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Fatty acid hydroxylase-associated neurodegeneration (FAHN) is a rare disease that exhibits brain modifications and motor dysfunctions in early childhood. The condition is caused by a homozygous or compound heterozygous mutation in fatty acid 2 hydroxylase (FA2H), whose encoded protein synthesizes 2-hydroxysphingolipids and 2-hydroxyglycosphingolipids and is therefore involved in sphingolipid metabolism. A few FAHN model organisms have already been established and give the first insight into symptomatic effects. However, they fail to establish the underlying cellular mechanism of FAHN so far. Drosophila is an excellent model for many neurodegenerative disorders; hence, here, we have characterized and validated the first FAHN Drosophila model. The investigation of loss of dfa2h lines revealed behavioral abnormalities, including motor impairment and flying disability, in addition to a shortened lifespan. Furthermore, alterations in mitochondrial dynamics, and autophagy were identified. Analyses of patient-derived fibroblasts, and rescue experiments with human FA2H, indicated that these defects are evolutionarily conserved. We thus present a FAHN Drosophila model organism that provides new insights into the cellular mechanism of FAHN.
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1 INTRODUCTION
Fatty Acid Hydroxylase-associated Neurodegeneration (FAHN) is a neurodegenerative disease presenting with symptoms in early childhood. The most common clinical findings are spasticity, cognitive impairment, ataxia, and dystonia (Levi and Tiranti, 2019). FAHN is part of a heterogeneous group of neurodegenerative diseases called Neurodegeneration with brain iron accumulation (NBIA), characterized by iron depositions in the brain. These can be detected by magnetic resonance imaging (MRI) and are typically located in the globus pallidus and substantia nigra (Arber et al., 2016). MRI images of FAHN patients show features described by the acronym “WHAT”: White matter changes, hypointensity of the globus pallidus resulting from iron accumulation, pontocerebellar atrophy, and a thinned corpus callosum. Examination of a large group of FAHN patients showed that at least three of the four MRI findings occur in FAHN patients. Brain iron deposition was observed in 77% of patients (Rattay et al., 2019).
While the underlying mechanisms remain elusive, the genetic defect was identified, namely homozygous or compound heterozygous mutations in fatty acid 2 hydroxylase (FA2H). It encodes the eponymous protein, FA2H, localized in the endoplasmic reticulum and expressed mainly in the epidermis, brain, and colon (Alderson et al., 2004; Uchida et al., 2007). It is involved in the synthesis of 2-hydroxysphingolipids and 2-hydroxyglycosphingolipids (Eckhardt et al., 2005). Few disease models have currently been established and provide first insights into the symptomatic effects of FA2H mutations. In mouse models, loss of FA2H leads to degradation of axons and myelin and an altered myelin protein expression (Zöller et al., 2008; Potter et al., 2011; Hardt et al., 2020). In addition, deficits in spatial learning and memory were identified in mutant mice (Potter et al., 2011). Analysis of a C. elegans FAHN model showed impaired growth, a shorter lifespan, and inhibited lipid droplet formation (Li et al., 2018).
Nevertheless, current studies in animal models have not yet established the cellular effects of loss of FA2H. In addition, one animal model usually does not replicate all disease signs and symptoms (Nagoshi, 2018), which increases the need for additional animal models. A suitable animal model for the analysis of neurogenerative diseases and their underlying cellular mechanisms is Drosophila melanogaster (Bier, 2005; Nagoshi, 2018; Bolus et al., 2020; Vos and Klein, 2021). Although it is a relatively simple organism, it features a complex neurological system, has orthologs of many disease-causing genes, and numerous tools are available for genetic manipulation and functional analysis (Reiter et al., 2001; Bier, 2005; Yamamoto and Seto, 2014; Nagoshi, 2018). Furthermore, established Drosophila models for other neurodegenerative diseases such as Parkinson’s disease (PD) or other NBIAs showed behavioral abnormalities similar to those observed in humans, and they contributed to deciphering underlying cellular disease mechanisms (Park et al., 2006; Wu et al., 2009; Kinghorn et al., 2015; Julienne et al., 2017).
In this manuscript, we present a loss of dfa2h Drosophila model that exhibits clinical signs of FAHN, such as reduced lifespan and impaired movement. In addition, these flies demonstrated mitochondrial changes and altered autophagy, giving first insights into the cellular dysfunction due to loss of dfa2h. Furthermore, these cellular processes are evolutionarily conserved and of translational relevance, as we found similar discrepancies in patient-derived fibroblasts. Furthermore, we showed rescue of the loss of dfa2h phenotypes by overexpression of human FA2H. Thus, the model organism established here provides an excellent tool to investigate FA2H function further and allows us to obtain novel insights into FAHN.
