Biallelic variants in SLC27A3 cause a complex form of neurodegeneration with progressive ataxia and brain iron accumulation 

Supplementary clinical information
Supplementary Figure 1. Height growth chart of the proband showing short stature. Genetic target based on midparental height was 171±8 cm (0.07-2.80 SDS). Base on Italian cross-sectional growth charts1.
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Supplementary Table 1. Biochemical investigations performed
	Alpha-fetoprotein (AFP)

	Immunoglobulins IgA, IgG, and IgM

	IgG Subclasses

	Serum Copper

	Ceruloplasmin

	Plasma and Urinary Guanidinoacetate

	Urinary Organic Acids

	Very Long Chain Fatty Acids (VLCFA)

	7-Dehydrocholesterol

	Acylcarnitine Profile (Dried Blood Spot)

	Plasma Cholestanol

	Plasma Amino Acid Profile

	Urinary Guanidinoacetate

	Plasma Creatine

	Transferrin Isoforms

	Plasma Oxysterols

	Pristanic and Phytanic Acid

	Plasma Lysosphingolipids

	GDF15 (Growth Differentiation Factor 15)

	FGF21 (Fibroblast Growth Factor 21)

	Chitotriosidase

	Beta-Hexosaminidase A, B, and Total Activity enzymatic assay








WES analysis
Whole Exome sequencing was performed on DNA extracted from peripheral blood, using the KAPA HyperExome Probes V2 Kit (Roche) for exome regions enrichment and Illumina NovaSeq6000 platform for sequencing analysis. WES data were processed using an in-house implemented pipeline and filtering strategy. Bioinformatic evaluation of the raw data was conducted using the BWA Aligner, the DRAGEN Germline Pipeline and the DRAGEN Enrichment softwares (Illumina, San Diego, CA), aligning the reads to the hg19 reference assembly. Only variants covered by at least 20 reads and with mapping quality values exceeding a Phred‐score of 30 were considered. Variants functional annotation was made by SnpEff v.4.3822 and dbNSFP v.4.0 833 tools. Relevant in silico impact prediction tool such as Combined Annotation Dependent Depletion (CADD) v.1.44, Mendelian Clinically Applicable Pathogenicity (M-CAP) v.1.35 and Intervar v.2.0.16. Variants were analyzed under presumed autosomal recessive, X-linked or de novo inheritance models. High-quality variants were annotated and considered when not reported or having a low allele frequency < 0.5% in genome AD exomes database and occurring with a frequency < 0.1% in our in-house database. The analysis was focused on high-quality rare variants which affect coding sequences and splice site regions. List of the rare/private variants remaining after filtering strategy (gnomAD frequency < 0.5%, population-matched in-house DB frequency <1%, CADD score > 20) is reported below.

	Gene
	Nucleotide change
	
Predicted amino
acid change
	Status
	Disease
	OMIM

	NAV1
(NM_001389617.1)
NM_001389617.1
(NM_001389617.1)
	c.4384C>T
	p.Arg1462Trp
	HET
	No Data Found
	No Data Found

	LINGO4
(NM_001004432.4)

	c.1147C>G
	p.Pro383Ala
	HOM
	No Data Found
	No Data Found

	METTL25B
(NM_015997.4)
	c.380G>A
	p.Arg127Gln
	HOM
	No Data Found
	No Data Found

	CNTN5
(NM_014361.4)
	c.2126G>A
	p.Arg709His
	HOM
	No Data Found
	No Data Found

	SHPK
(NM_013276.4)
	c.620C>T
	p.Thr207Met
	HET
	Sedoheptulokinase deficiency; AR
	617213

