analysis of GFP-immunoprecipitated protein complexes identified a total of 607 proteins 406 

across all samples. Among these, 183 proteins were differentially abundant in SCA36-GP compared to 407 

the control group (116 enriched and 67 depleted). Partial nop56 depletion markedly enhanced the 408 

proteomic alterations induced by poly-GP expression, with 280 proteins differentially abundant in the 409 

SCA36-GP+MOnop56low group compared to control (142 enriched and 138 depleted) (Supplementary 410 

Table 1). Principal component analysis (PCA) demonstrated clear separation between control, SCA36-411 

GP, and SCA36-GP+MOnop56low samples, indicating distinct protein enrichment profiles for the three 412 

experimental groups (Fig 4A). 413 

Comparison of the SCA36-GP and SCA36-GP+MOnop56low datasets revealed a shared set of 132 414 

differentially abundant proteins relative to controls (Fig 4B). Functional enrichment analysis revealed 415 

that these shared proteins were mainly associated with KEGG pathways related to ribosome biogenesis 416 

spliceosome, proteasome, metabolism, oxidative phosphorylation and muscle cytoskeleton, among 417 

others (Fig 4C-D). Despite this overlap, partial nop56 depletion substantially expanded the proteosome 418 

alterations, with 148 proteins uniquely altered in the SCA36-GP+MOnop56low group compared with 419 

only 51 proteins specific to SCA36-GP. Thus, SCA36-GP alone displayed a more restricted proteomic 420 

response, with predominance of ribosome and metabolic pathways. 421 

SCA36-GP+MOnop56low showed a stronger depletion of proteins involved in ribosome function, RNA 422 

splicing and mRNA surveillance. In addition, this condition presented a stronger reduction in motor 423 

proteins and muscle cytoskeleton components, together with selective decrease in proteins involved 424 

in cardiac muscle contraction, adrenergic signalling in cardiomyocytes, and gap junctions. Although 425 
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apoptosis-related pathways were identified in both models, proteins related with these pathways 426 

were selectively reduced in the SCA36-GP group (Fig 4C-D).  427 

To independently validate the pathway enrichment results, we performed preranked Gene Set 428 

Enrichment Analysis (GSEA) using all quantified proteins ranked by log2 fold change. KEGG-based GSEA 429 

confirmed significant positive enrichment of proteasome-related pathways and negative enrichment 430 

of ribosome pathways in the SCA36-GP model. Similarly, in the combined SCA36-GP+MOnop56low 431 

model, KEGG-based GSEA also confirmed enrichment of proteasome-related pathways and depletion 432 

of ribosome pathways. In addition, the combined model also showed enrichment of lysosome, 433 

autophagy and apoptosis pathways, together with depletion of motor protein-related pathways 434 

(Supplementary figure 2). Reactome-based GSEA further supported these findings, revealing 435 

repression of rRNA processing, translation and nonsense-mediated decay in both models, together 436 

with coordinated activation of immune, DNA damage, apoptotic and metabolic pathways. In addition, 437 

compared with SCA36-GP, the combined model showed stronger enrichment of cell cycle and signal 438 

transduction pathways, and reduction of muscle contraction pathways (Supplementary figure 2).  439 

Gene Ontology (GO) Cellular Component analysis showed that differentially abundant proteins in the 440 

SCA36-GP+MOnop56low group were mainly associated with the ribosome, proteasome, 441 

endopeptidase complex, cytosol, cytoskeleton and sarcomere, and mitochondria (Fig. 4E). A similar 442 

distribution was observed in the SCA36-GP group (data not shown). 443 

 444 
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  445 

Figure 4. Proteomic analysis of GFP-immunoprecipitated protein complexes obtained from Cgfp+CMO, SCA36-GP and 446 

SCA36-GP+MOnop56low embryos. A. Principal component analysis (PCA) showing the separation of proteomic profiles 447 

among experimental groups. B. Venn diagram showing the overlap of differentially abundant proteins between SCA36-GP 448 

and SCA36-GP+MOnop56low relative to controls. A total of 132 proteins were shared between both groups, while 51 and 449 
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148 proteins were exclusively altered in the SCA36-GP and SCA36-GP+MOnop56low groups, respectively. C-D. KEGG 450 

pathway enrichment analysis of enriched (C) and depleted (D) proteins in SCA36-GP and SCA36-GP+MOnop56low groups 451 

in comparison with control. Only significantly altered pathways are shown (selected based on FDR<0.05 and sorted by fold 452 

enrichment). Pathways that differ between the two groups are underlined. In D, the cytoskeleton in muscle cells and motor 453 

proteins pathways contained substantially more altered proteins in SCA36-GP+MOnop56low than in SCA36-GP, as 454 

indicated by the arrow. E. GO Cellular Component enrichment analysis. The left panel shows the distribution network of 455 

the top 30 of differentially abundant proteins in SCA36-GP+MOnop56low relative to control. The right panel shows a pie 456 

chart summarizing the distribution of the main enriched cellular components. A similar GO Cellular Component distribution 457 

was observed for SCA36-GP (data not shown). All enrichment analyses were performed using ShinyGO v0.85.  458 