2 METHODS
2.1 Fly genetics and handling
The homozygous transposable mutant fly stocks W1118;PBac{RB}fa2he00486 (dfa2h1) and W1118;PBac{WH}fa2hf01498 (dfa2h2), wild type control W1118 (controlWT) and W1118;DaGal4 were purchased from the Bloomington Drosophila Stock Center (Indiana, United States). The heterozygous controls dfa2h1/+ and dfa2h2/+ were generated by crossing the mutant lines with W1118. The results for the heterozygous controls were pooled (controlhet). The compound heterozygous line dfa2h1/dfa2h2 was generated by crossing the mutant lines dfa2h1 and dfa2h2 with each other. The flies were kept at 25°C and fed with standard molasse food. Male flies were used for the experiments.
2.2 cDNA analysis
RNA was isolated using the Monarch Total RNA Miniprep Kit (T2010S) from New England Biolabs. For RNA isolation from Drosophila, 20 flies were homogenized in 250 µL 1x Protection Buffer following the “Tissue or Leukocytes” protocol. The RNA from 500.000 fibroblasts cultivated overnight at 37°C was isolated according to the “Cultured Mammalian Cells” protocol. A DNase I treatment was performed, and the RNA was eluted in 50 µL nuclease-free water. cDNA was generated using the Maxima First Strand cDNA Synthesis Kit with dsDNase from Thermo Scientific (K1672). As a noRT control, water was used instead of the maxima enzyme mix. Quantitative real-time PCR was performed using the Maxima SYBR Green/Fluorescein qPCR Master Mix from Thermo Scientific (K0243) and the LightCycler96 from Roche. Rpl32, eEF1α2, and Act5c were used as reference genes for fly cDNA. The results of the different references were merged, and the mean value was calculated. Primers are listed in the Supplementary Table S1.
2.3 Survival assay
The survival of flies was tracked by dividing flies into groups of ten. Their survival was documented every 2–3 days. Every seven days, the flies were transferred to fresh food.
2.4 Behavioral experiments
To determine the number of flies with “held-up” wings, flying ability, and motor disturbances, populations of four to five flies were formed. The number of flies with raised wings was counted in one-week-old flies and presented as percentages relative to the total number of tested flies. Flying ability and motor disturbances were tested in one-week-old and three-week-old flies by transferring the flies to an empty vial and stimulating the flies via light tapping. For flying ability, the number of flies capable of flying was determined and for motor disturbances, the number of flies with twitching, shaking, or uncoordinated flying was monitored.
2.5 Patient-derived Fibroblasts
Patient-derived skin fibroblasts carry a compound heterozygous mutation (c. [704G>A]; [ 859T>C] p. [R235H]; [C287R]) and were previously described (Rattay et al., 2019). Fibroblasts from two healthy controls were used, matching sex and ethnicity. The results from these controls were combined, and the mean value was calculated. All fibroblasts were maintained in Dulbecco’s modified eagle’s medium from Gibco (11995-065) supplemented with 10% fetal bovine serum from Gibco (26140087).
2.6 Immunolabeling
Immunolabeling was performed according to standard immunohistochemistry protocols (Vos et al., 2021). In brief, third instar larvae were dissected and fixed with 4% paraformaldehyde in PBS for 20 min and permeabilized with 0.4% Triton X-100 in PBS. Primary antibodies anti-ATP5A (15H4C4) (1:200; ab14748) and anti-GABARAP (dLC3) (1:167; ab109364) from Abcam and secondary antibodies, goat anti-Rabbit Alexa Fluor 488 (1:250; A11034), and goat anti-Mouse Alexa Fluor 594 (1:250; A11032) from Invitrogen were used. Antifade mounting medium with DAPI from Vectashield (H1200) was used to mount the larvae. Fibroblasts were fixed for 15 min in 4% paraformaldehyde. Primary antibodies anti-GRP75 from Abcam (1:1000; ab53098) and anti-LC3A/B from Cell Signaling (1:150; 4108), and secondary antibodies, goat anti-Rabbit Alexa Fluor 488 (1:200; A11034), and goat anti-Rabbit Alexa Fluor 594 (1:400; 11012) from Invitrogen were used. DAPI-Fluoromount-G® from SouthernBiotech (0100-01) was used for mounting. The LSM70 confocal microscope with 63x NA 1.4 oil lens was used to image the cells and larval muscle sections, and ImageJ was used to analyze the fluorescent signals. The mitochondrial morphology macro from Ruben K. Dagda automated mitochondria field evaluation (Dagda et al., 2009). The interconnectivity was studied by the ratio of the area/perimeter (Wiemerslage and Lee, 2016). Particles with a minimal size of 0.035 µm2 in flies and 0.4 µm2 in fibroblasts were included in the calculation. The number of LC3 accumulations was calculated using the automated “Triangle” threshold and the “Analyze Particles” plugin. Here, particles with a minimal size of 0.1 µm2 in flies and 0.4 µm2 in fibroblasts were included in the calculation.
