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Abstract

In most eukaryotic cells fatty acid synthesis occurs in the cytoplasm as well as in mitochondria.
However, the relative contribution of mitochondrial fatty acid synthesis (mtFAS) to the cellular
lipidome is ill-defined. Here we show that loss of function of the Drosophila Mitochondria enoyl
CoA reductase (Mecr), which is the enzyme required for the last step of mtFAS, causes lethality
while neuronal loss leads of Mecr leads to progressive neurodegeneration. We observe a defect in
Fe-S cluster biogenesis and increased iron levels in flies lacking mecrleading to elevated ceramide
levels. Reducing the levels of either iron or ceramide suppresses the neurodegenerative phenotypes
indicating an interplay between ceramide and iron metabolism. Mutations in human MECR cause
pediatric-onset neurodegeneration and we show that patient-derived fibroblasts display similar
elevated ceramide levels and impaired iron homeostasis. In summary, this study identifies a role of

*A list of UDN members and their affiliations appears at the supplementary information.

“Correspondence: hbellen@bcm.edu.
Current address. Department of Biochemistry & Medical Genetics, University of Manitoba, Winnipeg, MB, Canada.

Author Contributions

Conceptualization, D.D. and H.J.B.; Investigation, D.D., O.K., P.C.M., S.K.B., 2.Z,, JH.P,R.VS,, G.L., JN.K,, M.T.W,, G.H., and
M.G; Resources, H.J.B., A.P., B.A.K.; Writing — Original Draft, D.D., H.J.B.; Writing — Review & Editing, D.D., 0.K., P.C.M., G.L.,
S.K.B., JN.K,M.TW, JH.P,RVS., AP, B.AK, G.H., and H.J.B.; Funding Acquisition, H.J.B; Supervision H.J.B.

Declaration of interest
The authors declare that they have no competing interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

Page 2

mecrt MECR in ceramide and iron metabolism, providing a mechanistic link between mtFAS and
neurodegeneration.
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Introduction:

The synthesis of fatty acids in eukaryotic cells relies on two independent pathways. The
first operates in the cytoplasm (FAS I) and relies on Fatty Acid Synthase, an enzyme that
carries six enzymatic domains for fatty acid synthesis 1:2. The second pathway operates in
mitochondria (FAS I1/mtFAS) and involves six different enzymes. MECR (M itochondirial
Enoyl CoA Reductase) encodes one of these enzymes which is required for the final step of
mitochondrial fatty acid synthesis in humans (Extended Data Fig. 1a).

Since the discovery of mtFAS, its role in cellular growth and differentiation has been
documented 3-8, In yeast, loss of £7F, the homolog of human MECR, leads to
mitochondrial dysfunction and respiratory growth arrest /8. In mice, loss of Mecris
embryonic lethal. However, a Purkinje cell-specific conditional knock-out leads to ataxia
in nine months old mice 4. In murine C2C12 myoblasts, reduced mtFAS activity impairs
their differentiation 6. Recently, bi-allelic mutations in MECR have been shown to cause a
pediatric-onset neurodegenerative disorder called MEPAN (M itochondrial Enoyl Reductase
Protein Associated Neurodegeneration; OMIM # 617282) syndrome 10-12_ patients with
MEPAN present in early childhood (1-6.5 years) with basal ganglia lesions leading to
dystonia, chorea and other movement disorders, followed by progressive optic atrophy and
occasional developmental delay. Finally, mtFAS dysfunction has also been implicated in
Parkinson’s disease 1314, Neurological symptoms in MEPAN indicate the importance of
mtFAS in neuronal survival and maintenance, and raise an important question: how does
mtFAS contribute to neuronal maintenance?