 459 

To further characterize the molecular pathways underlying the proteomic changes, we examined 460 

selected proteins with potential functional relevance. Ribosomal and spliceosomal proteins were 461 

predominantly depleted in both SCA36-GP and SCA36-GP+MOnop56low groups with a more 462 

pronounced reduction in the combined model (Fig 5A-B). Proteosomal proteins were significantly 463 

enriched in both groups (Fig 5C).  464 

Motor proteins also showed a marked reduction in abundance in SCA36-GP+MOnop56low embryos 465 

(Fig 5D), in agreement with the motor myosin abnormalities reported before. Moreover, several 466 

proteins associated with central nervous system function were particularly affected in the SCA36-467 

GP+MOnop56low group, including Camk2g1 (involved in synapse formation and synaptic plasticity), 468 

Mapta (encoding the microtubule-associated protein tau), and Smndc1 (spliceosome component 469 

linked to motor neuron survival) (Fig 5E). In addition, we found altered proteins related to 470 

neuropeptides: Npepps, an aminopeptidase involved in neuropeptide regulation and has been linked 471 

previously linked to tauopathies, was significantly depleted only in the SCA36-GP+MOnop56low group, 472 

whereas Thop1, a neuropeptidase implicated in neuropeptide degradation and amyloid-beta 473 

precursor protein processing, was significantly enriched in this group (Fig 5F). 474 

Proteins involved in mitochondrial respiration were also differentially associated in both SCA36-GP and 475 

SCA36-GP+MOnop56low groups (Fig 5G). Interestingly, several proteins associated with ALS also 476 
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displayed altered abundance (Fig 5H). Fus and Sod1 were significantly depleted in both SCA36-GP and 477 

SCA36-GP+MOnop56low groups, whereas Taf15 was selectively reduced in the combined model. 478 

STRING network analysis revealed that ribosomal proteins, including Nop56, formed a highly 479 

interconnected network with RNA-binding and splicing-related proteins, including Fus, Sod1, Taf15, 480 

and Hnrnpa1b, many of which are linked to ALS pathophysiology (Fig 5H).   481 

Together, these findings showed that SCA36 poly-GP expression induces widespread remodelling of 482 

ribosome function, RNA metabolism, proteostasis, and metabolic pathways, while partial nop56 483 

depletion exacerbates these alterations and promotes additional defects in cytoskeletal organization 484 

and neuronal homeostasis. 485 
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 486 

Figure 5. Heatmaps showing the fold change of selected proteins which significant increase (red) or decrease (green) 487 

abundance related with ribosome (A), proteosome (B), RNA splicing (C) and motor proteins (D). Significance indicated with 488 

* p < 0.05**, p < 0.01 or *** p < 0.001. E. Differential abundance of most relevant proteins associated with CNS processes 489 

in SCA36-GP+MOnop56low group. F. Differential abundance of proteins that regulate neuropeptide activity and 490 

metabolism in SCA36-GP+MOnop56low. G. Mitochondrial respiratory chain associated proteins also show significant 491 

differential abundance in SCA36-GP+MOnop56low. H. Differential abundance of ALS-associated proteins (left) and STRING 492 
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network analysis (right). Fus and Sod1 showed significant differential abundance in both SCA36-GP+MOnop56low and 493 

SCA36-GP, while Taf15 that is depleted only in SCA36-GP+MOnop56low. STRING protein–protein interaction analysis of 494 

proteins showing significant differential association identified a highly connected network enriched in proteins involved in 495 

ribosome function (red), a functional group to which NOP56 belongs (blue). This network was connected to proteins 496 

involved in RNA binding and splicing (green), including proteins associated with ALS Data are presented as mean + standard 497 

error of the mean (SEM). Significance indicated with * p < 0.05**, p < 0.01 or *** p < 0.001. 498 

 499 

• Widespread remodelling of metabolic pathways in SCA36-GP+MOnop56low 500 

As proteomic analysis revealed extensive alterations in metabolic pathways, we next performed 501 

metabolomic profiling to determine whether these changes were reflected at the metabolite level. To 502 

distinguish metabolic alterations associated with Poly-GP expression from those associated with nop56 503 

downregulation, MOnop56 embryos were analyzed in addition to SCA36-GP and SCA36-504 

