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Summary

ACOX1 (acyl-CoA oxidase 1) encodes the first and rate-limiting enzyme of the very-long-chain
fatty acid (VLCFA) B-oxidation pathway in peroxisomes and leads to H,O, production.
Unexpectedly, dACOX1 is mostly expressed and required in glia, and loss of dACOXZ leads to
developmental delay, pupal death, reduced lifespan, impaired synaptic transmission, and glial and
axonal loss. Patients who carry a previously unidentified, de novo, dominant variant in ACOX1
(p-N237S) also exhibit glial loss. However, this mutation causes increased levels of ACOX1
protein and function resulting in elevated levels of reactive oxygen species in glia in flies and
murine Schwann cells. ACOXZ (p.N237S) patients exhibit a severe loss of Schwann cells and
neurons. However, treatment of flies and primary Schwann cells with an anti-oxidant suppressed
the p.N237S induced neurodegeneration. In summary, both loss and gain of ACOXZ leads to glial
and neuronal loss, but different mechanisms are at play and require different treatments.
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Chung et al. (2020) show that ACOX1, a peroxisomal protein required for degrading VLCFA, is
mostly expressed in glial cells. Its loss causes an accumulation of VLCFA and glial loss. An
ACOX1 gain-of-function mutation identified in three individuals leads to elevated ROS and glial
loss, and is potently suppressed by anti-oxidants.

Keywords

very long chain fatty acids; fatty acid peroxidation; ROS; axonal dystrophy; anti-oxidant NACA
(NACA); Schwann cells; wrapping glia; Drosophila; ACOX1 deficiency

Introduction

Lipids are critical for neuronal development, synaptic plasticity, and function (Adibhatla and
Hatcher, 2008; Tsui-Pierchala et al., 2002). Abnormal lipid metabolism contributes to the
pathogenesis of several neurodegenerative disorders, including Alzheimer’s disease (Liu et
al., 2017; Liu et al., 2015), Parkinson’s disease (Lin et al., 2018; Lin et al., 2019) and
various diseases associated with glial dysfunction (Chrast et al., 2011; Toshniwal and
Zarling, 1992). Mitochondria and peroxisomes have been implicated in some of these
neurodegenerative diseases, but the molecular events that underlie the demise of neurons
vary widely (Vishwanath, 2016). Some neurodegenerative diseases have been associated
with defects in the degradation of fatty acids by p-oxidation, and these disorders share some
common features (Eaton et al., 1996; Poirier et al., 2006; Wanders et al., 2010). In yeast and
plants, peroxisomes are the only site of p-oxidation (Hu et al., 2012; Kao et al., 2018).
However, in vertebrates and insects, peroxisomes have more restricted functions as they are
the site of B-oxidation of VLCFA whereas long and medium chain fatty acids are processed
in mitochondria (Wanders et al., 2010).

Peroxisomal ACOX1 (acyl-CoA oxidase 1) is the first and rate-limiting enzyme in fatty acid
B-oxidation of VLCFA and a major producer of hydrogen peroxide (H,0,) (Schrader and
Fahimi, 2006). ACOX1 deficiency (OMIM #264470) in humans is an autosomal recessive
disorder that causes a rapid and severe loss of nervous system function (Ferdinandusse et al.,
2007). Newborns with ACOXZ deficiency exhibit hypotonia and seizures, then they
experience a gradual loss of learning and speaking skills, usually beginning between the
ages of 1 and 3 (Ferdinandusse et al., 2007). As the condition worsens, children develop
exaggerated reflexes, have an increase in VLCFA, increased muscle tone, severe and
recurrent seizures, and loss of vision and hearing (El Hajj et al., 2012). Most children with
peroxisomal ACOX deficiency do not survive past early childhood (Ferdinandusse et al.,
2007).

We and others have previously reported that loss of various peroxisomal proteins and
enzymes causes severe neuronal defects in flies (Di Cara et al., 2019; Mast et al., 2011;
Wangler et al., 2017). Exactly how loss of peroxisomes contributes to severe neurologic
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phenotypes in flies, mice, and humans is still poorly explored. Here, we report that JACOX1
is expressed in glia and that loss of dACOX1 severely affects lifespan, increases VLCFA,
causes loss of vision, and leads to glial loss and reduced neuronal survival in flies. In
contrast, a novel variant, p.N237S, identified in 3 patients with progressive ataxia and
hearing loss, stabilizes ACOX1 as an active dimer, acts as a gain of function mutation,
produces elevated levels of reactive oxygen species (ROS) in insulating glia, does not alter
VLCFA levels, and leads to the demise of wrapping glia in flies and primary Schwann cells
in mouse. A potent anti-oxidant, N-acetyl cysteine amide (NACA), strongly suppresses these
effects. Our data show that proper activity of peroxisomal f-oxidation is essential for glial
survival, and both loss and gain of ACOX1 severely affects glial function in flies and
humans albeit via different pathways.

Loss-of-function mutations in ACOX1 in flies cause semi-lethality

To assess the consequences of loss of dACOXY in flies, we created two different alleles
based on recently developed CRISPR methods (Lee et al., 2018; Li-Kroeger et al., 2018). To
create a null allele, we replaced the entire open reading frame via homology-directed repair
with the dominant yellow wing+ (ywg+) marker (Figure 1A (bottom) and Figure S1A,
STAR Methods). Homozygous dACOXZ""9 mutants die as pupae, and no escapers are
observed (Figure 1B; 0/859 expected progeny). For the second loss of function allele we
introduced aftP-FRT-SA-T2A-Gal4-polyA-3xP3-EGFP-polyA-FRT-attP (T2A-GAL4) into
the first coding intron of dACOX1, referred to as dACOX172A (Figure 1A (top) and Figure
S1B). The SA-T2A-GAL4-polyA is the core of this artificial exon. It leads to a truncation of
the transcript at the polyA and a truncated protein in conjunction with the production of
GAL4 in the proper spatial and temporal pattern (Figure S1B) (Lee et al., 2018). GAL4 is a
transcriptional activator that binds UAS enhancer sequences and can be used to drive UAS-
nls-mCherry to assess which cells express dACOX1 (Figure S1B).

Both alleles correspond to severe loss of function mutations based on Western blots when
probed with a polyclonal antibody against human ACOX1 (Figure 1C). Quantification of the
faint doublet in dACOX172A homozygote animals reveals that this is not a null allele as
about 510% of protein can be detected (Figure 1C). Approximately 90% of the homozygous
AACOX172A animals die as pupae but about ~10% eclose as adults. This semi-lethality is
also observed in dACOX172A/dACOX1 flies (Figure 1B). Both mutant alleles cause
severe developmental delay of the larva-to-pupal transition after egg deposition (AED)
(Figure 1D). Both CRISPR/Cas9 induced alleles do not carry any other recessive lethal or
visible mutation as the lethality and other phenotypes discussed below are fully rescued by a
20 KB P[acman] BAC genomic rescue (GR) construct that carries the dACOXZ locus
(Venken et al., 2009) (Figure 1B, STAR Methods).

dACOX1 is highly enriched in glia in the nervous system

To assess the expression patterns of endogenous dACOX1 in the central nervous system
(CNS) and peripheral nervous system (PNS) of flies, we crossed dACOX1T2A with UAS-
nls-mCherry to mark the nuclei of cells expressing dACOX1 (Figure 1A and Figure S1B).
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We observed a remarkable co-localization of nls-mCherry and Repo, a nuclear glial marker
in the CNS (Figure 1E, white arrows) and PNS (Figure S2A) including perineural glia and
wrapping glia. In the adult CNS, nls-mCherry is also expressed in most glial cells and very
few neurons (Figure 1F and Figure S2B). These observations are surprising as we
anticipated that JACOX1, a peroxisomal enzyme, would be expressed in most or all cells.

dACOX1 is required for the maintenance of glia

To examine the developmental phenotypes associated with homozygous dACOX172A, we
counted the number of glial cells in larval brains and found no difference with
dACOX17?A-GR (GR, Genomic Rescue) larvae (Figure 2A). Hence, loss of dACOXI does
not affect the development of glial cells up to this stage. To assess the behavioral phenotypes
of homozygous dACOX1724 flies that escape pupal lethality, we first performed lifespan
assays. Homozygote dACOX172A flies are short-lived, and die before day 25 (Figure 2B). In
contrast, 70% of dACOX172A:GR flies live about 50 days. Climbing assays revealed that
young flies (day 3) are not impaired, but by day 15 nearly all dZACOX172A homozygote flies
exhibit severe climbing defects (Figure 2C). Hence, homozygous dACOX172A flies
progressively lose their motor skills and die prematurely.