The cytoplasmic fatty acid synthesis pathway produces palmitate (C16) linked to the CoA
cofactor, which is used for the synthesis of lipids including phospholipids and sphingolipids.
In contrast, mtFAS produces acyl chains of varying carbon length (C4 to C18) linked to
mitochondrial Acyl Carrier Protein (mtACP/ACP) 15-18_ Lipoic acid, an essential cofactor
for multiple mitochondrial enzymes 19 is derived from octanoyl (C8)-ACP 1720, However,
the role of the other Acyl-ACPs in lipid synthesis is not well defined. Indeed, the
consequences of impaired mtFAS on the cellular lipidome have remained elusive based

on studies in yeast, Neurospora, and mammalian cell lines 62123, For example, loss of Mecr
in murine C2C12 myoblast cells was reported to not affect any major cellular phospholipids
6. However, a reduction of mtACP caused decreased levels of lysophospholipids and
sphingolipids in HeLa cells 2. In contrast, in Neurospora crassa, mtACP mutants displayed
an increase in mitochondrial lysophospholipid levels 21, In Trypansosoma brucei, RNAI
mediated knockdown of mtACP decreased the phosphoinositides and phosphoethanolamine
levels but it did not alter sphingomyelin levels 22, Finally, upon loss of mtACP in yeast,
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no major difference in mitochondrial lipids and fatty acids was noted 1. Given that many
enzymes and enzymatic products are involved in mtFAS, loss of any of the six genes in the
pathway may cause different phenotypic signatures. Additionally, the phenotypic differences
may arise because the above-mentioned studies were carried out using different model
systems in different culture conditions, at different time points and with alleles of different
strength.

To explore the molecular consequences of impaired mtFAS, we studied the effects of mecr
MECR loss in fruit flies and fibroblasts from MEPAN patients. Loss of mecrin flies
causes larval lethality and the neuron specific loss/reduction of mecrprogressively impairs
locomotion, synaptic transmission, and phototransduction in adult flies. Surprisingly,
mecrloss results in elevated ceramide levels in flies. Similarly, fibroblasts derived from
individuals with MEPAN also display elevated levels of ceramide. This increase in ceramide
in flies and in human cells is associated with a defect in iron-sulfur (Fe-S) cluster synthesis
and iron metabolism. Importantly, these defects are rescued by lowering the levels of either
ceramide or iron indicating an interrelationship between the two metabolic pathways. In
summary, our study identifies an evolutionarily conserved role of Mecr/MECR/mtFAS in
ceramide and iron metabolism that underlies the demise of neurons.

Human MECR can functionally replace fly mecr

Since human MECR is required for the last step of mtFAS (Extended Data Fig. 1a),

we evaluated the consequences of the loss of mtFAS in fruit flies by targeting CG16935/
mecr, an as-yet uncharacterized gene in flies that encodes the Mecr protein. We used
CRISPR mediated homologous recombination to generate a strong loss-of-function allele
(mecr’@%. An artificial exon encoding a Splice-Acceptor-T2A-GAL4-polyA construct was
introduced in the coding intron (an intron present between two exons that encode a

portion of the protein) of the gene (Extended Data Fig. 1b) 24. The polyA signal arrests
transcription causing the endogenous fly mRNA to be truncated. Hence, 72A-GAL4 alleles
are typically strong loss-of-function mutations 2. Indeed, in our Real-time PCR data using
two independent primer sets, we detected no /mecrtranscript in the mecr’ 64 mutants
(Extended Data Fig. 1c). We also used another insertion allele, /mecr?, in which a PiggyBac
transposon which contains an artificial exon that introduces a STOP codon is inserted in

the coding intron (Extended Data Fig. 1b) 26. mecr? and mecr’ 4 alleles are homozygous
and transheterozygous lethal. Moreover, mecr’¢4 or mecr over a molecularly defined
deficiency (DFf(2R)BSC307/Cy0) that uncovers mecr causes lethality (Fig. 1a), showing
that the lethality is due to loss of mecrfunction. All homozygous and transheterozygous
animals die as late 2nd instar/early 3rd instar larvae suggesting that mecr’¢? and mecr” are
strong loss-of-function alleles. Consistent with previous findings in yeast and human cells,
we noted an impaired lipoic acid production upon mecrloss (Extended Data Fig. 1d). A
genomic duplication construct that harbors the mecr coding and regulatory region (Genomic
rescue construct, GR) (P[acman] CH321-09M04) 27 as well as expression of the fly cDNA
using the ubiquitous daughterless (da)-GAL4 fully rescue the lethality (Fig. 1a and Extended
Data Fig. 1e), showing that the phenotypes associated with /mecr’4 are due to loss of mecr
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function. The fly Mecr protein is 44% identical to and shares 59% similarity with the human
MECR protein with a 15/15 DIOPT score 28:2%, Moreover, all the amino acids that have
missense variants in MEPAN patients are conserved in the fly protein (Extended Data Fig.
2a). Importantly, the reference human MECR cDNA rescues the lethality of homozygous
mecr’@% mutants showing functional conservation (Fig. 1a). The previously reported human
MECR nonsense variant, MECRTY"285* failed to rescue lethality whereas two missense
variants, MECRC!Y232Glu and MECRA9258TID partially rescue lethality (Extended Data Fig.
2b). The flies rescued with these pathogenic variants show an age-related climbing defect
indicative of neurodegeneration (Extended Data Fig. 2c-d). These and other datal® argue that
MEPAN patients typically carry one strong and one weak hypomorphic alleles. In summary,
mecrencodes an essential protein that is functionally conserved between flies and humans.