GP+MOnop56low. Metabolomic analysis detected 144 metabolites, of which 70 showed significant 505 

alterations in SCA36-GP+MOnop56low group compared with control (38 upregulated and 32 506 

downregulated), 68 in MOnop56 group (46 upregulated, 22 downregulated) and 3 in the SCA36-GP 507 

group (all upregulated) (Supplementary Table 2). PCA and Partial Least-Squares Discriminant Analysis 508 

(PLS-DA) showed minimal separation between SCA36-GP and control, suggesting limited metabolic 509 

differences between these groups. In contrast, MOnop56 and SCA36-GP+MOnop56low exhibited clear 510 

clustering, suggesting distinct metabolic profiles compared with the other two groups (Fig 6A). 511 

Heatmaps and VIP score analysis revealed key metabolites, including pantothenate, diverse 512 

acylcarnitines, acetyl-glutamine, inosine, methionine, glutamine, glutamate, glucose, creatine and 513 

glycine, among others (Fig 6B-C). 514 

 515 
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516 

Figure 6. A. PCA and PLS-DA plots of the metabolomic samples. B. Heatmap of the 71 metabolites significant altered in the 517 

SCA36-GP+MOnop56low group. Red indicates upregulation, green indicates downregulation. C. VIP score >1 highlighting 518 
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the most relevant metabolites. D. Venn diagram showing the overlap of 48 significantly altered metabolites between 519 

MOnop56 and SCA36-GP+MOnop56low groups relative to controls, 19 metabolites unique to MOnop56 group and 21 520 

metabolites unique to SCA36-GP+MOnop56low group. E. Top 25 KEGG pathways enriched in SCA36-GP+MOnop56low and 521 

MOnop56. Pathways unique in these groups are indicated with a *, reds arrows indicate upregulation and green arrows 522 

indicated downregulation. A-C and E Images generated using MetaboAnalyst. 523 

 524 

In SCA36-GP group, the only significantly altered metabolites were guanosine (also altered in 525 

MOnop56 and SCA36-GP+MOnop56low), oxaloacetic acid and glycerol. These data indicate that poly-526 

GP expression alone induces only limited metabolic changes. In contrast, MOnop56 and SCA36-527 

GP+MOnop56low shared 48 altered metabolites, while 19 and 21 metabolites, respectively, were 528 

exclusively altered in each condition relative to control (Fig 6D).  529 

KEGG enrichment analysis revealed a similar metabolic profile in MOnop56 and SCA36-530 

GP+MOnop56low. Both conditions showed enrichment of pathways, involved in amino acid 531 

metabolism, nucleotide, cofactor and lipid metabolism. Several of these pathways contained both up 532 

and downregulated metabolites, indicating extensive metabolic reorganization. Despite these 533 

similarities, pathway enrichment highlighted distinct metabolic features in each condition. Pathways 534 

related to nitrogen and amino acid metabolism, including “arginine biosynthesis” and “histidine 535 

metabolism”, were more prominent in MOnop56, together with exclusive enrichment of “nicotinate 536 

and nicotinamide metabolism”, “cysteine and methionine metabolism”, “beta-alanine metabolism”, 537 

and “thiamine metabolism”. In contrast, SCA36-GP+MOnop56low showed stronger enrichment of 538 

central carbon and amino acid metabolism showing exclusive downregulation of “phenylalanine, 539 

tyrosine and tryptophan metabolism”, “phenylalanine metabolism”, “fructose and mannose 540 

metabolism”, together with exclusive upregulation of “lipoic acid metabolism” (Fig. 6E). 541 

Overall, these findings indicate that strong nop56 knockdown is sufficient to induce extensive 542 

metabolic remodelling, which is largely recapitulated in the SCA36-GP+MOnop56low condition 543 

particularly affecting central carbon and amino acid metabolism, suggesting that poly-GP selectively 544 
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modifies the metabolic consequences of nop56 reduction. Therefore, subsequent integrative pathway 545 

analyses focused on the combined model, to further investigate the interaction between nop56 546 

deficiency and poly-GP accumulation. 547 

RaMP-DB analysis that integrates KEGG pathways via HMDB, Reactome, WikiPathways in SCA36-548 

GP+MOnop56low group indicated major alterations in the process: “SLC mediated membrane 549 

transport”, “disorders of transmembrane transport”, “Na+/Cl- dependent neurotransmitter”, “amino 550 

acid metabolism”, “transcription/translation”, “cytosolic and mitochondrial tRNA aminoacylation”, 551 