To determine if loss of AACOX1 affects glia we performed transmission electron microscopy
(TEM) of the wing nerves of 10-day-old dACOX1T2A flies to examine the axons of the
peripheral neurons of the anterior wing. The wing nerves contain three types of glia
(Freeman, 2015; Freeman and Doherty, 2006; Keller et al., 2011): wrapping glia, perineural
glia, and subperineural glia. As shown in Figure 2D, the number of axons in JACOX1T2A
flies is severely decreased (top) compared to control, and many remaining axons are
irregular in shape when compared to the control AACOX1T2A;GR (bottom). Note that most
of the wrapping glia are absent or highly aberrant in size and shape (red arrows). However,
the perineural and subperineural glial cells of the nerves are not or minimally affected when
compared to the control (Figure S2C, black arrows). These data show that dACOX1 is
required for the maintenance of wrapping glia and axons.

Loss of dACOX1 in glia induces progressive vision loss

Patients with ACOX1 deficiency gradually lose vision. Hence, we performed
electroretinogram (ERG) recordings of homozygous dACOX172A flies to assess the vision
in young and older flies. As shown in Figure 3A, between day 2 and day 15 dACOX172A
mutant flies exhibit a strong progressive loss of ERG on- and off-transients and a severe
decrease in amplitude when compared to controls. The on- and off-transients are a measure
of synaptic transmission between the photoreceptor cells and the postsynaptic neurons in the
lamina (Montell, 1999; Sanes and Zipursky, 2010), whereas the loss of amplitude of the
ERG reveals a defect in phototransduction. Interestingly, the ERG defects are rescued by a
UAS-human ACOX1 driven by the homozygous dACOX172A alleles. Hence, the human
homologue can replace the loss of function of dACOX1. To assess the morphological demise
of the retina we raised the flies in the dark and performed Toluidine blue staining on eye
sections of 2 and 15 day old flies. As shown in Figure 3B, we observe a severe
neurodegeneration of the retina between day 2 and day 15.
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Bezafibrate suppresses the loss of function phenotypes associated with loss of dACOX1

As dACOX1 is a rate-limiting enzyme for B-oxidation of VLCFA, dACOX172A should lead
to an increase in VLCFA. To assess if peroxisomal B-oxidation was altered in dACOX172A
mutants, we examined canonical peroxisomal lipids using the same methods as employed
for clinical diagnosis (Hubbard et al., 2009; Moser et al., 1999). We used gas chromatograph
mass spectrometry (GC-MS) (Moser et al., 1999) to measure VLCFA in adult flies and
observed increased levels of total VLCFA, C28/C22, and C26/C22 in dACOX172A mutants
(Figure 3C).

Bezafibrate, an agonist of PPARa used to treat hyperlipidemia, reduces VLCFA synthesis by
inhibiting ELOVL1, a VLCFA synthase (Engelen et al., 2012a; Engelen et al., 2012b)
(Figure 3D). To examine if the increase in VLCFA directly promotes the demise of glia and
axons in dACOX172A animals, we supplemented the fly food with bezafibrate. We assessed
a dose response using 0.2, 0.4, 0.8 and 1.6 uM bezafibrate. As shown in Figure S3A, 0.4 uM
provided the best response to suppress the lethality of dACOX172A animals (Figure 3E).
This bezafibrate treatment (0.4 uM) also improved climbing ability (Figure 3F) and loss of
amplitude dACOX172A (Figure 3G) and OFF transients (Figure S3B) when compared to
flies raised on normal food supplemented with vehicle.

To assess if lowering VLCFA using another strategy improved the phenotypes associated
with loss of dACOX, we reduced the level of dELOV/L 1 using an established RNAI
(Gordon et al., 2018). Reducing dELOVL 1 with this RNAI suppresses lethality (Figure 3E),
improves climbing ability (Figure 3F), and reduces the amplitude reduction (Figure 3G) and
OFF transient defects (Figure S3B). In contrast, overexpression of human ELOVL1 using
dACOX17?A is toxic and causes pupal lethality (Figure 3E). These data argue strongly that
an increase in VLCFA promotes neurodegenerative defects and that reducing the elevated
levels of VLCFA is beneficial.

Three patients with ACOX1 p.N237S display progressive axonal loss

Through the efforts of the Undiagnosed Diseases Network (Splinter et al., 2018) and by
posting ACOXZ on Genematcher (Sobreira et al., 2015), we identified 3 patients with the
same de novo missense variant in ACOX1 (chr17:73951722T>C [hg19];
NM_004035:¢.710A>G, p.N237S). This variant is not present in the parents of any of the 3
families and has not been observed in over 140,000 control genomes and exomes of
gnomAD (STAR methods) (Karczewski et al., 2019; Lek et al., 2016; Wang et al., 2017).
Hence, they are a recurrent de novo event in three unrelated families. In each case the
probands display remarkably similar phenotypes, including a progressive myeloneuropathy
with sensorineural hearing loss (Table 1, STAR Methods), onset from age 3 to 12 years
(STAR Methods). Of note, the ACOX1 variant was not initially flagged by diagnostic
clinical sequencing as prior to our study, ACOXZ was only known to relate to an autosomal
recessive Peroxisomal Acyl-CoA Oxidase Deficiency (STAR methods) (OMIM #264470),
and the 3 patients described here are all heterozygous for the ACOXZ variant. Indeed, the
phenotypes of the three cases contrasted sharply to patients with ACOXZ deficiency, and the
de novo variant present in these probands does not cause an increase in VLCFA suggesting a
new disease mechanism for ACOX (table S1). Finally, the de novo p.N237S variant is
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predicted ‘Damaging’ and ‘Deleterious’ in Poly-Phen (Adzhubei et al., 2010) and SIFT (Ng
and Henikoff, 2003), and has a CADD score of 32 (Rentzsch et al., 2018). These in silico
predictions are indicative that the p.N237S is deleterious.

ACOX1 p.N237S is a gain of function mutation

The crystal structure of ACOX1 revealed that this enzyme acts as a homodimer bound to
Flavin adenine dinucleotide (FAD) (Nakajima et al., 2002; Pedersen and Henriksen, 2005;
Zhang et al., 2016) (Figure 4A). The amino acids that line the FAD binding pocket of
ACOX1 include amino acid N237 (Figure 4B). To assess the functional consequences of the
ACOX1 p.N237S (ACOX1N?375) variant, we ubiquitously overexpressed the human
ACOXIN237Sin flies using the daughterless-Gal4 (da-Gal4) driver and compared them to
flies expressing the reference human protein. To determine the organelle where wild type
and mutant ACOX1 proteins localize, we ubiquitously co-expressed an enhanced yellow
fluorescent protein (eYFP) carrying a peroxisomal targeting signal (PTS1) (da>UAS-eYFP
PTSI). As shown in Figure 4C, both hACOX1WT and hACOX1N237S are |ocalized to
peroxisomes. However, the signal for hRACOX1N237S s strongly increased when compared
to hACOX1WT despite a similar number of peroxisomes being labeled (Figure 4C).
Expression of AFACOXIN?375 s also significantly increased in lysates of 3™ instar larvae
(Figure 4D) or adult flies when probed on Western blots. Most of the ACOX1N237S protein
is detected at ~140 kD, instead of the predicted 70 kD, consistent with the reported
dimerization of the protein (Chen et al., 2018). In contrast, the levels of monomeric
ACOX1N237S gre comparable to those in control animals, both in larvae (Figure 4D) and
adults. These data show that ACOX1N2375 promotes the dimerization of ACOX1. In
addition, this dimer appears to be resistant to protein turnover, as it is much more abundant.