Neuronal knockdown of mecr induces age-dependent climbing defects

Given the lethality associated with the loss of mecr, we evaluated the effects of neuronal
knockdown of mecron locomotor ability of aged flies. We used the pan-neuronal

driver, elav-GAL4 (GALA4 is a transcriptional activator that binds to Upstream Activation
Sequence(s) (UAS) to drive expression of any gene downstream of the UAS sequence) to
perform RNAi-mediated knockdown of mecrin neurons. We used two independent RNAI
lines which reduce the levels of Mecr protein by ~45% (RNAIi#1) and ~75% (RNAIi#2)
(Extended Data Fig. 3a-b) at 25°C. Although neuronal knock-down of mecrdoes not cause
obvious climbing defects in young flies (3 days post-eclosion), a significant impairment

in climbing was observed in aged flies (25-days post-eclosion) (Fig. 1b-c). Compared to
control flies, where ~ 80% flies climb to 8 cm within 30 seconds, only ~20% of flies with
neuronal mecrknock-down were able to climb to 8 cm at day 25 (Fig. 1b). The average
climbing time was also significantly increased in these flies compared to age-matched
control flies (Fig. 1c). Since the RNAi#2 was more efficient in the knockdown efficiency, we
used RNAIi#2 for the remaining experiments. We also noted a mild but significant lifespan
reduction in these flies with neuronal mecrknock-down with RNAI #2 when compared

to controls (Extended Data Fig. 3c). In addition, glial knock-down also resulted in an age-
depending climbing defect (Extended data Fig. 3d-e), but the effects were comparatively less
when compared to the neuronal knockdown of mecr (Fig. 1b and c). These results indicate
an age-dependent loss of neuronal function when mecrlevels are reduced. In summary,
neuronal knockdown of mecrcauses a progressive loss of motor function.

Loss of mecr causes the demise of photoreceptor neurons

To evaluate the impact of mecrloss on phototransduction and synaptic transmission, we
performed electroretinograms (ERG). Given that mecr mutants are homozygous lethal,

we generated mutant clones in the eye using the F/p-FRT system (FRT42B mecr” /
FRT42B Ubi-GFPnls; ey-Flp/+) 3031 and performed ERGs by placing the electrode in

the mutant eye clones. In young flies (3-5 days old), we did not observe any difference

in ERG traces between mutant and control tissue (Extended Data Fig. 3f-h). However,
15-day-old flies exhibit decreased phototransduction amplitudes indicating a reduced ability
of photoreceptors (PRs) to sense light (Fig. 1d-e). Moreover, the ERG traces also exhibit
reduced ON and OFF transients, suggesting a defect in synaptic communication between the
photoreceptors and the postsynaptic neurons (Fig. 1f-g). To determine if PR morphology is

Nat Metab. Author manuscript; available in PMC 2024 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

Page 5

affected in mecr mutant clones, we imaged 15-day old retinas. As shown in Fig. 1h-i, many
ommatidia exhibit an aberrant morphology with fewer PR neurons in the mutant clones.
Hence, there is a progressive loss of neuronal function and photoreceptors upon loss of
mecr.