“glucose homeostasis” and “alanine, aspartate and glutamate metabolism” (Fig 7A).  552 
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Figure 7. A. RaMP-DB analysis in SCA36-GP+MOnop56low. B. Integrated analysis of the proteomic and metabolomic 553 

pathways more altered. A-B graphs generated using MetaboAnalyst. C. Metabolic map of the most significantly altered 554 
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metabolites in SCA36-GP+MOnop56low. Upregulated metabolites are shown in red, downregulated metabolites in green 555 

and analyzed metabolites but not significant in bold black. 556 

 557 

Integrative metabolomics and proteomics analyses identified significant alterations in multiple 558 

metabolic pathways in the SCA36-GP+MOnop56low group (all pathways showing p-values < 0.03 and 559 

pathway impact values > 0.28; with all values > 0.45 except for aminoacyl-tRNA biosynthesis) (Fig 7B). 560 

The most affected processes included “glycolysis or Gluconeogenesis”, “pyruvate metabolism”, 561 

“citrate (TCA) cycle”, and “pentose phosphate pathway”. In addition, several amino acid biosynthetic 562 

pathways and “aminoacyl-tRNA biosynthesis”, were significantly affected. Additional changes were 563 

observed in “glyoxylate and dicarboxylate metabolism”, “fructose and mannose metabolism”, “one 564 

carbon pool by folate” and “riboflavin metabolism”. The “neomycin, kanamycin and gentamicin 565 

biosynthesis” pathway, was also enriched driven by increased abundance of intermediates such as 566 

glucose and glucose-6-phosphate. A summary of significant altered pathways in SCA36-567 

GP+MOnop56low is shown in Fig 7C. 568 

 569 

• Mitochondrial respiration and mitochondrial organization are altered in SCA36-GP, 570 

MOnop56 and SCA36-GP+MOnop56low groups 571 

Proteomic and metabolomic analyses revealed convergent alterations affecting energy metabolism 572 

and mitochondrial-related pathways. Proteomic changes suggested disruptions in energy metabolism, 573 

ribosome function, amino acid metabolism and proteins associated with mitochondrial respiration in 574 

combined and SCA36-GP conditions, while metabolomics indicated profound remodelling of glycolysis, 575 

TCA cycle, and amino acid biosynthesis, as well as changes in protein synthesis and nitrogen 576 

metabolism in both nop56 groups but not in SCA36-GP. These results suggested potential 577 

mitochondrial dysfunction or compensatory mitochondrial activity, motivating the assessment of 578 

mitochondrial respiration using Seahorse analysis. 579 
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Seahorse analysis of mitochondrial respiration (Fig 8A) revealed that under basal conditions, 580 

mitochondrial respiration was significantly increased in MOnop56 and SCA36-GP+MOnop56low 581 

groups. Following the sequential injection of modulators, spare respiratory capacity, maximal 582 

respiration, and ATP-linked respiration were also significantly elevated in these two groups. In 583 

contrast, SCA36-GP embryos displayed reduced spare respiratory capacity and ATP-linked respiration 584 

compared to injected controls, despite the absence of significant changes in basal or maximal 585 

respiration. Additionally, non-mitochondrial oxygen consumption was significantly increased not only 586 

in MOnop56 and SCA36-GP+MOnop56low groups but also in the SCA36-GP group.  587 
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 588 

Figure 8. A. Seahorse analysis of mitochondrial respiration in zebrafish larvae. Basal respiration, spare respiratory capacity, 589 

ATP-production coupled respiration, maximal respiration, and non-mitochondrial oxygen consumption were measured in 590 

Control Ni (non-injected), control GFP, SCA36-GP, MOnop56, and SCA36-GP+MOnop56low groups. Basal and maximal 591 

respiration, spare capacity, and ATP-linked respiration are significantly increased in MOnop56 and SCA36-592 

GP+MOnop56low larvae. In SCA36-GP, spare respiratory capacity and ATP-production coupled respiration are significantly 593 

reduced in comparison with Cgfp+CMO. Non-mitochondrial oxygen consumption is elevated in all three experimental 594 

groups compared with controls. B. tomm20 mitochondria fluorescence revealed statistically a significant reduction in 595 

mitochondrial network index in MOnop56 and SCA36-GP+MOnop56low, whereas SCA36-GP embryos showed a significant 596 
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increase compared with controls. No significant differences in mitochondrial density were observed across groups. Data 597 

are presented as mean + standard error of the mean (SEM). Significance indicated with * p < 0.05**, p < 0.01 or 598 