It has been documented that the dimer is the active form of the protein (Chen et al., 2018;
Pedersen and Henriksen, 2005; Zhang et al., 2016). To compare the enzymatic activity of
ACOXIWT and ACOX1N237S, we performed enzymatic activity assays in vitro (Chen et
al., 2018; Small et al., 1985). The data show that ACOX1N237S is more active by ~40%
than ACOX1WT protein when normalized for protein levels (Figure 4E). Given that we also
observe a strong elevation of ACOX1N237S (da>ACOX1N237S) protein levels when
compared to animals that express ACOX1IWT (da>ACOX1WT), we argue that increased
activity combined with elevated protein levels lead to strongly enhanced activity. The
p.-N237 residue is conserved in the fly homolog and corresponds to p.N250 (Figure S4). We
therefore generated transgenic flies that carry wild type or mutant JACOX1
(da>dACOX1N250S). Expression of dACOX1N250S also leads to accumulation of a
dimeric JACOX1 when compared to dACOX1IWT overexpression in larvae (Figure S5A),
suggesting that a role of N237 in dimer formation is evolutionarily conserved.

In contrast to flies that lose dACOXI (dACOX172A), we observe no difference in VLCFA
levels between these controls (da>dACOXIWT) and mutant flies (da>dACOX1NV2505)
(Figure 4F). Given the increase in active dimers we measured the levels of ROS (Chen et al.,
2018; Schrader and Fahimi, 2006) using protein electrophoresis followed by detection of
HNE (hydroxynonenal)-modified proteins using an anti-4HNE polyclonal antibody (STAR
Methods). 4HNE is a highly toxic aldehyde product of lipid peroxidation and is a sensitive
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marker of oxidative damage and lipid peroxidation (Esterbauer et al., 1985). We found a
mild increase of 4HNE signal when we overexpressed dACOXIW7. However,
AACOXIN?505 gyerexpression caused a dramatic increase in the levels of the 4-HNE-
modified proteins arguing that overexpression of dACOX1V2%0S induces much more ROS
than overexpression of dACOXIWT (Figure 4G, Figure S5B). The above data indicate that
ACOX1 p.N237S is a gain of function variant that leads to the formation of a constitutively
active dimer that generates excess ROS.

Expression of dACOX1N250S causes lethality that is potently suppressed by an anti-
oxidant, N-acetyl cysteine amide (NACA)

To assess whether the expression of dACOXINV?505 causes defects in flies we ubiquitously
expressed the dACOXIWT and dACOX1IV?90S variants. Overexpression of dACOXIWT
causes a reduction in eclosion by ~25%. The remaining 75% of flies eclose and do not
exhibit any obvious behavioral defects (Figure S5C). In contrast, only 20% of the
AACOXIN?505 flies eclose (da>UAS-dACOXINZ505) byt these flies are unable to fly, walk,
or feed, and die in less than 2 days (Figure S5C, movie S1). To determine if these flies
exhibit glial and/or axonal loss, we performed TEM of the wing nerves on day 1 in
AACOXIN?505 flies (da>UAS-dACOXINV2505), As shown in Figure S5D, the number of
axons are severely decreased and we observed abnormal multi-lamella bodies (Figure S5D,
red arrows) and aberrant membrane structures (Figure S5D, yellow arrow). Multilamellar
bodies have been associated with neurodegenerative models (Nixon et al., 2005; Phillips et
al., 2008; Tagliaferro and Burke, 2016). In addition, many axons are irregular in shape, and
most of the wrapping glia are aberrant in size and shape. These data show that
AACOXIN?505 is toxic and leads to axonal loss as well as glial loss (Figure S5D).

The dimer of ACOX1 is the active form implicated in VLCFA B-oxidation and generates
H,0, during its enzymatic reaction. H,O, is reduced by peroxisomal catalase, an abundant
peroxisomal enzyme responsible for the conversion of H,O5 into O, (Schrader and Fahimi,
2006). Hence, we determined whether anti-oxidants are able to suppress the lethality of
AACOXIN?505 \We tested NACA, N-acetyl cysteine amide. This low-molecular-weight
molecule has been shown to be a potent anti-oxidant in flies and mice that efficiently crosses
the bloodbrain-barrier, scavenges ROS, and increases intracellular glutathione (Amer et al.,
2008; Grinberg et al., 2005; Liu et al., 2017; Liu et al., 2015). In the absence of NACA, no
0a>aACOXIN?505 flies survive beyond day 2 as shown in Figure 5A (flat green line).
Supplementing food with NACA (160 ug/ml) rescues the lethal phenotype of
0a>adACOXIN?505 and each vial typically produced 60% of the expected flies (3 repeats).
Importantly, these flies were not only viable, but were able to walk, climb, fly, mate, and
reproduce. Additional improvements in viability were not noted when using higher
concentrations of NACA (320 pg/ml) (Figure S5E). Importantly, the lethality associated with
the dACOX1 loss of function mutation was not suppressed by NACA at any concentration,
showing that the specific nature of the lesion in the gain of function mutation (p.N250S) is
elevated ROS (Figure 5A).

To determine if reducing ROS can be beneficial for da>dACOX1N?50S expressing flies post-
development, we compared the life span of flies that are exposed to NACA during
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development and after eclosion with flies that are raised on NACA but switched to standard
diet after eclosion (Figure 5B). Lack of NACA following eclosion leads to death by day 23.
Conversely, animals that remained on NACA-containing food performed significantly better,
and 50% lived beyond day 40. Hence, NACA provides a robust protection against insults
induced by expression of dACOX1V?Vin adult flies (Figures. 5A and B). Consistent with
this, overexpression of peroxisomal catalase also rescued both the lethality and life span
defects associated with dACOX1N2505 (Figure 5B).

We next wished to determine which tissue/cells are affected by the gain of function
mutation. Ubiquitous expression (da-Gal4; Act-Gal4 and Tub-Gal4) of dACOX1INV250S byt
not dACOXIWT (Figure 5C, STAR Methods) causes 100% lethality. We therefore carried
out a Gal4screen with tissue specific drivers to determine which tissues or cells are
susceptible to dACOXIN?50S overexpression. We selected 20 different Gal4 drivers.
Expression of dACOX1N2505 by neuronal-specific Gal4 drivers (Elav-Gal4 and Nsyb-Gald)
cause a slight reduction (~5-15%) in viability but do not cause any obvious
neurodegenerative phenotypes. However, overexpression of the glial specific driver Repo-
Gal4 as well as the wrapping glia driver egr-Gal4 decreases viability by more than 50%. Yet,
there are about 10 X more neurons than glia in flies (Freeman, 2015; Freeman and Doherty,
2006). In contrast, astrocyte (A/rm-Gal4) or ensheathing glia (Mz-Gal4) specific Gal4s lead
to only mild effects on viability (10% and 15%, respectively). Expression of dACOX1NV2505
using other Gal4s including ring gland (Feb36-Gal4 and Mai60-Gal4), hemocyte (Hml-
Gal4, He-Gal4 and Pxn-Gal4), and fat body (Cg-Gal4) drivers did not affect fly viability
(Figure 5C). These data clearly indicate that fly wrapping glia are sensitive to the high ROS
induced by dACOXIN250S,

Expression of dACOX1N250S jn wrapping glia causes severe motor deficits that are
restored by catalase overexpression

AACOXIN?505 is toxic when expressed in glia (Figure 5C), and wild type dACOX1 is
abundantly expressed in most glia cells in the adult brain (Figure 1F, Figure S2B).
Therefore, we next assayed climbing in flies expressing dACOX1V2505 driven by three
specific glial drivers: Mz, ensheathing glia; a/rm, astrocytes; and egr, wrapping glia.
Overexpression of dACOXIN?50S by Mz-Gal4 or Alrm-Gal4 did not cause obvious lethality
or motor deficits, however, wrapping glia-specific expression by egr-Gal4 significantly
affected survival and climbing (Figures 5D and E). To determine if these motor defects are
caused by high ROS, we co-expressed UAS-catalase (Missirlis et al., 2001) together with
UAS-dACOXIN2505. Consistent with the rescue of lethality shown previously with NACA
administration (Figures 5A and B), overexpression of catalase rescued both the climbing
defects and lethality associated with dACOX1V2%05 (Figures 5D and E).