mecr encodes a mitochondria-localized protein in fruit fly

The expression of the gene and the subcellular localization of Mecr protein /n vivo has not
been determined previously in multicellular organisms. As shown in Extended Data Fig. 4a
and b, mecris broadly expressed on the larval and adult CNS. In yeast, the Etr protein was
reported to be predominantly localized in the nucleus 32. However, upon overexpression of
the gene, the protein was also shown to localize to mitochondria 8. Other overexpression
studies in HeLa cells, indicated that Mecr was localized to mitochondria, cytoplasm, as well
as nuclei 333-35, To determine the endogenous subcellular localization of Mecr protein in
fruit fly, we used a genomic rescue construct of mecrthat is tagged with a C-terminal GFP
(CBGtg9060C0290D) 36 (Fig. 2a). Importantly, this tag does not disrupt the function of
mecras it rescues the lethality of mecr mutants, and the rescued flies appear healthy with no
obvious phenotypes (Extended Data Fig. 1e). Interestingly, we observe a higher expression
level of this protein in some glial subsets when compared to neurons in the larval brain (Fig.
2b). Staining with antibodies against GFP and ATP5a., an inner mitochondrial membrane
protein 3738 shows that Mecr localizes to mitochondria in multiple larval tissues (Fig. 2¢

& Extended Data Fig. 4c). To determine the localization of human MECR protein, we
expressed the human gene with the actin-GAL4 driver in S2 cells, stained with an antibody
against MECR (AB_1853714), and observed mitochondrial co-localization of MECR and
ATP5a (Extended Data Fig. 4d). In summary, fly and human Mecr/MECR proteins are
localized to mitochondria.

Loss of Mecr/ MECR leads to ceramide accumulation

Given that loss of MECR affects mtFAS, we assumed that loss of mecror MECR would
reduce at least some of the lipids of the cell. We performed a comparative lipidomic
analysis using mecr’é# homozygous mutant larvae and human patient-derived fibroblasts.
We used fibroblasts derived from two MEPAN patients (Patient 1 and Patient 2, Siblings)
and their healthy parent (Extended Data Fig. 5a) identified through the Undiagnosed
Diseases Network 39. Both individuals carry variants that lead to a significant reduction in
MECR transcript levels (Extended Data Fig. 5b) and have developmental delay, movement
disorders and hypotonia. An untargeted lipidomic approach was taken to measure the major
phospholipid and sphingolipid species. In mecr fly mutants, we observed increased levels
of some phospholipids including phosphatidylethanolamine (PE), phosphatidylinositol (P1)
and phosphatidylglycerol (PG) but no significant change in phosphatidylcholine (PC) and
phosphatidylserine (PS) levels (Extended Data Fig. 5h-1). However, we did not observe

any significant alterations in the levels of PC, PE, PS and minor differences for Pl and

PG in patient-derived fibroblasts (Extended Data Fig. 5c-g) mostly consistent with the
murine C2C12 cells with a known defect in mtFAS 6. In contrast, the levels of ceramides,

a subclass of sphingolipids, were significantly elevated in the mecr mutants as well as in
MEPAN patient-derived fibroblasts (Fig. 3a and d). In summary, none of the lipids based on
lipidomics assays are decreased. Rather, we observe a systematic increase in ceramides.
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Ceramides are a central hub for sphingolipid metabolism and are responsible for the
production of glucosylceramide as well as galactosylceramide, collectively referred to as
hexosylceramides (HexCer) 4941, The levels of ceramides (including HexCer species) are
significantly increased in the mecr’é# mutants compared to animals carrying a genomic
rescue construct or yw controls (Fig. 3a-b). 25 out of 33 ceramide species analyzed,
including HexCer, as well as the CPE levels were increased in fly mutants (Fig. 3c and
Extended Data Fig. 6a-b). In patient-derived fibroblasts, the total levels of ceramides

are increased about two-fold when compared to control fibroblasts (Fig. 3d). Out of 46
ceramide species analyzed, 43 are increased in fibroblasts from both patients (Fig. 3e

and Extended Data Fig. 6¢). Interestingly, some of the ceramide species (d18:1_24:4,

d18:1 26:4,d18:2 22:1, and d18:2_26:3) are increased ten-fold or more in patient 1.

The levels of Hex1Cer (a Ceramide with one sugar) and Hex2Cer (a Ceramide with two
sugars) are also elevated in cells from both patients. However, Hex1Cer reaches a statistical
significance level in patient 1 while Hex2Cer reaches a statistical significance level in
patient 2 (Fig. 3f-g). Indeed, 12 out of 13 HexCer species analyzed were increased in the
patient fibroblasts when compared to the parent control (Fig. 3h). In summary, we observe a
significant increase of ceramides upon loss of mecrii MECR in fly mutants and human patient
cells, suggesting a conserved role for this protein in ceramide metabolism.