*** p < 0.001. 599 

To further assess mitochondrial organization, a transgenic tomm20 reporter line was used to visualize 600 

mitochondria (Fig 8B). This analysis revealed a significant reduction in mitochondrial network index in 601 

both MOnop56 and SCA36-GP+MOnop56low groups, indicating a more fragmented organization in 602 

muscle fibers. In contrast, SCA36-GP embryos displayed a significantly increased mitochondrial 603 

network index compared to all other experimental conditions, suggesting enhanced mitochondrial 604 

connectivity or network remodelling. Notably, no significant differences were observed in 605 

mitochondrial density across conditions, suggesting that these changes reflect alterations in 606 

mitochondrial organization rather than mitochondrial abundance. 607 

 608 

Discussion 609 

Our findings show that poly-GP expression alone produces detectable cellular and functional 610 

alterations in vivo, including locomotor impairment, p62-positive aggregates and increased apoptosis. 611 

Importantly, our proteomic analysis suggests that poly-GP expression affects pathways involved in 612 

protein homeostasis, with alterations in ribosome and proteasome related proteins. We observed 613 

widespread changes in the abundance of ribosomal proteins, suggesting that poly-GP expression not 614 

only involves formation of protein aggregates, but may also affect protein synthesis. This is consistent 615 

with previous results suggesting that poly-GP may directly interfere with translational processes. The 616 

elongation phase of translation has been reported to be slower in the GP frame than in other C9ORF72 617 

DPR frames, with the proline-rich nature of poly-GP proposed as a potential contributor to slower 618 

ribosome progression (33). Consistent with this, poly-GP repeats have been identified as sequences 619 

capable of inducing ribosome stalling and activating ribosome-associated quality control pathways 620 

(34). These results are particularly relevant in SCA36, as previous studies have pointed to ribosomal 621 
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dysfunctions, impaired translation and alternative splicing as potential molecular alterations in SCA36 622 

pathogenesis, consistent with the NOP56 role in ribosome biogenesis (5,6,35). Together, these data 623 

suggest that poly-GP may contribute to SCA36 pathogenesis by perturbing both protein synthesis and 624 

degradation. 625 

Interestingly, recent studies in Drosophila proposed that SCA36 neurodegeneration arises through 626 

combinatorial interactions between repeat-associated RNA toxicity and DPR accumulation, identifying 627 

poly-GP as the most toxic DPR in that model (21). In line with these findings, we investigated whether 628 

altered NOP56 function could modify the effects of poly-GP accumulation. Our results show that partial 629 

reduction of nop56 markedly modifies the response to poly-GP accumulation, causing 630 

neuropathological phenotypes and inducing widespread metabolic remodelling. These results support 631 

a model in which NOP56 acts as a critical modulator of poly-GP toxicity, and alterations in its function 632 

influence cellular vulnerability to DPR accumulation. Locomotor defects were observed in the three 633 

experimental conditions, while MOnop56 and SCA36-GP+MOnop56low groups additionally showed 634 

motor neuron defects, cerebellar malformation and myosin-associated muscular abnormalities These 635 

phenotypes affect the same structures compromised in SCA36 patients, in whom cerebellar atrophy, 636 

locomotor deficits and motor neuron dysfunction are cardinal features (1,2,36,37). The cerebellar 637 

alterations we observe arise during development and therefore reflect regional vulnerability to poly-638 

GP and reduced nop56 levels rather than the progressive atrophy characteristic of the adult disease. 639 

In concordance with our data, p62 aggregation has been reported in the inferior olivary nucleus of 640 

SCA36 patients, but not in the cerebellum or cortex (7,20). Interestingly, myosin-related abnormalities 641 

have not been previously described in SCA36, potentially providing new insights into the systemic 642 

manifestations of the disease and requiring further investigation in patient tissues.  643 

To further validate the effects observed following nop56 downregulation, we analysed nop56 644 

heterozygous mutants. Similar to the morpholino injected embryos, nop56 heterozygous mutants 645 

displayed poly-GP accumulation, locomotor impairment, and motor neuron abnormalities, without 646 
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gross morphological defects, suggesting that even partial reduction of nop56 function is sufficient to 647 

enhance poly-GP accumulation and exacerbate its associated neurotoxicity. The milder phenotype 648 

observed in nop56 heterozygotes compared to morpholino injected embryos most likely reflects 649 

maternal contribution effects, where heterozygotes retain one functional allele and maternal 650 

contribution may additionally compensate for early loss of nop56 function in the mutants, as 651 

previously proposed in zebrafish models (38), whereas the morpholino blocks translation of both 652 

zygotic and maternally deposited transcripts. These findings further support the idea that even modest 653 

reductions in nop56 levels are sufficient to modify the response to poly-GP accumulation. Whether 654 

these early alterations progress to age-dependent neurodegeneration remains an open question that 655 

will require stable adult zebrafish models. 656 

Interestingly, similar interactions between loss-of-function and poly-GP mediated toxicity have also 657 

recently been described in C9ORF72-associated ALS/FTD (22). In this case, these interactions result in 658 

autophagy defects, p62 aggregation, locomotor impairment and motor neuron apoptosis. Ribosome 659 

and mitochondria dysfunction were also described as major pathways affected in this model (22). In 660 

our models, poly-GP expression also resulted in p62-positive inclusions, not only in the combined 661 

condition but also in SCA36-GP embryos, indicating accumulation of autophagy substrates. 662 