Overexpression of ACOX1WT and ACOX1N237S causes Schwann cell death which is
suppressed by an anti-oxidant

To investigate the role of ACOX1 in glia in vertebrates, we characterized its expression
pattern in the rat sciatic nerve. Immunohistochemistry of Acox1 in transverse sections of the
sciatic nerve revealed that it co-localizes with S100+ myelinating Schwann cells (Figure
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6A). However, we did not observe Acox1 in cells co-stained with Neurofilament-H, an
axonal marker (Figure 6A, STAR Methods).

Given that dACOXI plays an important role in wrapping glia in flies, and murine Acox1 is
expressed in Schwann cells, we next overexpressed FACOXIY7 in rat primary Schwann
cells using a lentivirus and observed a reduction in the number of S100-expressing cells
(Figure 6B). This suggests that overexpression of FACOXIWT can affect Schwann cell
viability, consistent with the elevated ROS observed when dACOXIWT is expressed in flies.
Expression of PACOXIN2375 in rat Schwann cells caused an even more severe increase in
apoptotic cell death than the wt isoform (Figure 6B). Interestingly, the toxic effects of
HACOXIWT and hACOXIN?37S in rat Schwann cells are strongly suppressed by NACA
(Figure 6B) when compared to vehicle control. The ACOX1N237S protein is more abundant
as a dimer similar as what was observed in flies (Figure 4D, Figure 6C), and we also did not
observe a change in expression of the peroxisomal marker, PMP70 (Figure 6C). We also
observe an increase in H,O, when we overexpress AFACOXIWT and hACOXINZ505 in
Schwann cells and this increase is again suppressed by NACA (1.5 mM) (Figure 6D).

To assess if the ACOX1N237S protein creates a homodimer or heterodimer with the wild type
isoform we performed co-immunoprecipitation experiments in primary Schwann cells. We
transfected 4 different combinations of ACOX1 constructs with different tags into primary
Schwann cells 1) Flag-ACOX1IWT + V5-ACOX1WT; 2) Flag-ACOX1WT + v5-
ACOX1N237S; 3) Flag-ACOX1N237S + /5. ACOX1WT; and 4) Flag-ACOX1N237S + /5.
ACOX1N237S_ Ag shown in Figure 6E, the mutant homodimer is clearly much more
abundant than the wild type homodimer or the heterodimers. We further examined the
effects of protease inhibitor, MG132 (STAR Methods) on the expression of ACOX1. As
shown in Figure 6F, the levels of monomeric ACOX1WT were increased by MG132 but the
levels of dimeric ACOX1WT were not changed when compared to control without MG132.
However, the levels of monomeric ACOX1N237S were not changed but the levels of dimeric
ACOX1N237S wyere slightly increased by MG132. This suggests that monomeric
ACOX1N237S gppears to be resistant to protein turnover, and preferentially exists as a mutant
homodimer that is a toxic (Figure 6E).

ACOX1N237S causes a disorder associated with severe Schwann cell loss and myelination

defects

Patient 1 displayed a progressive neuropathy and received serial nerve conduction studies
and a sural nerve biopsy as part of his clinical care, allowing examination of the human
Schwann cells. We observed a prominent loss of large and small myelinated and small non-
myelinated axons in the sural nerve of Patient 1 when compared to a normal nerve section
(Figures 7A, Figure S6A and B). As shown in Figure 7A, Toluidine blue showed actively
degenerating axons and abnormal myelin folding. Transmission electron microscopy (Figure
7B) showed degenerating Schwann cells with lipid droplets and myelin debris (Figure S7).
We labeled a transverse section of the nerve for neurofilament (NF), an axon marker (Nixon
and Shea, 1992), as well as for neural cell adhesion molecule (NCAM), a marker of non-
myelinating Schwann cells (Figure S6A) (Rutishauser et al., 1988). Staining for myelin
basic protein (MBP) showed an obvious loss of large myelinated axons (fig S6A). Blingner
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Schwann cells, usually observed with chronic axon loss, are not present in normal sural
nerves (Arthur-Farraj et al., 2012; Shy, 2006). However, we observed an increased number
of Bungner Schwann cells in the sural nerve of Patient 1, consistent with his chronic axon
loss (Figure S6A-S6C and table S2).

Our data demonstrate that NACA is an effective drug to reverse the effects of ACOX1 gain
of function in fly and primary Schwann cells (Figures 5 and 6), and this drug can penetrate
the blood-brain-barrier (Amer et al., 2008; Grinberg et al., 2005). Given that NACA is not
yet approved for human use, during a severe disease flare Patient 1 was started on very high
doses of the NAC as an alternative. His disease course initially stabilized (Figure S8, table
S3), and he had an 11 month phase of improvement. However, use of NAC, which does not
penetrate the blood-brain-barrier, was unable to prevent another severe disease flare of the
central nervous system. Therefore, after 7 years of a waxing and waning course of peripheral
disease, Patient 1 succumbed over the course of weeks to the acute and rapid onset of central
nervous system disease. With high regard to his immeasurable contributions to help us
understand the pathogenesis of ACOX1 gain of function, we propose to name this disease
Mitchell disease in honor of Patient 1.

Discussion

Role of VLCFA in myelin and axonal insulation: vertebrates versus flies

Flies have no myelin and this has often been raised as a concern for modeling glial disease
in flies. However, our data indicate striking parallels between wrapping glia and Schwann
cells. Myelin is rich in VLCFA, and ELOVL1, an enzyme that synthesizes VLCFA from
LCFA, and VLCFA are required for myelin maintenance (Imgrund et al., 2009; Ohno et al.,
2010; Sassa and Kihara, 2014). Indeed, VLCFA are incorporated in glycerophospholipids
and most VLCFAs in mammals are present in sphingolipids (Kihara, 2012), lipids that are
abundant in the outer leaflet of the plasma membrane (Kihara, 2012), especially in lipid rafts
and myelin where they reduce the fluidity of membranes. The ratio of C24 sphingolipids/
total sphingolipids varies in different tissues. In mice, C24 sphingomyelin accounts for
~25% of the sphingomyelin in the brain (Laviad et al., 2008) and VLCFA are converted to
C24 sphingolipids by ceramide synthase 2 (CerS2) (Ohno et al., 2010), which is required for
myelin maintenance (Imgrund et al., 2009). Loss of CerS2leads to an 80% reduction of
myelin basic protein. Hence, VLCFA are critical for myelin maintenance. Interestingly, a
form of the progressive neuropathy Charcot-Marie-Tooth disease (CMT1A) (Hong et al.,
2016) is caused by a mutation in PMP2which encodes Fatty Acid Binding Protein 8 that is
abundantly expressed in Schwann cells and binds LCFA (Smathers and Petersen, 2011). Glia
in flies do not contain myelin, but the wrapping glia that insulate axons are rich in the
ceramide phosphoethanolamine (CPE) a lipid that is very similar to sphingomyelin (Faust et
al., 2014; Freeman and Doherty, 2006; Kretzschmar et al., 1997). Depletion of CPE results
in defasciculation and failure of wrapping glia to enwrap peripheral axons similar to CMT
(Ghosh et al., 2013). We have previously shown that VLCFA are present in CPE in flies (Lin
et al., 2018); based on these data we estimate that 67% of all CPEs contain VLCFA above
C22 in length and 19% contain FA longer than C24. Our data here indicate that an increase
in VLCFA upon loss of ACOXZ also causes a defasciculation and failure of wrapping glia to
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ensheath axons. Similarly, patients with loss of ACOXZ also exhibit demyelinating
peripheral and central neuropathies (El Hajj et al., 2012; Ferdinandusse et al., 2007; Raas et
al., 2018). Hence, not being able to break down VLCFA is toxic (Khan et al., 2005;
Schonfeld and Reiser, 2016; Wanders et al., 2010) and most likely severely affects the
membrane composition of wrapping glia and myelin (Lingwood and Simons, 2010; Sassa et
al., 2012; Simons and Ikonen, 1997), drawing striking parallels between myelin in vertebrate
glia and CPE in wrapping glia in insects. Our findings that bezafibrate (Figure 3), a drug that
inhibits the synthesis of VLCFA, strongly suppresses the phenotypes in ACOXZ deficient
flies clearly supports the evidence that elevated levels of VLCFA in glia may be a key trigger
for glial and axonal loss.