Reducing ceramide levels alleviate neurodegeneration in adult flies

The availability of drugs that reduce ceramide levels provides an opportunity to lower
ceramides and assess their effect on the neurodegenerative phenotypes /in vivo. We first
assessed ceramide levels by performing lipidomic analyses in 15-day-old (prior to the onset
of neurodegeneration) adult fly heads upon neuronal knockdown of mecr. As shown in Fig.
4a-c, ceramides as well as HexCer/GlcCers (glucosylceramide) were significantly increased.
Out of 63 ceramide species analyzed, 48 species were increased. We treated these flies

with myriocin, to reduce the enzymatic activity of Serine Palmitoyl Transferase (SPT),
which acts in the rate-limiting step of the de novo ceramide synthesis 43. Additionally, we
treated the flies with desipramine, which reduces the enzymatic activity of the lysosomal
sphingomyelinases and suppress the production of ceramides through the salvage pathway
in lysosomes 4. Upon treatment with either of these drugs, the climbing ability was
significantly improved in 25-day-old flies (>70% flies) (Fig. 4d-e). We observed a similar
improvement in ERGs in 25-day-old flies. Treatment with either of these drugs also
alleviates the synaptic transmission defects upon neuronal knockdown of mecr (Fig. 4f-h).
In summary, decreasing ceramide levels is beneficial for neuronal function when mecrlevels
are reduced.

We also noted an increase in ceramides and GlcCer levels in 25 days old fly heads with
mecrknockdown by lipidomic analyses (Fig. 5a-b) as well as by using an antibody against
ceramides (MID 15B4)42 (Fig. 5¢-d). To assess if Desipramine leads to a reduction in
ceramides in fly heads upon neuronal knockdown of mecrwe performed lipidomic analyses.
As shown in Fig. 5e-f, and Extended Data Fig. 7a-b, this treatment effectively reduced the
ceramide and glucosylceramide levels in 15 day-old as well as in 25 day-old fly heads.
Hence, the phenotypic suppression of loss of mecrcorrelates with the observed reduction in
ceramides.
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Loss of mecr/MECR affects mitochondrial function and morphology

To evaluate the mitochondrial function in mecr mutant larvae, we measured ATP production
4547 oss of mecrreduces ATP production by ~50% when compared to controls (Fig.

6a). Given that impaired ATP production can be associated with loss of mitochondrial
membrane potential 48, we assessed mitochondrial membrane potential in larval muscles by
using tetramethylrhodamine ethyl ester (TMRE) 4%. TMRE is a positively charge molecule
which is targeted to the mitochondrial matrix, which is negatively charged. When the
mitochondrial membrane potential is reduced, it leads to a reduction in the intensity of
staining. Homozygous mecr’¢#764 |arval mutant muscles show a significant decrease in
mitochondrial membrane potential (Fig. 6b-c). Finally, we assessed the activity of the
various electron transport chain (ETC) enzyme complexes in homozygous mecr’ ¢4 second
instar larvae and observed reduced activity of Complex-I, I+111 and 1V and increased
activity of Complex-1l (Extended Data Fig. 8a). Additionally, we assessed the mitochondrial
morphology in photoreceptor neurons of mecr mutant clones through transmission electron
microscopy (TEM). The mitochondria in these neurons are less electron-dense and display
a severe disruption of cristae (Fig. 6d). In summary, these data show a severe dysfunction
of mitochondria associated with loss of mecrand morphological impairment of neuronal
mitochondria when mecris lost in eye clones.

We then assessed the mitochondrial activity in fibroblasts from MEPAN patients. The ATP
levels are decreased in the fibroblasts of the affected patients by ~50% when compared to
the parent control (Extended Data Fig. 8b). Previously, the oxygen consumption rate was
measured in fibroblasts from three patients, and a mild and variable reduction in a subset

of respiratory parameters was noted 10, We assessed basal respiration, maximal respiration
and spare respiratory capacity using Seahorse assays 20 in fibroblasts from the patients

and the parental control. As shown in Extended Data Fig. 8c-e, all were significantly
reduced in both patients when compared to the parental fibroblasts. These data are consistent
with Seahorse assays performed on mice C2C12 cells compromised in mtFAS . We also
evaluated the mitochondrial morphology in patient-derived fibroblasts through transmission
electron microscopy. The electron density of mitochondria is significantly reduced, and

the morphology of mitochondria is impaired in fibroblasts from both patients (Fig. 6e).