Interestingly, p62 accumulation was more prominent in SCA36-GP than in the combined model, 663 

suggesting that p62 accumulation may not directly correlate with disease severity, but instead reflect 664 

degradation capacity and cell survival. In addition, TUNEL staining revealed increased apoptosis in all 665 

three experimental conditions, with a broader and more pronounced distribution in the combined 666 

model, suggesting increased cellular vulnerability under conditions of poly-GP expression and reduced 667 

nop56 function. Although the identity of these apoptotic cells remains to be determined, their 668 

distribution in nervous system and muscle-associated regions suggests that both developmental 669 

defects and early neurodegenerative processes may contribute to the observed phenotypes. 670 
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Comparative proteomic analysis of poly-GP-GFP immunoprecipitates, using GFP alone as control, 671 

revealed proteins differentially associated with poly-GP in SCA36-GP and SCA36-GP+MOnop56low 672 

models, particularly affecting ribosome function, RNA splicing, protein degradation, metabolism and 673 

cellular stress responses, with stronger differences in the combined model. To our knowledge, this 674 

represents the first characterization of the SCA36 poly-GP interactome in vivo. RNA-binding and 675 

spliceosomal proteins were less represented in poly-GP precipitates than in GFP controls, particularly 676 

in SCA36-GP+MOnop56low, while GSEA showed reduced representation of rRNA processing, 677 

translation and nonsense-mediated decay pathways in both models. These findings suggest that poly-678 

GP expression is associated with broad perturbation of RNA metabolism and translational processes, 679 

further accentuated by partial nop56 depletion. In addition, proteasomal, lysosomal and autophagy-680 

related processes were consistently enriched in both models, particularly in SCA36-GP+MOnop56low. 681 

Importantly, the coordinated enrichment detected by GSEA indicates that these changes are not 682 

restricted to a few individual proteins but affect entire functional modules of the poly-GP interactome, 683 

particularly those related to proteostasis and RNA metabolism. The association of poly-GP with the 684 

degradation machinery suggests that it is actively targeted for clearance and its increased 685 

accumulation upon nop56 depletion may reflect limiting clearance capacity, rather than increased 686 

production. Proteins involved in metabolism and mitochondrial function, were also differentially 687 

associated with poly-GP, particularly in the combined model, together with pathways linked with DNA 688 

damage, apoptosis, and immune responses. Reactome-based GSEA revealed enrichment of immune 689 

system pathways particularly in SCA36-GP, together with apoptotic and DNA damage response 690 

pathways in both models. The combined model additionally showed reduced representation of cell-691 

cycle, signal transduction pathways, motor proteins and proteins relevant for CNS processes, including 692 

Smndc1, which has been linked to motor neuron survival. Together, these findings indicate that poly-693 

GP engages a broad range of cellular processes, which is further modified by partial nop56 depletion. 694 

Moreover, several ALS-associated proteins were less represented in poly-GP precipitates than in GFP 695 

controls, including Fus and Sod1 in both conditions, and Taf15 only in the combined model. Fus and 696 
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Taf15 share extensive RNA interaction profiles and associate with spliceosomal complexes (39), 697 

consistent with the reduced representation of spliceosomal components described above. STRING 698 

network analysis indicated that these proteins cluster with ribosomal proteins (including NOP56) 699 

forming a tight connected network, suggesting that the observed changes affect a coordinated group 700 

of interacting partners. Previous studies revealed that poly-PR and poly-GR derived from the C9ORF72 701 

expansion interact with NOP56, altering the nucleolar localization of NOP56 and fibrillarin (40). NOP56 702 

has also been implicated in SOD1-associated ALS, where its dysregulation contributes to motor neuron 703 

degeneration and astroglial dysfunction (41,42). Consistent with this, nop56 loss-of-function reduces 704 

the expression of zebrafish orthologs of several ALS-related genes, including c9orf72, fus, and tardbp 705 