2.7 Western blot analysis
Protein was extracted from three-week-old flies and fibroblasts using RIPA extraction buffer (25 mM TRIS-HCl pH 7.6, 20°C, 150 mM NaCl, 1% (V/V) NP-40, 1% (V/V) DOC, 0.1% (V/V) SDS, cOmpletetm mini protease inhibitor cocktail and PhosStoptm from Roche). The gels were blotted on nitrocellulose membranes. As primary antibodies for fly samples, we used anti-GABARAP (dLC3) from Abcam (1:600; ab109364), anti-MFN2 from antibodies online (1:1000; ABIN4916092), and anti-Drp1 from Cell Signaling (1:2000; 8570). As primary antibodies for fibroblast samples, we used anti-LC3A/B from Cell Signaling (1:1000; 4108), anti-MFN2 from Abcam (1:1000; ab56889), and anti-DRP1 from Invitrogen (1:1000; PA1-16987). Anti-ß-Actin from Abcam (1:400000; ab8224) was used for both organisms as a loading control. As secondary antibodies, we used anti-mouse lgG HRP-linked from Cell Signaling (1:5000; 7076), and anti-rabbit lgG HRP-linked from Cell Signaling (1:5000; 7074) for both fly and fibroblast protein.
2.8 Hydrogen peroxide measurement
Hydrogen peroxide (H2O2) assay kit from Abcam (ab102500) was used following the “fluorometric” protocol to estimate H2O2 level. Ten three-week-old flies without heads were homogenized in 70 µL assay buffer.
2.9 Rescue experiment
The rescue experiments were performed by overexpressing human FA2H in dfa2h-deficient flies. Human FA2H cDNA was generated from human fibroblasts as described in the method section “cDNA analysis”. The cDNA was inserted into the overexpression vector “pUAST-attB” (Bischof et al., 2007) using the “NEBuilder Hifi DNA assembly cloning kit” following the manufacturer’s protocol. To generate cDNA with overhangs complementary to the vector, a PCR was performed using the Taq CORE Kit 10 from MP Biomedicals (11EPTQK101-CF) and the HiFi primers listed in Supplementary Table S1. The vector was linearized using the restriction enzymes KpnI-HF (R3142) and EagI-HF (R3505) from New England Biolabs according to the manufacturer’s protocol by incubation for 1 h at 37°C. The DNA gel extraction was performed using the QIAquick gel extraction kit from QIAGEN (28706X4), eluting in 30 µL EB-Buffer. To generate flies carrying this construct, the vector was microinjected in the line y1w1118;PBac{y + -attP-3B}VK00033 (Bloomington Drosophila Stock Center stock number 9750). BestGene injected the embryo’s with the construct and selected the flies that carried the construct. The UAS promoter that is driving the ubiquitous overexpression is activated by DaGal4 (DG4) expression. As a control dfa2h1/+;UAS-FA2H/DG4, and as a rescue line dfa2h1/dfa2h2;UAS-FA2H/DG4 were used. Values were normalized to their respective control (controlhet for dfa2h1/dfa2h2 and dfa2h1/+;UAS-FA2H/DG4 for dfa2h1/dfa2h2;UAS-FA2H/DG4). We included the basic controlhet flies in the graphs to evaluate the rescue level (partial or full). For the analysis of the behavioral differences, three-week-old flies were used, except for the “held-up” wing observation, where one-week-old flies were used as this phenotype is age-independent.