The fibroblasts from patient 1 are more severely affected than those of patient 2 (Fig.

6e). In summary, our data show that mecrs MECR is required for proper morphology and
bioenergetic functions of mitochondria in fruit flies and human cells.

Loss of Mecr impairs iron metabolism

Next, we attempted to determine the molecular mechanism by which the loss of Mecr affects
ceramide levels. An increase in ceramides levels can occur when: i) the de novo synthesis of
ceramides is increased in the ER 5152 i) the salvage pathway is activated in lysosomes**, or
iii) iron metabolism is impaired in mitochondria 53-55. Previously, we discovered that loss-
of-function mutation in Frataxin, a mitochondrial protein required for Fe-S cluster assembly
56, leads to increased iron levels and accumulation of ceramides 5354, This prompted us

to test iron levels in the fly mecr mutants. A ferrozine-based colorimetric assay revealed

an increased level of iron upon loss of mecrin flies when compared to controls (Fig. 7a).
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Additionally, DAB-enhanced Perls staining 535457 revealed an iron accumulation in the
brain neuropils in two-day old mutant larvae (Fig. 7b).

Iron is present in two interchangeable forms: ferric (Fe3*) and ferrous (Fe2*) forms. The
conversion of (Fe3*) to (Fe2*) or (Fe?*) to (Fe3*) creates reactive oxygen species (ROS) via
the Fenton reaction 859, Increased ROS triggers lipid peroxidation and the generation of
toxic hydroxynonenal (HNE)-modified protein adducts 89-62. Hence, we measured the levels
of ROS using an antibody against 4-HNE, a marker of lipid peroxidation and oxidative
damage 58:62.63, Indeed, we noted a two-fold elevation of the 4-HNE level in mecr’¢4
mutants (Fig. 7c-d). These data indicate that iron toxicity may lead to lipid peroxidation
when mecris lost. Alternatively, the impaired activity of Complex-1 or Complex-IlI
documented in Extended Data Fig. 8a may lead to increased ROS production.

Next, we evaluated iron levels in patient-derived fibroblasts. Compared to the control cells,
fibroblasts from both patients displayed an elevated level of iron (Fig. 7e). Levels of
ferritins, iron-binding proteins in serum serve as another indicator of iron homeostasis in
humans. Generally, low levels of serum ferritins indicate impaired iron metabolism and low
iron storage 54. Interestingly, low levels of serum ferritin were noticed in both patients at
different ages (Fig. 7f), and the levels of ferritins are also comparatively low in another
cohort of MEPAN patients (Extended Data Fig. 9a). All patients exhibit low plasma levels
of Ferritin, but most are still within a borderline normal range. Interestingly, Patient 111,
who exhibits the most severe phenotype, has iron levels above the normal range and Ferritin
levels below the normal range. We also noted lower ATP levels and impaired iron levels in
the fibroblasts of Patient 111 when compared to the unrelated control fibroblasts (Extended
Data Fig. 9b-c). The data indicate that loss of mecrt MECR impairs iron metabolism.

Since we noticed high iron levels in patient-derived fibroblasts and mecr mutants as well

as low serum ferritin levels in MEPAN patients, we assessed if reducing iron levels can
alleviate the neurodegenerative phenotypes in aged flies when mecris reduced in neurons.
First, we expressed Ferritin heavy chain (FerlHCH) and Ferritin light chain (Fer2LCH),
which form heteropolymeric complexes that chelate iron and reduce iron toxicity 45,
Increasing Ferritin levels rescued the ERG synaptic transmission defects and restored the
climbing ability when mecrlevels are reduced in neurons (Fig. 7g-h and Extended Data

Fig. 10a-b). Second, we fed the flies an iron chelator, deferiprone 86:67 or raised the flies

on low iron food by replacing the iron-rich molasses with sucrose 4. Both treatments
significantly improved the ERG and climbing defects (Fig. 7i-j and Extended Data Fig.
10c-d). Importantly, treatment with deferiprone reduces total iron levels whereas treatment
with desipramine did not affect the iron levels in the brains of 25 day-old flies with neuronal
knockdown of mecr (Extended Data Fig. 10e). These data argue that elevated iron play a role
in the demise of neurons when mecr levels are reduced.