(8). Most recently, heterozygous Nop56 mice were shown to develop ubiquitin positive inclusions 706 

containing cytoplasmic TDP-43, a hallmark of ALS pathology (9). These results support molecular 707 

connections between SCA36 and ALS involving RNA processing, ribosome biology and protein 708 

homeostasis and suggest that poly-GP alters the association of ALS-related RNA-binding proteins with 709 

the translational machinery. 710 

The metabolic and mitochondrial alterations identified at the proteomic level were further supported 711 

and extended by metabolomic profiling. Partial nop56 knockdown profoundly altered the metabolic 712 

response to poly-GP expression. To our knowledge, this represents the first metabolomic 713 

characterization of zebrafish models of SCA36 and poly-GP toxicity. The SCA36-GP+MOnop56low 714 

embryos showed profound metabolic remodelling, including major alterations in glycolysis, pyruvate 715 

metabolism, TCA cycle, and pentose phosphate pathway, consistent with extensive mitochondrial 716 

remodelling, mitochondrial stress, and altered redox homeostasis. Several metabolites involved in 717 

oxidative stress responses were altered, including elevated proline and arginine (43,44). These changes 718 

were accompanied by increases in cysteine, inosine and riboflavin, metabolites implicated in 719 

antioxidant responses, together with a reduction in oxidized glutathione (GSSG), which may indicate 720 

protection from oxidative stress (45,46). In contrast, methionine and uric acid, both implicated in 721 

neuroprotection against oxidative stress, were significantly reduced (45,47). The direction of these 722 
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changes is therefore not uniform, with some metabolites consistent with an enhanced antioxidant 723 

response and others with reduced protective capacity. Rather than a single oxidative signature, this 724 

mixed profile suggests a complex metabolic adaptation to redox imbalance. 725 

Branched-chain amino acids (valine, leucine, isoleucine) were among the most strongly upregulated 726 

metabolites in the combined group. While normally important for energy metabolism, their 727 

accumulation has been associated with neurotoxicity, oxidative stress and inflammation via mTOR 728 

activation and mitochondria dysfunction (48). In line with these alterations, NADPH was elevated in 729 

SCA36-GP+MOnop56low embryos, consistent with an enhanced redox imbalance. Creatine levels were 730 

also significantly reduced, consistent with muscle dysfunction and in agreement with findings in ALS 731 

models, where decreased creatine correlates with reduced survival and creatine supplementation 732 

confers neuroprotection (49). 733 

Metabolic alterations also affected energy production and neurotransmitter metabolism. Alterations 734 

in the TCA cycle may be partially compensated by glutaminolysis, an alternative pathway that 735 

maintains ATP production under mitochondrial stress through increasing glutamine catabolism to form 736 

TCA intermediates (50). However, glutamate, a neurotransmitter derived from glutamine, was 737 

decreased, together with precursors such as glycine, phenylalanine, tyrosine, l-alanine and 738 

phosphocholine. These results indicate a potential impairment in neurotransmitter metabolism and 739 

biosynthetic pathways. Elevated N-acetylaspartate may further reflect alterations in neurotransmitter 740 

metabolism and neuronal vulnerability, as previously described in Canavan disease (51). Although 741 

MOnop56 and SCA36-GP+MOnop56low conditions shared most altered metabolic pathways, the 742 

combined model exhibited additional changes affecting neurotransmitter metabolism, with glycine, 743 

phenylalanine, tyrosine, L-alanine and N-acetylaspartate remaining unaltered in MOnop56. These 744 

findings suggest that poly-GP expression does not result in a completely distinct metabolic profile, but 745 

rather further modifies the metabolic alterations derived from reduced nop56 function, particularly 746 

regarding neurotransmitter metabolism. 747 
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Reduced levels of diverse acylcarnitines suggest impaired fatty acid oxidation, which has also been 748 

reported in ALS (52). However, elevated glucose levels in the combined model may represent a 749 

compensatory response to sustain high demand of energy production, as observed in ALS and other 750 

neurodegenerative diseases (53,54). Notably, acylcarnitine supplementation has been reported to 751 

exert neuroprotective effects by enhancing mitochondrial function, antioxidant activity and cholinergic 752 

neurotransmission (55,56). Similar to our data, previous metabolic analysis in other ALS models 753 

revealed impaired glycolysis, TCA cycle, fatty acid metabolism and neurotransmitter levels (57–59). 754 

Notably, the SCA36-GP model displayed only minimal metabolic alterations despite clear proteomic 755 

changes and locomotor impairment, suggesting that early proteostatic and cytoskeletal alterations are 756 

sufficient to compromise motor performance before metabolic alterations occur. In contrast, the 757 

broader metabolic remodelling observed in the SCA36-GP+MOnop56low condition, suggests that 758 

partial nop56 deficiency is sufficient to promote lower cellular resilience that may contribute to 759 

oxidative stress and neurodegeneration. These findings support the idea that partial nop56 loss acts 760 

as a critical modifier of poly-GP toxicity by lowering the threshold for metabolic dysfunction. 761 

Seahorse assays revealed increased mitochondrial respiratory activity in MOnop56 and SCA36-762 