Energy metabolism in neurons and glia

Our data show that ACOXZ is abundant in glia and poorly expressed in neurons in both flies
and mice (Figuresl and 6). This finding is in agreement with previous observations in
vertebrates that peroxisomes are abundant in Schwann cells, but absent in the axons they
enwrap (Kassmann et al., 2011; Kleinecke et al., 2017). The breakdown of myelin leads to
the production of VLCFA that, through p-oxidation in peroxisomes produce LCFA that can
be used as an energy source in the mitochondria of glial cells. Glial cells are known to
provide lactate to neurons as an energy source in vertebrates (Pellerin and Magistretti, 1994)
and flies (Liu et al., 2017; Liu et al., 2015; Saab et al., 2016). (Kassmann, 2014) proposed
that LCFA produced in glia may correspond to a second energy source for axons (Kohlwein
et al., 2013; Reddy and Hashimoto, 2001). We have previously shown that lipids can be
transferred from neurons to glia, requiring fatty acid transport protein and apolipoprotein D
(Dourlen et al., 2012; Liu et al., 2017; Liu et al., 2015). A similar export pathway may
transport fatty acids from glia to neurons (Kis et al., 2015). Hence, the reduction in LCFA in
glia upon loss of ACOX1 may also be detrimental for axons and deprive them of an energy
source.

In mammals, peroxisomes are observed in astrocytes, oligodendrocytes, microglia, and
Schwann cells (Kassmann et al., 2007; Kassmann et al., 2011; Kleinecke et al., 2017).
Although mice that lack the peroxisomal proteins Pex5 (Baes et al., 1997; Dodt et al., 1995)
or Pex11 (Hanson et al., 2014) display severe neurological defects, removal of Pex5
specifically from neurons or from astrocytes does not cause obvious phenotypes (Bottelbergs
et al., 2010). In contrast, removal of Pex5 from oligodendrocytes (CNP-Pex5 knock-out)
induces demyelination and severe axonal loss (Kassmann et al., 2007) suggesting that axonal
loss is caused by peroxisome-deficient oligodendrocytes. In addition, mice that lack Mfp2, a
VLCFA metabolizing enzyme that acts downstream of AcoxZ, also exhibit severe loss of
axons (Turk et al., 2017; Verheijden et al., 2015). Again, these defects are not observed
when Mfp2is only absent from neurons or astrocytes (Beckers et al., 2018). However, mice
deficient for Mfp2in oligodendrocytes do not show prominent pathology in the first year of
life. This is inconsistent with observations in flies and humans (McMillan et al., 2012),
suggesting some redundancy for Mfp2in mice. Finally, loss of AcoxI in mice has not been
associated with axonal loss in the first 6 months of life (Fan et al., 1996), nor has a
neurodegenerative phenotype been documented yet (Moreno-Fernandez et al., 2018). Hence,
humans and flies share similar phenotypes in the absence of ACOX1 that have not yet been
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observed in mice. We propose this may be due to redundancy with murine Acox2 and
Acox3.

STAR Methods text
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Hugo J Bellen (hbellen@bcm.edu). All unique/stable reagents
generated in this study are available from the Lead Contact without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human patients—A detail information on how three patients were allocated to
experimental groups are described in Table 1 and Supplementary material: extended case
reports.

Primary Schwann cell culture—4 weeks old female SAS Sprague Dawley Rats were
obtained from Charles River Laboratories, and Schwann cells from adult sciatic nerves were
cultured as previously described (Lee et al., 2007; Lee et al., 2009). Briefly, the sciatic
nerves of adult Sprague-Dawley rats were axotomized to enhance the Schwann cell
population. Sciatic nerves were isolated and submitted to a chemical digestion in 0.2%
collagenase in calcium/magnesium-free Hank’s buffered solution at 37°C for 2 hrs. The
nerves were then dissociated by gentle shaking for 2 min followed by 2 or 3 triturations
using a flame-polished Pasteur pipette. The cell pellets obtained after centrifugation were
resuspended in DMEM containing 10% FBS and plated for 2 d. After 2 sub-cultures, the
identity and purity of Schwann cells were assessed by immunostaining with an antibody
against S100. For viral infection of Schwann cells, cells were dissociated and plated in
culture media with forskolin (10 pM) and NRG-1 (200 ng/mL), then subsequently infected
with either hACOX1WT or hACOX1N237S_|enti-pHAGE or control lentivirus for 14 hrs. For
the chemical treatment experiments, Schwann cells were transfected using ImFectin
(GenDepot, STAR Methods) transfection reagent for 6 hrs and harvested for analysis 3 days
after transfection. NACA (1.5 mM) was treated on a daily basis for 3 days after transfection.
MG132 (20 uM, Sigma) were treated 20 hrs before harvesting cells.

METHOD DETAILS

Fly strains and genetics—dACOX2Y and dACOX172A alleles were generated as
described by (Li-Kroeger et al., 2018) and (Lee et al., 2018), respectively. The following
oligonucleotides were used to generate the dACOX2"Y allele:

Upstream sgRNA
FW: 5" - CAACGAAGACGGACGCTTTG -3’
Upstream HMA forward oligo:

FW: 5’ — atatatGGTCTCtGACCggaatctcacagtcactggtatc — 3’ Upstream HMA reverse oligo:
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FW: 5’ — gagagagGGTCTCgATCCagcgtccgtcttcgttG — 3°
Downstream sgRNA
FW: 5" — GCAATAGGATATGAATCTAGAGG - 3’
Downstream HMA forward oligo:
FW: 5’ — atatatGGTCTCtTTCCgattcatatcctattgctctggaag — 3’
Downstream HMA reverse HMA oligo
FW: 5" — agagagGGTCTCgTATAcagaagcttttgctgaagg — 3’

The genetically modified regions of these alleles were confirmed by Sanger DNA
sequencing. The dACOXZ genomic rescue line was generated by injection of the 20kb
P[acman] clone CH322-174F04 (Venken et al., 2009) into the y,w, @C31,; VK33 target site at
65B2 (Venken et al., 2006). Transgenic lines harboring the P[acman] construct were selected
based on their eye color (white?). All the fly stocks were maintained at room temperature
(22°C). Flies were raised at 25°C or 29°C.