2.10 Statistics
For all the experiments with a sample size >7, nonparametric analyses were performed using GraphPad Prism 8.4.3. For statistical comparison of more than two groups, we performed Kruskal-Wallis-Test with a significance level of p < 0.05. To further interpret differences between single groups, pairwise comparisons were performed using the Mann-Whitney-U-Test, with a significance level of p < 0.05 in experiments with two groups. The Bonferroni correction was used to account for multiple testing in experiments with more than two groups. This calculation adjusted the significance level depending on the number of tests made. Three tests were applied in experiments with three groups, resulting in an alpha of 0.05/3 = 0.017. With four groups, six tests were used, resulting in an alpha of 0.05/6 = 0.008, and for five groups, ten tests were applied, resulting in an alpha of 0.05/10 = 0.005. All pairwise tests with p < 0.05, p < 0.017, p < 0.008, and p < 0.005, respectively, were indicated with asterisks in the figure. We did group and pairwise curve comparisons using the Log-rank (Mantel-Cox) Test for statistical evaluation of the monitored survival.
3 RESULTS
3.1 Drosophila dfa2h-mutant lines present with a reduced lifespan
Most disease-causing mutations in FA2H are missense or truncated mutations leading to a loss-of-function of FA2H (Darley et al., 1969; Edvardson et al., 2008; Rattay et al., 2019). In Drosophila melanogaster, there is a gene ortholog, dfa2h, that consists of four exons and entails a coding region that spans 1068 bp (Figure 1A). Several homozygous dfa2h-mutant lines containing a transposable element inserted in different regions of the gene exist. The first mutant fly line used in this paper is dfa2h1, which has an insertion located centered in the gene between exon 2 and 3 (Figure 1A). The second genotype used in this paper is the mutant line dfa2h2, in which the transposable element is inserted in exon 4 towards the end of the gene (Figure 1A). To exclude potential off-target effects, we generated an additional compound heterozygous mutant line (dfa2h1/dfa2h2) by crossing both mutant lines to each other. Human carriers of a heterozygous FA2H mutation do not exhibit FAHN-related signs or symptoms; hence we used a heterozygous dfa2h control (controlhet) in addition to the wild-type control flies (controlWT). To determine the relative dfa2h expression levels in these mutant flies, dfa2h cDNA from one-week-old flies was examined by quantitative PCR. As expected, the controlhet revealed a cDNA level of 52% compared to the controlWT. In comparison, the dfa2h cDNA in homozygous and compound heterozygous alleles ranged between 1 and 3%, resulting in an almost complete lack of dfa2h cDNA (Figure 1B).
[image: Figure 1]FIGURE 1 | Transposable element insertion leads to reduced dfa2h cDNA level, causing reduced lifespan and motor disabilities. (A) Schematic image of the gDNA of dfa2hWT and the transposable element insertion lines dfa2h1 and dfa2h2. (B) Relative dfa2h level normalized to the combined data of the reference genes Act5c, Rpl32, and eEF1α2 expressed as percentages relative to controlWT that was set to 100%. The dots represent the single data points, and the lines show mean ± SEM (n = 21). (C) Survival monitoring of dfa2h mutant flies, controlhet and controlWT (n = 67-137). Group curve comparisons were performed using log-Rank (Mantel-Cox) Test with a significance level of p < 0.05 (*). We performed a pairwise curve comparison using the log-Rank (Mantel-Cox) Test for better result interpretation. All pairwise comparisons, except the comparison of dfa2h2 vs. dfa2h1/dfa2h2, were significant. (D) One-week-old and (E) three-week-old homozygous and compound heterozygous dfa2h flies display movement disabilities compared to control flies. (F) One-week-old and (G) three-week-old dfa2h-mutant flies show difficulties in flying capacity compared to control flies. (H) “Held-up” wing phenotype of dfa2h1/dfa2h2 compared to normal wing position in controls. (I) Evaluation of flies with “held-up” wing position displayed as the ratio of flies with “held-up” wing phenotype/total amount of flies tested. For the experiments (B,D–G,I), the dots represent single data points as percentages relative to the number of flies observed per population, and the lines show mean ± SEM (none-week = 24–52; nthree-weeks = 16–52). The Kruskal–Wallis test was performed for group comparison with a significance level of p < 0.05 (B,D–G,I).
FAHN patients exhibit severe disease symptoms early in life, leading to premature death (Gregory et al., 2011). Hence, the lifespan of loss of dfa2h flies was monitored. The 50% survival rate of controlhet flies was not decreased but slightly increased compared to controlWT flies (Figure 1C). Similar to what is observed in FAHN patients, flies with complete loss of dfa2h showed a substantial reduction in survival probability, and the median survival is reduced by half compared to the control flies (Figure 1C).