GP+MOnop56low models, potentially reflecting an early compensatory response or, alternatively, 763 

maladaptive mitochondrial overactivation aimed at maintaining ATP production under cellular stress. 764 

TOMM20 analysis also revealed disorganization of mitochondrial distribution patterns within muscle 765 

fibers without changes in mitochondria density in both models. Given the close spatial relationship 766 

between mitochondria and muscle fiber architecture, these alterations may partially reflect underlying 767 

cytoskeletal and muscle disorganization. In contrast, SCA36-GP embryos displayed increased 768 

mitochondrial network connectivity together with reduced ATP-linked respiration and spare 769 

respiratory capacity, suggesting an early adaptive mitochondrial response. While reduced 770 

mitochondrial respiration is commonly reported in ALS, Alzheimer’s disease, Parkinson’s disease, and 771 

Friedreich’s ataxia (60,61) hyperactivation has also been described in fragile X-associated 772 
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tremor/ataxia syndrome (62,63). Importantly, elevated non-mitochondrial oxygen consumption across 773 

all groups, including SCA36-GP, may reflect increased ROS production and oxidative stress, consistent 774 

with our proteomic and metabolomic findings. 775 

Several limitations of this study should be acknowledged. Our analyses were performed during 776 

embryonic and early larval stages of a late-onset disorder, so the alterations described here represent 777 

early events rather than established neurodegeneration. Poly-GP was expressed from an injected 778 

plasmid, resulting in mosaic expression at levels that do not necessarily reflect those reached in 779 

patients. Proteomic and metabolomic profiling was performed on whole embryos, so the tissue origin 780 

of the observed changes cannot be resolved. Finally, nop56 was depleted using a morpholino, an 781 

approach associated with potential off-target effects. The reproduction of the main phenotypes in 782 

nop56 heterozygous mutants supports the specificity of these findings. 783 

Taken together, our findings indicate that poly-GP toxicity is markedly exacerbated by partial loss of 784 

nop56 function, causing metabolic and phenotypic alterations that converge on pathways shared with 785 

ALS and other neurodegenerative diseases. Ribosome dysfunction, RNA splicing defects, altered 786 

mitochondrial organization and respiratory activity, redox imbalance, and impaired neurotransmitter 787 

metabolism emerge as central molecular alterations in this context. Importantly, these molecular 788 

changes are accompanied by pronounced physiological defects, including motor neuron abnormalities, 789 

cerebellar malformation, impaired locomotion, p62-positive aggregates and TUNEL positive apoptosis, 790 

affecting the structures compromised in SCA36 patients. Notably, myosin-associated muscular 791 

dysfunction and mitochondrial alterations have not been previously reported in SCA36 patients, 792 

providing novel insights into the systemic manifestations of the disease. By integrating proteomic, 793 

metabolomic and functional analyses, we provide the first systems-level characterization of poly-GP 794 

toxicity in the context of reduced nop56 function. Our model isolates the contribution of the poly-GP 795 

DPR from the remaining DPRs and from repeat-derived RNA toxicity, which has been proposed to act 796 

combinatorially with DPR accumulation in SCA36 (21). How these two mechanisms interact in patient-797 
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derived systems remains to be established. Future studies will determine whether the early alterations 798 

described here evolve into progressive neurodegeneration in stable adult models and their potential 799 

modulation by therapeutic interventions. 800 

 801 

Conclusions 802 

In conclusion, our study identifies partial nop56 deficiency as a critical modifier of poly-GP toxicity, 803 

amplifying its molecular, functional and metabolic consequences. Integrated proteomic, metabolomic 804 

and functional analyses revealed that poly-GP associates with ribosomal and RNA-binding proteins and 805 

with the degradation machinery and its accumulation is accompanied mitochondrial alterations and 806 

metabolic remodelling, linking SCA36 with convergent mechanisms previously described in ALS and 807 

related neurodegenerative disorders. These findings delineate pathways that may inform future 808 

biomarker and therapeutic studies in SCA36. 809 

 810 

Supplemental data 811 

Supplementary table 1: Complete proteomic dataset with ANOVA statistical analysis. 812 

Supplementary table 2: Results of the metabolomic analysis with Student's t-test statistics. 813 
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814 

Supplemental figure 1. Phenotypic characterization of all the conditions. Data in the graphs presented as mean + 815 

standard error of the mean (SEM). Significance indicated with* p < 0.05**, p < 0.01 or *** p < 0.001. Scale bars: 100µm. 816 

 817 
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 818 

Supplemental figure 2. GSEA analysis based in FDR<0.1 revealed A. KEGG significant altered pathways and B Reactome 819 

significant altered pathways in SCA36-GP and SCA36-GP+MOnop56low groups in comparison with control.  820 
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