Transmission electron microscopy—Adult fly retinas were processed for TEM
imaging as described (Luo et al., 2017). Samples were processed using a Ted Pella Bio Wave
microwave oven with vacuum attachment. Adult fly heads were dissected at 25 °C in 4 %
paraformaldehyde, 2 % glutaraldehyde, and 0.1 M sodium cacodylate (pH 7.2). Samples
were subsequently fixed at 4 °C for 48 hr. 1 % osmium tetroxide was used for secondary
fixation and subsequently dehydrated in ethanol and propylene oxide, and then embedded in
Embed-812 resin (Electron Microscopy Science, Hatfield, PA). 50 nm ultra-thin sections
were obtained with a Leica UC7 microtome and collected on Formvar-coated copper grids
(Electron Microscopy Science, Hatfield, PA). Specimens were stained with 1 % uranyl
acetate and 2.5 % lead citrate and imaged using a JEOL JEM 1010 transmission electron
microscope with an AMT XR-16 mid-mount 16 mega-pixel CCD camera. For quantification
of ultrastructural features, electron micrographs were examined from 3 different animals per
treatment.

Transmission electron microscopy for wing margin—Drosophila wing margins
were imaged following standard electron microscopy procedures using a Ted Pella Bio Wave
processing microwave with vacuum attachments. The fly was covered in 2%
paraformaldehyde, 2.5% glutaraldehyde, in 0.1 M sodium cacodylate buffer at pH 7.2.
Briefly, the thorax was dissected under the fixative away from the head and abdomen leaving
the wings on the thorax. After dissection the thorax was incubated overnight up to 3 days in
the fixative on a rotator. The pre-fixed thorax with wings was then fixed again, rinsed by 3x
with Millipore water, post-fixed with 1% aqueous osmium tetroxide, and rinsed again 3x
with Millipore water. Concentrations from 25-100% of ethanol were used for the initial
dehydration series, followed with propylene oxide as the final dehydrant. Samples were
gradually infiltrated with 3 ratios of propylene oxide and Embed 812, finally going into 3
changes of pure resin under vacuum. Samples were allowed to infiltrate in pure resin
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overnight on a rotator. The samples were embedded into flat silicone molds arranged so that
the sample could be cross sectioned in the wing margin area. The samples were then cured
in the oven at 62°C for three days. Thinsections of the polymerized samples were cut at 48—
50 nm and stained with 1% uranyl acetate for 10 minutes followed by 2.5% lead citrate for 2
minutes before TEM examination. Grids were viewed in a JEOL 1400+ transmission
electron microscope at 80kV. Images were captured using an AMT XR-16 mid-mount 16
mega-pixel digital camera.

Cloning and transgenesis—Site-directed mutagenesis was performed using iProof™
High-Fidelity DNA Polymerase (Bio-Rad) as previously described (Ansar et al., 2018).
Briefly, using the full-length cDNA of dACOX1 in the pENTR223 Gateway donor vector
(GHO7485 from Drosophila Genomics Resource Center) and hACOX1 in the pPENTRY221
Gateway donor vector (closed clone, IOH27813 from Invitrogen). The information for the
primers to generate dACOX1 p.N250S and hACOX1 p.N237S, is described in STAR
methods. The fully sequenced pENTR223 dACOXIWT, pENTR223 dACOX1NZ50S,
PDON221 hACOXIWT and pDON221 hACOXIN?37S clones were subcloned into the pGW-
attB HA with NEB® 5-alpha Competent E. coli (STAR Methods) (Bischof et al., 2013)
vector to generate pGW-attB-dACOXIWT pGW-attB-dACOXIN?0S, phGW-attB-
hACOXIWT and pGWattB-hACOXIN2375, These constructs were injected into

YW, @C31; VK33 embryos (Venken et al., 2006) and transgenic flies were selected by the w+
marker on the pGW-attB-HA vector. Although the plasmid contains a C’-3xHA tag, this tag
is not added to the ACOX1 proteins due to a stop codon present before the tag. pDON221
HACOXIWT and pDON221 hACOXIN?375 clones were subcloned into the pDEST-
CMV-3xFLAGgateway-EGFP (Addgene) and pCDNA-DEST40 (Invitrogen) vectors for the
co-immunoprecipitation experiments in primary Schwann cells.

Drosophila behavioral assays—Climbing was performed as previously described
(Marcogliese et al., 2018). Briefly, flies were anesthetized 24 hrs before testing using CO2,
then housed individually. Flies were transferred to an empty vial and given 1 min to
habituate before being tapped to the bottom of the vial and examined for a negative geotaxis
(climbing) response. Flies were given a maximum of 30 s to reach 7 cm. For lifespan,
freshly eclosed flies were separated by genotype and sex and incubated at 25°C. Flies were
flipped into a fresh vial every 3 days and survival was determined once a day. At least 100
flies were tested in each assay.

ERG Recording of Fly Eye—ERG recordings were performed as described in
(\Verstreken et al., 2003). In brief, flies were glued to a slide with Elmer’s Glue. A recording
electrode filled with 100 mM NaCl was placed on the eye, and a reference electrode was
placed on the fly head. During the recording, a 1 s pulse of light stimulation was given, and
the ERG traces of ten flies for each genotype were recorded and analyzed with WinWCP
v.5.3.3 software.

Glutaraldehyde cross-linking experiment—The cross-linking experiment was
performed with minor modifications to a previously described protocol (Chen et al., 2018).
In brief, 200ul of whole fly lysates extracted from modified RIPA buffer (50 mM Tris-Cl,
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150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 1 mM
NazVOy, 10% glycerol and Roche protease inhibitor mix, STAR methods) were treated with
5 ul of 2% glutaraldehyde at 37°C for 3 min. The reaction was terminated by adding 15ul of
1 M Tris—HCI (pH 8.0) and then subjected to Western blot analysis.

ACOX1 enzymatic activity assay—ACOX1 enzyme activity was determined as
described previously (Chen et al., 2018; Small et al., 1985). hACOX1WT and hACOX1N237S
were incubated for 30 mins in enzymatic activity reaction solution (150 ul) (0.8 mM 4-
aminoantipyrine (Sigma), 11 mM phenol solution, 0.04% Triton X100, 0.05% (w/v)
palmitoyl-CoA (Sigma), 5 uM FAD (Sigma), 1 purpurogallin units’ peroxidase enzyme
(Sigma) in 50 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer (Sigma)), and
activity of ACOX1 was measured by the ratio of A520 change in 5 min. Both human
ACOX1 WT and human ACOX1 N237S protein were extracted using TNT® Quick Coupled
Transcription/Translation System (Promega, STAR Methods), and purified using Flag
Immunoprecipitation Kit (Sigma, STAR Methods). Each sample was analyzed in triplicate.

Protein electrophoresis—Western blot was performed as previously described (Kanca et
al., 2019). Briefly, the whole bodies of adult flies or larvae were homogenized in modified
RIPA buffer (50 mM Tris-Cl, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS, 50 mM NaF, 1 mM NagVOy,, 10% glycerol and Roche protease inhibitor mix) on ice.
Tissue or cell debris were removed by centrifugation (15,000rpm). For co-
immunoprecipitation in primary Schwann cells, cells were lysed on ice using a Dounce
homogenizer in 0.1% CHAPS buffer (STAR Methods) (50 mM HEPES (pH7.5), 50 mM
KCI, 2 mM MgCl,, 1 mM EDTA (pH 8.0), 0.1% CHAPS (Sigma), 1 mM DTT, 1 mM
PMSF, proteinase inhibitor and phosphatase inhibitor cocktail (Roche)), and the lysates were
immunoprecipitated with 1pg of rabbit anti-Flag (M2, Sigma, STAR Methods) bound to
Dynabeads (Dynabeads™ Protein G, Invitrogen, STAR Methods) at 4 °C for overnight. The
immunocomplexes were washed five times with cold IP buffer using magnet (DynaMag,
Invitrogen, STAR Methods) at 4 °C. The samples were boiled in protein loading buffer at 94
°C for 3 mins, and isolated lysates were subject to electrophoresis using a 4%-15%
MiniPROTEAN TGX precast native gel (Biorad, STAR Methods) and 10x Tris/Glycine
Buffer (nonSDS, Biorad, STAR Methods). The native gels were transferred to Immobilon-
FL polyvinylidene difluoride membranes.