3.2 Loss of dfa2h induces progressive impairment of locomotion
FAHN is a movement disorder that presents with ataxia, dystonia, and spasticity (Rattay et al., 2019). To test locomotion in flies, groups of four to five flies were screened for movement impairment. One-week-old dfa2h-mutant flies displayed a variety of movement disorders, including shaking, uncoordinated flying, and decreased activity (Figure 1D; Supplementary Video S1), whereas both control flies did not show strong movement abnormalities (Figure 1D). The observed movement disabilities progressively worsened in three-week-old dfa2h-deficient flies (Figure 1E). In addition, one-week-old flies showed reduced flying ability following the loss of dfa2h that further declined in three-week-old flies, compared to the control flies (Figures 1F, G). In many neurodegenerative Drosophila models, wing position is altered, such as in PD models with a pink1 mutation (Clark et al., 2006; Park et al., 2006; Fernandes and Rao, 2011; Füger et al., 2012). We observed a similar wing phenotype following the loss of dfa2h (Figures 1H, I). In the dfa2h-mutant flies, raised wings were observed, although this was a rather rare finding in dfa2h2-mutant flies (Figure 1I and Supplementary Table S1). However, loss of dfa2h results in various locomotion defects that progressively exacerbate. Interestingly, when comparing the findings in controlWT and controlhet flies, it appears that the controlWT flies show stronger phenotypic changes than the controlhet, especially upon aging. Altogether, these findings underscore the controlhet flies as the most appropriate control, which is in agreement with the observation that heterozygous mutant carriers in humans are asymptomatic and are not at risk to develop FAHN (Gregory et al., 2011). Hence, the controlhet is used as a control in the following experiments.
3.3 Autophagy is affected following loss of FA2H
The removal of cellular compartments, termed autophagy, is a common feature that is damaged in neurodegenerative disorders (Nixon, 2013; Menzies et al., 2017). dfa2h-mutant larvae were labeled with the autophagy marker dLC3, commonly used to assess autophagy function. The fluorescence pattern exhibited a substantial accumulation of dLC3 in the compound heterozygous dfa2h mutant compared to the controlhet; however, no effect was observed in the homozygous mutants (Figures 2A, B). In addition, dLC3 intensity was increased in the compound heterozygous allele, while yet again, no difference was observed in the dfa2h homozygous alleles (Figures 2A–C). LC3 labeling in patient-derived fibroblasts showed LC3 accumulation and significantly higher intensity than control fibroblasts (Figures 2D–F), similar to what we observed in the compound heterozygous dfa2h-mutant flies. This demonstrates that the findings in the compound heterozygous mutant are evolutionarily conserved. Thus, this mutant is the most disease-relevant one and used for the following experiments. To further validate our results, we performed Western blot analyses using a dLC3 antibody and ß-Actin as a loading control. The evaluation revealed an increase in the amount of LC3-II in flies (Figure 2G) and patient-derived fibroblasts (Figure 2H), which is consistent with the immunolabeling results. Thus, loss of FA2H clearly shows alterations in autophagy and this observation is evolutionarily conserved.
[image: Figure 2]FIGURE 2 | Lack of FA2H leads to altered autophagy. (A–C) Immunolabeling of larval muscle sections using autophagy marker dLC3. (A) Confocal microscopy images show autophagy alteration in compound heterozygous dfa2h mutant. The green labeling shows dLC3 labeling visualizing autophagy, and the blue signal DAPI labeling to visualize the nucleus. The arrows indicate dLC3 accumulations. (B) dfa2h1/dfa2h2 mutant flies present with a higher number of blebs bigger than 0.1 µm2 compared to controlhet and homozygous dfa2h mutants. (C) Compound heterozygous mutant demonstrates stronger mean intensity of fluorescent signal compared to controlhet and homozygous dfa2h mutants. The dots represent single data points, and the lines show mean ± SEM (n = 25–50). (D–F) Immunolabeling of patient-derived fibroblasts using the autophagy marker LC3. (D) Confocal microscopy images demonstrate autophagy alteration upon loss of FA2H. The green fluorescence shows LC3 labeling visualizing autophagy, and the blue signal DAPI labeling to visualize the nucleus. The arrows indicate LC3 accumulations. (E) Patient-derived fibroblasts show a higher number of blebs bigger than 0.4 µm2. (F) Lack of FA2H presents with an increased mean intensity of the fluorescent signal. The dots represent single data points, and the lines show mean ± SEM (n = 48-105). The Kruskal–Wallis test was performed for group comparison with a significance level of p < 0.05 (B-C*). For pairwise comparison, Mann-Whitney-U-Test was performed. (G–H) Western blot analysis of LC3 expression level. (G) Compound heterozygous dfa2h1/dfa2h2 flies present with an increase in dLC3-II levels, indicating alterations of autophagy. These findings are consistent with the findings in (H) fibroblasts. The expression levels were normalized to ß-Actin expression. The dots represent single data points as percentages, with the controls set to 100%. The lines show mean ± SEM (nflies = 4–8; nfibroblasts = 6–12).