	TRPM8
(NM_024080.5)
	c.2195C>T
	p.Thr732Ile
	HET
	No Data Found
	No Data Found

	CA14
(NM_012113.3)
	c.55G>T
	p.Gly19Cys
	HOM
	No Data Found
	No Data Found

	RPN1
(NM_002950.4)
	c.1172G>A
	p.Arg391His
	HET
	No Data Found
	No Data Found

	SLCO4C1
(NM_180991.5)
	c.1867C>T
	p.Arg623Ter
	HOM
	No Data Found
	No Data Found

	ZDHHC12
(NM_032799.5)
	c.361C>T
	p.Arg121Cys
	HET
	No Data Found
	No Data Found

	OGFOD3
(NM_024648.3)
	c.728C>G
	p.Ser243Trp
	HET
	No Data Found
	No Data Found

	TBC1D17
(NM_024682.3)
	c.1003G>A
	p.Glu335Lys
	HOM
	No Data Found
	No Data Found




Supplementary Table 2. Wes analysis experimental details
	WES enrichment kit
	KAPA HyperExome Probes V2

	Sequencing platform
	Illumina NovaSeq6000

	Average depth on target
	368.4X

	Total number of high-quality variants
	15

	Low frequency variants affecting CDS or splice site/regions1
	15

	Putative disease associated genes2:                                                                                          
	

	     - candidate genes (autosomal dominant)
	1

	     - candidate genes (autosomal recessive/X-linked)
	0

	1High-quality, rare/private (gnomAD MAF<0.1%; in house database MAF<1%), functionally relevant variants within coding exons and splice regions (-3/+8).
2 High-quality, rare/private, functionally relevant variants with both CADD phred>20.0 and M-CAP>0.025.




Functional Studies
Cell Culture
Primary fibroblast cultures were established from skin punch biopsies obtained from the affected individual and her mother. Control fibroblasts from a healthy, unrelated donor were purchased from Lonza (Catalog #CC-2509). All fibroblasts were maintained under standard conditions at 37 °C in a humidified incubator with 5% CO₂. Cells were cultured in complete medium (CM) consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.
Western Blotting
SLC27A3 protein levels were assessed by western blot analysis of whole-cell lysates prepared under denaturing conditions using RIPA buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% Triton X-100; 1% sodium deoxycholate; 0.1% SDS; supplemented with protease inhibitors, 1×). Proteins were separated on 12% TGX precast gels (Bio-Rad) and transferred onto PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were incubated with primary antibodies followed by species-specific HRP-conjugated secondary antibodies. Protein bands were visualized using chemiluminescence and imaged with a Fusion FX7 imaging system (Peqlab). The following antibodies were used: Rabbit anti-SLC27A3 (1:1,000; Novus Biologicals, #NBP3-12706); Mouse anti-β-actin (1:10,000; Sigma, #A5441); HRP-conjugated secondary antibodies (1:15,000; Jackson ImmunoResearch, USA).
[bookmark: _Hlk198125485]Seahorse Metabolic Analysis
[bookmark: _Hlk198129574]Oxygen consumption rate (OCR) was measured using the Seahorse XFe96 Analyzer (Agilent Technologies). Approximately 18,000 cells per well were seeded in XF Cell Culture Microplates (Agilent) in standard growth medium and incubated overnight at 37 °C in a 5% CO₂ atmosphere. On the day of the assay, the medium was replaced with unbuffered DMEM (#D5030; Sigma) supplemented with either: (1) 10 mM glucose, 2 mM glutamine, and 1 mM pyruvate; or (2) 10 mM glucose, 2 mM glutamine, and 0.1 mM palmitate–BSA. Plates were incubated at 37 °C in a non-CO₂ incubator for 1 hour prior to measurement. OCR was measured in response to sequential injections of 2 μM oligomycin, 1 μM FCCP, and a 1 μM mixture of rotenone and antimycin A. Results were normalized to the number of seeded cells.
[image: Immagine che contiene diagramma, testo, schermata, linea