Drug administration in fly food—NACA (STAR Methods) was added freshly to regular
fly food at the indicated concentrations: 40 pg/ml, 80 pug/ml, 160 pug/ml, and 320 pg/ml
dissolved in distilled water (Liu et al., 2015). For life-span analysis, flies were transferred to
freshly prepared food supplemented with NACA every 2 days. Bezafibrate (Sigma, STAR
Methods) was added freshly to regular fly food at the indicated concentrations: 0.2 uM, 0.4
UM, 0.8 uM, 1.6 uM, dissolved in DMSO.

Immunocytochemistry—In brief, salivary gland staining was performed as previously
described (Chung et al., 2016). Briefly, glands were fixed with 4% paraformaldehyde in
phosphate buffered saline (PBS) for 30 min and then permeabilized in 0.1% Triton X-100 in
PBS at room temperature for 1 hr. After permeabilization, the tissues were used for
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immunofluorescence staining with the following antibodies: Rabbit anti-DLG (from Kwang-
Wook Choi (Lee et al., 2003), STAR Methods), Mouse anti-DLG (4F3, DSHB (Parnas et al.,
2001), STAR Methods). For immunocytochemistry of fly brains, tissues were dissected in
PBS and fixed in 4% paraformaldehyde in PBS at 4°C on a nutating platform, then
transferred to 0.2% Triton X-100 in PBS (0.2% PBST) at 4°C on a nutating platform for
overnight incubation. For immunostaining, the samples were blocked in 5% BSA/2% PBST
and incubated with the primary antibodies: Rat anti-Elav (1:500, 7E8A10, DSHB (O’Neill et
al., 1994), STAR Methods) and Mouse anti-Repo (1:50, 8D12, DSHB, (Alfonso and Jones,
2002), STAR Methods) diluted in 5% BSA/0.2% PBST at 4°C for 48 hrs with nutation, then
washed 3x with 0.2% PBST for 5 min. The secondary antibodies Donkey anti-Mouse (Cy3)
and Donkey anti-Rat (Alexa-647) (Jackson ImmunoResearch, STAR Methods) were diluted
1:250 in 5% BSA/0.2% PBST and incubated with the samples at 4°C for 48 hrs on a rotating
platform. Samples were cleared and mounted in RapiClear (SunJin Lab Co.) and imaged
with a Leica SP8 Confocal Microscope under a 20x objective lens and analyzed using Fiji
(Schindelin et al., 2012).

H>0, absorbance assay—To measure H,O, absorbance in primary Schwann cells, cells
were lysed on ice using a Dounce homogenizer in 0.1% CHAPS buffer (50 mM HEPES
(pH7.5), 50 mM KCI, 2 mM MgCl,, 1 mM EDTA (pH 8.0), 0.1% CHAPS, 1 mM DTT, 1
mM PMSF, proteinase inhibitor and phosphatase inhibitor cocktail (Roche)), and the lysates
were directly applied to H,O, assay kit (ab102500; Abcam, STAR Methods) and were
analyzed with a fluorescence spectrophotometer (FLUOstar OPTIMA, STAR Methods).

Sciatic nerve staining—Mouse sciatic nerves were fixed in 4% paraformaldehyde and
cryo-protected in 20% sucrose. To detect the endogenous expression of ACOX1 in sciatic
nerve, the following antibodies were used: Mouse anti-hACOX1 (1:500; HPA021195,
Sigma-aldrich, STAR Methods), Rabbit antiS100 (1:1000; GA50461-2, DAKO, STAR
Methods), Chick anti-Neurofilament-H (1:5000; 835601, BioLegend, STAR Methods).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as dot or bar plots, in which the mean +/- standard error of the mean
(SEM) are depicted. All statistical analysis was performed using Graphpad Prism (GraphPad
Software, Inc., Ca, US). When the means of 2 groups were compared, a two-tailed unpaired
t-test was used, and when the means of 2 variables of more than 2 groups were compared, a
two way ANOVA with Tukey’s multiple comparisons post-test was used. Results were
designated significant when the P-value (p)<0.05: *= p<0.05, **= p<0.01, ***= p<0.001,
n.s. = non-significant
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Highlights
Loss of dACOX1 leads to glial degeneration via accumulation of VLCFA
A de novo ACOX1N237S gain-of-function mutation also leads to glial loss

Glial loss in ACOX1N237S is associated with elevated ROS, not an increase
in VLCFA

N-acetyl cysteine amide, an antioxidant, suppresses glial defects in
ACOX1N237S flies
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Figure 1.

Loss of function mutations in dACOXZ in flies cause lethality

(A) Schematic representation of the molecular lesion in dACOX1, the dACOX1 deletion
(dACOX2), and the insertional mutation (dACOX1724). (B) Summary of
complementation tests. GR: Genomic Rescue construct. The numbers indicate the # of
observed flies versus # of expected flies (C) Western blot of dACOX1 with protein lysates
from 3rd instar larvae of dACOX1724; GR (control), dACOX2™I and dACOX172A showing
diminished dACOX1 level with both mutant alleles. Mean £ s.e.m. ***p< 0.001. (D) Larval
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growth curves of control, dACOXZI and dACOX172A animals. (E) dACOX1I is expressed
in glia of larval CNS. The expression of dACOX172A>nls-mCherry (magenta) colocalized
with anti-Repo (green), marking the glia nuclei, in larval CNS. Scale bar: 15um. (F)
AdACOX1 is expressed in most glia of adult flies. The expression of dACOX1T2A>UAS-nls-
mCherry (magenta) colocalized with anti-Repo (green), marking the glia nuclei, in the adult
fly brain. Scale bar: 5um
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Figure 2. dJACOX1 is required for maintenance of glia
(A) The number of glial cells in larval brains of homozygous dACOX172A are similar with

control flies (dACOX172A;GR). (B) Homozygous dACOX172A flies are short lived
compared to control flies (n = 100 for control and dACOX174A). (C) Homozygous
AACOX1T2A flies exhibit progressive climbing defects. Time (seconds) required for flies of
the indicated genotypes to climb past 7 cm (n > 25 per genotype). Statistical analyses are
one-way ANOVA followed by a Tukey post-hoc test. Results are mean * s.e.m. (***p<
0.001). (D) Electron microscopy of the wing nerves, which contain the axons of the
peripheral neurons of the anterior wing margin. Quantification of total axon number and the
number of wrapped axons per nerve (n= 3 (control), n= 2 (dACOX1724)), of TEM images
from (C). Mean + s.e.m. ***p< 0.001, Statistical analyses were determined by 2-sided
Student’s t-test.
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Figure 3. Homozygous dACOX1 mutants exhibit progressive neurodegenerative phenotypes via
accumulation of VLCFA