3.4 FA2H deficiency induces mitochondrial alteration
In addition to altered autophagy, mitochondrial impairment is a common finding in many neurodegenerative diseases (Carmo et al., 2018; Monzio Compagnoni et al., 2020; Malpartida et al., 2021; Misrani et al., 2021; Vos and Klein, 2021). Hence, we investigated whether loss of dfa2h induces mitochondrial abnormalities in the larval muscle by labeling them with a mitochondrial marker. The following experiments were performed with controlhet flies and the compound heterozygous mutant dfa2h1/dfa2h2. Furthermore, patient-derived fibroblasts were analyzed as well. The compound heterozygous mutant flies presented with mitochondria-free areas creating holes in the mitochondrial network in addition to shorter and thicker mitochondrial filaments (Figure 3A). To evaluate these findings, the area of the muscle covered with mitochondria and the mitochondrial interconnectivity were determined via an area/perimeter ratio calculation. Both quantitative analyses revealed that dfa2h-deficient flies had reduced mitochondrial coverage and interconnectivity compared to controlhet flies (Figures 3A–C), indicating that impaired mitochondrial morphology is a consequence of dfa2h deficiency. Similar to what we observed in flies, mitochondrial area and interconnectivity were significantly reduced in patient-derived fibroblasts compared to control fibroblasts (Figures 3D–F). Thus, mitochondrial abnormalities following the loss of FA2H are evolutionarily conserved. To further investigate the origin of these alterations in mitochondrial morphology, we analyzed mitochondrial dynamics. We performed Western blot analyses with DRP1 (mitochondrial fission protein) and MFN2 (mitochondrial fusion protein) antibodies. The results in both flies and fibroblasts revealed that the expression of MFN2 (Figures 3G,H) decreased after the loss of FA2H, whereas the expression of DRP1 (Figures 3I,J) increased. MFN2 is responsible for mitochondrial elongation, and DRP1 for fragmentation. Therefore, the results support our hypothesis that loss of FA2H results in a disrupted mitochondrial network and shortened mitochondria caused by dysregulation of mitochondrial fusion and fission. An imbalance in mitochondrial dynamics is often accompanied by changes in reactive oxygen species levels (ROS) (Yu et al., 2008; Twig and Shirihai, 2011; Vásquez-Trincado et al., 2016). Therefore, we performed an H2O2 analysis to investigate the effects of loss of dfa2h on reactive oxygen species. The assay revealed an increase in H2O2 levels upon dfa2h deficiency (Figure 3K), suggesting that the dfa2h-dependent mitochondrial defects lead to higher ROS concentrations. In conclusion, our results show that the loss of FA2H causes changes in mitochondria.
[image: Figure 3]FIGURE 3 | Immunolabeling reveals mitochondrial changes upon loss of FA2H. (A–C) Larval muscle sections labeled with mitochondrial marker ATP5a. (A) Confocal microscopy images show mitochondrial alteration in loss of dfa2h larval muscle sections. The red signal shows ATP5a labeling visualizing mitochondria, and the blue fluorescence DAPI labeling to visualize the nucleus. (B) dfa2h mutant flies present with less area covered with mitochondria compared to controlhet and (C) reduced interconnectivity calculated by area/perimeter ratio. The dots represent single data points, and the lines show mean ± SEM (n = 25–46). (D–F) Immunolabeling patient-derived fibroblasts using mitochondrial marker GRP75. (D) Confocal microscopy images reveal mitochondria alteration. The red signal shows GRP75 labeling visualizing mitochondria, and the blue labeling DAPI labeling to visualize the nucleus. (E) Patient-derived fibroblasts present with a lower percentage of area covered with mitochondria and (F) reduced interconnectivity calculated by area/perimeter ratio. Dots represent single data points, and the lines show mean ± SEM (n = 36–79). For pairwise comparison, Mann-Whitney-U-Test was performed. All pairwise tests, with p < 0.05, were indicated with asterisks in the figure. (G–J) Western blot analysis to detect alterations of mitochondrial dynamics. (G) Compound heterozygous dfa2h1/dfa2h2 flies present with decreased Mfn2 expression levels, which is consistent with the findings in (H) fibroblasts observing MFN2 levels. (I) DRP1 expression levels were increased in loss of dfa2h flies and (J) in patient-derived fibroblasts. The expression levels were normalized to ß-Actin expression. The dots represent single data points as percentages, with the controls set to 100%. The lines show mean ± SEM (nflies = 4–8; nfibroblasts = 6–12). (K) H2O2 levels in compound heterozygous dfa2h1/dfa2h2 flies are increased compared to controlhet flies. The dots represent single data points as percentages, with the controlhet set to 100%. The lines show mean ± SEM (n = 20–40). For pairwise comparison, Mann-Whitney-U-Test was performed. The asterisk in the figure indicates the pairwise test with p < 0.05.