Il contenuto generato dall'IA potrebbe non essere corretto.]
[bookmark: _Hlk198125527]Supplementary figure 2. Seahorse XF Mito Stress Test in SLC27A3 patient-derived cells. Oxygen consumption rate (OCR) traces over time are shown for cells metabolizing pyruvate (upper panel) or palmitate (lower panel) as the primary substrate. The sequential addition of oligomycin (ATP synthase inhibitor), FCCP (uncoupler), and rotenone/antimycin A (complex I/III inhibitors) is indicated by black arrows. Pyruvate-supported respiration reflects carbohydrate-driven oxidative phosphorylation, while palmitate-supported OCR reflects fatty acid oxidation capacity. 
Fatty Acid Trafficking
A total of 5,000 cells were seeded per well in an 8-well imaging chamber slide and incubated in complete medium (CM) supplemented with 1 μM BODIPY 558/568 C12 (Invitrogen, #D3835) for 16 hours (pulse). Following incubation, cells were washed three times with CM and then incubated in fresh CM for 1 hour (chase). Cells were subsequently fixed with 4% paraformaldehyde (PFA), permeabilized with 0.1% NP-40 for 10 minutes, and blocked in 2% bovine serum albumin (BSA). Mitochondria were labeled using a primary antibody against TOMM20 (1:200, Santa Cruz Biotechnology, #sc-11415) overnight at 37 °C. After washing, cells were incubated for 1 hour at 37 °C with an Alexa Fluor 647–conjugated anti-rabbit secondary antibody (1:500) diluted in 2% BSA and 0.1% NP-40 in PBS. Lipid droplets were stained with BODIPY 493/503 (1:1,000 dilution of a 1 mg/mL stock) for 15 minutes at room temperature. Coverslips were mounted with ProLong™ Antifade Mountant containing DAPI. Images were acquired using a Leica SP5 confocal microscope with a 63× objective. Image analysis was performed in Fiji (v2.16.0). Total fluorescence intensity of BODIPY C12-568 (supplementary Figure 2A) and LDs (supplementary figure 2B) was quantified using the Corrected Total Cell Fluorescence (CTCF) method. Colocalization between BODIPY C12-568 and either mitochondria (supplementary figure 2C) or lipid droplets (supplementary figure 2D) was assessed using Pearson’s correlation coefficient calculated via the JACoP plugin.
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Supplementary Figure 3. Total fluorescence intensity of BODIPY C12-568 (A) and LDs (B); Colocalization between BODIPY C12-568 and either mitochondria (C) or lipid droplets (D). Data are presented as mean ± SD from n = 6 (NHDF) and n = 4 (patient) independent measurements. Statistical significance was determined by Student’s t-test: ns = not significant (p > 0.05); ** p < 0.01.
Iron staining
Fibroblasts, cultured in standard growth medium as described above, were supplemented with 200 μM FAC and 1 μM Apo-Tf and grown on coverslips for 24 h at 37°C in a 5% CO₂ humidified atmosphere, after which they were fixed in 4% paraformaldehyde. A mouse spleen section, kindly provided by the German Mouse Clinic, was included as a tissue control. Both cells and tissue sections were stained for iron using the Perls reaction by incubating them for 1 h in 1% potassium ferrocyanide (K₄[Fe(CN)₆]·3H₂O) and 1% hydrochloric acid in distilled water. Following iron staining, samples were counterstained with 0.1% Safranin O in water. Images were acquired on a Zeiss Axioscope 5 equipped with a color camera using a 40× objective.
[image: ]
Supplementary figure 4: Representative images of fibroblasts from control (NHDF) and an SLC27A3 patient (172096) stained with Pearl’s iron-specific reaction (blue) and counterstained with Safranin O. Patient fibroblasts at late passages (P10 and P15) show no detectable iron accumulation, similar to control fibroblasts (P10). In contrast, positive controls—fibroblasts from a Friedreich’s ataxia (FRDA) patient at early passage (P5) and mouse spleen tissue—exhibit prominent blue staining, indicative of iron deposition. Insets provide higher magnification views highlighting the iron-positive signals in the positive controls.
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