(A) ERG traces of homozygous dACOX172A flies and control flies (dACOX172A,GR) at
day 2 and day 15 with quantification of ERG amplitudes. Quantification of depolarization
amplitude and off transient (n = 12 per each genotype), of ERG traces from (A). Mean
s.e.m. ***p < 0.001; n.s., not significant. Statistical analyses are one-way ANOVA followed
by a Tukey post-hoc test. (B) Toluidine blue staining on eye section of day 2 and day 15
homozygous dACOX172A flies and control flies (dACOX172A4,GR). (C) Gas
chromatography mass spectrometry for total VLCFA, and the relative level of VLCFA
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(C28:0/C22:0 and C26:0/C22:0) Mean + s.e.m. (***p< 0.001, **p< 0.01). (D) Bezafibrate is
an inhibitor of ELOVL1, a VLCFA synthase. (E) Bezafibrate and ELOVL RNAI (STAR
Methods) increased the viability of homozygous dACOX174A flies. Quantification of the
percentage of expected homozygous dACOX172A flies per crosses (n = 10 (Vehicle), n = 10
(Bezafibrate 0.4uM), n = 11 (dACOXIT?A/HACOX1IT?A; UAS-dELOVL RNAJ), n =5
(AACOX1TA/HACOX1T2A  UAS-hEL OV 1)). Statistical analyses are one-way ANOVA
followed by a Tukey post-hoc test. Results are mean + s.e.m., ***p< 0.001. (F) Bezafibrate
and ELOVL RNA. restored climbing ability of dACOX172A flies (n > 15 per genotype).
Statistical analyses are one-way ANOVA followed by a Tukey post-hoc test. Results are
mean £ s.e.m. (***p< 0.001, **p< 0.01). (G) Bezafibrate and £LOVL RNAI rescued the
amplitude defects of homozygous dACOX172A flies (n = 16 per genotype). Statistical
analyses are one-way ANOVA followed by a Tukey post-hoc test. Results are mean + s.e.m.
(***p< 0.001).
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Figure 4. hACOX1N237S promotes dimer formation and elevated ACOX1 protein levels
(A) The current model for hAACOX1 dimerization (left) and the 3D protein structure of a

hACOX1 dimer bound to 2 flavine adenine dinucleotides (FAD) (right). (B) Enlarged view
of a portion of the FAD contact region of hACOX1. The black arrow points to asparagine
237, and N237 is part of the FAD binding pocket of hACOX1. (C) hACOX1N237S protein
accumulates /n vivo when compared to hACOX1WT, Scale bar: 10um. (D) hACOX1N237S
accumulates in the form of dimers. hACOX1 protein levels are elevated in larval extracts in
which N237S is expressed. Quantification of relative dimer/monomer ACOX1 level from the
blot of (D). n = 4 independent blots, Mean + s.e.m. ***p< 0.001, Statistical analyses were
determined by 2-sided Student’s t-test. (E) Purified hACOX1N237S protein show higher
activity than hACOX1WT when normalized for protein level. (n = 3 for each), Mean # s.e.m.
**p< 0.01, Statistical analyses were determined by 2-sided Student’s t-test. (F) Gas
chromatography mass spectrometry for total VLCFA, and the relative level of VLCFA
(C28:0/C22:0). n = 7 (da>dACOXIWT, 10 adult flies extracts). n = 9 (da>dACOXINZ505),
Statistical analyses were determined by 2-sided Student’s t-test. n.s., not significant. (G)
Quantification of relative 4HNE (STAR Methods) level normalized by actin, n =4
independent blots (50 larvae per each blot), Statistical analyses are one-way ANOVA
followed by a Tukey post-hoc test. Mean + s.e.m. ***p < 0.001, n.s., not significant.
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Figure 5. Decreased ROS level by N-acetyl cysteine amide 'SNACA) or catalase expression
suppresses the lethality induced by expression of dACOX1N250S

(A) The anti-oxidant NACA suppresses the lethality of da>dACOX1N2505 byt cannot
suppress the lethality of dACOX172A (n = 3 crosses, >50 flies were counted for one cross).
(B) Lifespan of flies that co-express UAS-catalase (green) or maintained on NACA (red) or
switched to normal food after eclosion (black) (n > 100 per each). (C) % of expected adult
flies of the indicated genotypes. The dACOXIWT and dACOX1N?505 were expressed using
various drivers, including ubiquitous drivers (whole body) or drivers for neuronal, glial, ring
gland (endocrine organ), hemocyte (blood cell), or fat body (adipose and metabolic organ)
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expression (n > 200 progenies were counted across 3 trials, STAR Methods). Mean + s.e.m.
***n< 0.001, **p < 0.01, n.s., not significant. Statistical analyses were determined by 2-
sided Student’s t-test. (D) Time to climb past 7 cm for the indicated fly genotypes (n > 50
per genotype). Statistical analyses are one-way ANOVA followed by a Tukey post-hoc test.
Means + s.e.m. ***p < 0.001; n.s., not significant. Western blot below indicated that
AACOXIN?505 expression is not affected by the expression of catalase. (E) Lifespan of flies
of the indicated genotypes (n > 50 per each genotype).
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Figure 6. Overexpression of ACOX1WT and ACOX1N237S causes Schwann cell death but is
suppressed by an anti-oxidant

(A) Endogenous AcoxI (green) is expressed in myelinating Schwann cells (S100, red) but
not in axons (NF, red). Scale bar: 20um. (B) Analysis of Schwann cell survival upon
overexpression of ACOXIY7 and ACOX1N?575. The cell death caused by either expression
of hACOXIWT or hACOX1N2375 in Schwann cells is significantly reduced upon treatment
with the anti-oxidant NACA (1.5 mM). The quantification results are merged data from 2
independently derived sets of cultures and are representative of 3 experiments, each
performed in triplicate. Results are mean + s.e.m., n.s., not significant, **p < 0.001, ***p <
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0.0001). Scale bar: 50um. (C) The dimers of hACOX1N237S gre elevated in primary
Schwann cells when compared to hRACOX1WT, Quantification of relative dimer/monomer
ACOX1 level (n = 3 independent blots, Mean + s.e.m. ***p< 0.001, Statistical analyses were
determined by 2-sided Student’s t-test. Western blot below indicated that hACOX1N2575
expression does not affect the expression of peroxisomal marker, PMP70. (D) H,05 increase
when #ACOXIWT and hACOX1V?50S (red) are overexpressed in Schwann cells is
suppressed by 1.5 mM NACA (green). Statistical analyses are one-way ANOVA followed by
a Tukey post-hoc test. Means + s.e.m. ***p < 0.001, **p < 0.01, n.s., not significant. (E) Co-
immunoprecipitation experiments in primary Schwann cells. 4 different combinations of
ACOX1 constructs with different tags were transfected into primary Schwann cells as
described in table. (F) The effect of MG132 on the expression of ACOX1WT and
ACOX1N237S Quantification of relative level of monomeric (top) and dimeric ACOX1
(bottom) from the blot (F) (n = 3 independent blots), Mean + s.e.m. ***p< 0.001, n.s., not
significant. Statistical analyses were determined by 2-sided Student’s t-test.
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Figure 7. Patient 1 exhibits a progressive myelin loss
(A) Toluidine blue stained plastic sections of sural nerve. Healthy axons have normal myelin

folding (Control, left), but there is a moderate loss of large and small myelinated axons and
2 actively degenerating axons (red arrows) with associated cells containing lipid and myelin
debris in nerve from Patient 1 (right). (B) TEM ultrastructural findings. Normal/healthy
large and small myelinated axons are demonstrated in the Control (left), but the nerve of
Patient 1 (right) exhibits active axonal degeneration at various stages (red arrows). (C)
Proposed model of ACOX1 lossand gain-of function diseases.
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Comparison of clinical features for each subject with ACOXZ deficiency
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Peroxisomal ACOX1

Patient 1 Patient 2 Patient 3 deficiency (MIM: #264470)
de novo de novo de novo
ACOX1 variant Missense varant Missense varant Missense carant Autosomal Recessive
(p-N237S) (p-N237S) (p-N237S)
Disease onset 12y 9y 3y 0-3y
Survival 19y (Death) 15y (Coma) 9y (still alive) Death by ~5y
Disease course Progressive Progressive Progressive Early onset and severe
Inflammatory response No No No Yes
VLCFA Normal Normal Normal Accumulation
dlg/r%f:/%jgz; Normal => Abnormal Normal => Abnormal Normal => Abnormal Abnormal
p‘gzgl‘;ggzggat%y Decreased Decreased Decreased N/A
Cognition Normal => Decreased Normal => Decreased Decreased Significantly Decreased
Ataxia Yes Yes Yes Yes
Notes Chronic axon loss Ongoing and chronic Ongoing and chronic ;g{g:igig?rggg;:nigi%d

axon loss

axon loss

missense mutations reported.

All three patients with de novo ACOX1 p.N237S variant present similar clinical features but distinct from peroxisomal ACOXZ deficiency (MIM:

#264470) (STAR Methods).
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