3.5 Loss of dfa2h can be rescued by overexpression of human FA2H
To test whether the observed effects were indeed a consequence of the loss of dfa2h, we overexpressed human wild type FA2H in fa2h-deficient flies and investigated whether this resulted in partial or complete rescue. Overexpression of human FA2H rescued movement abnormalities (Figure 4A), flight ability (Figure 4B), and wing positioning (Figure 4C) in flies with dfa2h loss. In addition, immunostaining of dLC3 in larval muscle cells (Figure 4D) revealed decreased accumulation (Figure 4E) and intensity (Figure 4F), indicating a complete rescue following the expression of human FA2H in dfa2h-mutant flies. Furthermore, mitochondrial density and interconnectivity (Figures 4G–I) were partially rescued. Therefore, our results confirm that FA2H function is evolutionarily conserved and, hence, the analysis of the compound heterozygous dfa2h1/dfa2h2 line provides new insights into the underlying mechanisms of FAHN disease and as a model for drug screening.
[image: Figure 4]FIGURE 4 | Overexpression of human FA2H rescues the loss of dfa2h phenotypes. The rescue line shows (A) reduced number of flies with movement defects, (B) increased flight ability, and (C) lower number of flies with “held-up” wings compared to the dfa2h1/dfa2h2 mutant. For these experiments, groups of four to five flies were formed (nflight and movement = 25–46; nwing = 25–46). (D) Immunostaining of larval muscle sections with the autophagy marker dLC3 revealed (E) reduced accumulations and (F) intensity in rescue flies compared to compound heterozygous mutants (n = 20–50). The arrows indicate dLC3 accumulations. The green labeling displays dLC3 labeling to visualize autophagy, whereas the blue signal represents DAPI labeling to visualize the nucleus. (G) Larval muscle sections labeled with the mitochondrial marker ATP5a show (H) increased mitochondrial density and (I) interconnectivity in the rescue line compared with the dfa2h1/dfa2h2 mutant line (n = 18–46). The red signal shows ATP5a labeling to visualize mitochondria, and the blue signal shows DAPI labeling to visualize the nucleus. The dots in all these graphs represent individual data points. The controls are set to 1, and the lines show the mean ± SEM. The Kruskal–Wallis test was performed for group comparison with a significance level of p < 0.05 (A–C, E–F, H–I*).
4 DISCUSSION
We here characterized and validated a fly model for FAHN that can be used for loss-of-function analyses and drug screening of dfa2h. FAHN is a rare disease, and the few established FAHN models do not yet provide detailed insights into the consequences of loss of FA2H (Potter et al., 2011; Li et al., 2018; Hardt et al., 2020; Mandik and Vos, 2021). Hence, little is known about its underlying disease mechanism. Furthermore, individual model organisms generally do not reflect the entire disease phenotype (Nagoshi, 2018). Consequently, different model organisms are required to reveal the disease mechanisms entirely. The use of Drosophila models of various neurodegenerative diseases already revealed valuable findings, such as essential insights into the pathology of Alzheimer’s disease (AD) (Williams et al., 2000; Wittmann et al., 2001; Shulman and Feany, 2003; Finelli et al., 2004) or the interaction of PINK1 and Parkin in PD (Clark et al., 2006; Park et al., 2006). A fly model for FAHN has not been previously established. Here, we examined three different dfa2h-deficient fly lines focusing on abnormalities related to the signs and symptoms observed in FAHN patients.
All fly lines showed a reduced lifespan, locomotor dysfunction, and reduced flying ability, consistent with findings in fly modeling of other neurodegenerative diseases with locomotion defects (Wu et al., 2009; Kinghorn et al., 2015). Notably, the experiments revealed a worse movement phenotype of the controlWT compared to controlhet, which increased with age. Our observations align with previous findings that controlWT flies exhibit loss of climbing ability, shortened lifespan, and impaired resistance to stress (Ferreiro et al., 2018). Thus, since heterozygous FA2H mutations do not result in any disease phenotypes in flies or humans, it is a valid control. Furthermore, the abnormal wing position was observed in dfa2h1 and dfa2h1/dfa2h2 but not in dfa2h2. A possible explanation lies in the fact that these mutant lines are transposable insertions. A side effect of transposable elements are random insertions in the genome that are not identified. A homozygous mutant line, therefore, also has these possible random insertions in homozygous conditions. Hence, possible off-target effects are increased while the compound heterozygous mutant lines still have a healthy gene copy. Thus, the observed differences in the homozygous dfa2h-mutants can be explained by these off-target effects that worsen the fitness in addition to the effect upon loss of dfa2h. The analysis of dLC3 in larval muscle cells provides additional evidence supporting the unsuitability of the homozygous mutants to investigate loss of fa2h. Here, the accumulation of dLC3, which is present in patient-derived fibroblasts, was detected in the compound heterozygous alleles but not in the homozygous alleles. Thus, we focused on the compound heterozygous line in further experiments.
Based on the results from the LC3 analyses, we conclude that there is an effect on autophagy leading to higher levels of LC3-II. However, further in-depth analyses are required to determine the exact mechanisms resulting in the observed defects.
Our data on mitochondrial phenotypes revealed problems with mitochondrial morphology that correlated with imbalanced mitochondrial dynamics. Multiple other neurodegenerative diseases, such as PD, AD, and Huntington’s disease, have already been proven to have disturbed mitochondrial dynamics (Wang et al., 2008; Manczak et al., 2011; Zhao et al., 2018; Bonello et al., 2019; Yang et al., 2021). Furthermore, ROS levels were increased upon loss of dfa2h. In Pink1-related PD, upregulated ROS levels were linked to an upregulation of mitochondrial elongation (Poole et al., 2008). However, there is evidence that increased fragmentation can lead to elevated ROS levels as well (Yu et al., 2008; Twig and Shirihai, 2011; Vásquez-Trincado et al., 2016). Mitochondrial fission-fusion balance is a sensitive system. Even small changes in either direction can substantially affect cellular processes (Chan, 2006; Poole et al., 2008; Vásquez-Trincado et al., 2016). In PD, mitochondrial fragmentation stimulates autophagic processes, thus linking an imbalanced mitochondrial network to autophagy (Poole et al., 2008; Narendra et al., 2009).
The rescue experiments on behavioral abnormalities and immunolabeling showed that the expression of human FA2H partially or fully restored the phenotypes of dfa2h loss. This provides evidence that the observed phenotypes are indeed caused by the absence of dfa2h and links the function of FA2H in humans and flies, making our fly model disease-relevant.
Analyses in recent years showed that sphingolipid metabolism significantly impacts cellular processes (Alessenko and Albi, 2020; Alaamery et al., 2021; Mandik and Vos, 2021). For instance, amyloid beta accumulation in AD stimulates sphingomyelin hydrolysis resulting in increased ceramide levels in AD patients (Haughey et al., 2010; Filippov et al., 2012; van Echten-Deckert and Walter, 2012). In a loss of Pink1 fly model, we have linked impaired mitochondria to ceramide accumulation (Vos et al., 2021). Hence, ceramide is a key sphingolipid that, upon mitochondrial accumulation, leads to ceramide-induced mitophagy, the autophagy of mitochondria (Sentelle et al., 2012). FA2H synthesizes 2-hydroxysphingolipids and 2-hydroxyglycosphingolipids and is, therefore, part of the sphingolipid metabolism. Further studies are required to analyze the effect of loss of FA2H on the sphingolipid metabolism and, thus, sphingolipid composition and how these alterations modify cellular processes such as autophagy and mitochondrial function that together suggest an effect on the level of mitophagy.
To conclude, we present a new FAHN model that constitutes a loss of dfa2h fly model. Furthermore, we showed mitochondrial dysfunction and altered autophagy to be evolutionarily conserved and relevant in a disease context. Hence, our fly model can be used for drug screening and studies to increase our understanding of the underlying mechanisms enabling the identification of novel therapeutic targets to treat FAHN.
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