Loss of Mecr affects Fe-S biogenesis

Impaired Fe-S cluster biogenesis in mitochondria have been reported to cause iron
accumulation 6869, The Fe-S cluster biogenesis complex is composed of five proteins (Fig.
8a) including Iron-Sulfur Cluster Assembly Enzyme (ISCU), NFS1 Cysteine Desulfurase
(NFS1), LYR Motif Containing 4 (LYRM4), Frataxin (FXN) and Acyl-ACP 6. Given the
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role of Acyl-(C14-C18)-ACP in Fe-S cluster biogenesis 157071 we hypothesized that loss of
mecr affects the length of the acyl chain and impairs iron-sulfur cluster biogenesis. We first
assayed the activity of mitochondrial aconitase, which requires 4Fe-4S clusters for proper
function and serves as a read-out for Fe-S cluster biogenesis defects 72. We find that the
enzymatic activity of aconitase is significantly reduced in mecr mutants (>50%) (Fig. 8b)
suggesting a defect in Fe-S cluster biogenesis. We then performed co-immunoprecipitation
experiments to evaluate the integrity of the Fe-S cluster biogenesis complex upon loss of
mecr. We immunoprecipitated either Nfs1 or Iscu and immunoblotted against Iscu or Nfsl
respectively using protein lysate from mecrnull mutants. We observed that the interaction
between Nfsl and Iscu is impaired in the null mutants (Fig. 8c). No obvious difference in
the levels of Nfsl and a moderate reduction in the levels of Iscu protein was noted in the
inputs (Fig. 8c). An impaired interaction between Nfs1 and Iscu was also observed upon
neuronal knockdown of mecr (Extended Data Fig. 10f). Hence, loss of mecraffects the
assembly of Fe-S biogenesis protein complex and reduces Fe-S biosynthesis. We therefore
assessed aconitase activity in patient-derived fibroblasts. Aconitase activity was also reduced
in fibroblasts of the three patients when compared to that of the control fibroblasts (Fig.

8h and Extended Data Fig. 9d). Although the decrease in aconitase activity is clearly

less severe than in flies (20% reduction versus 60%), this is not unanticipated as patient
cells have residual MECR activity. Next, we performed co-immunoprecipitation to assess
the interaction between ISCU and NFS1 using fibroblasts derived from the UDN patients
and parent control. However, we did not detect an impaired interaction between these

two proteins (Extended Data Fig. 8f), possibly because of residual MECR protein activity.
Alternatively, the interaction between these two proteins is not significantly impaired but
the complex is not fully functional. Based on our observations, we propose that loss of
mecrn MECR affects the Fe-S biogenesis.

Dyshomeostasis of iron metabolism leads to elevated ceramide levels

A reduction in aconitase activity has been reported to elevate citrate levels 7375, We
therefore assessed citrate levels and found that they are indeed significantly increased

in mecrmutants (Fig. 8d). Elevated citrate levels have previously been shown to

cause an increase in palmitate and ceramides 7677, As we observe an upregulation of
dihydroceramides (d18:0-16:0) (Fig. 3c and e), an increase in de novo synthesis of
ceramides seems likely. We therefore assessed the transcript levels of the key rate limiting
enzymes in the de novo synthesis of ceramides. As shown in Fig. 8e-f, there is a significant
increase in transcript levels of SptZ and /ace in mecr mutants. Importantly, as shown in
Figure 5e and f and Extended Data Fig. 7, fly heads with neuronal knockdown of mecr
have elevated levels of ceramides that are reduced upon treatment with Deferiprone. Hence,
loss of mecrleads to dysregulated iron homeostasis, which in turn upregulates palmitate
and ceramide levels (Fig. 8g). We also noticed increased citrate levels (Fig. 8i) as well as
upregulated transcript levels of SPTLC1and SPTLCZ2in patient-derived fibroblasts similar
to what is observed in flies (Fig. 8j-k). Overall, these data indicate that iron metabolism
dyshomeostasis impairs aconitase activity to promote citrate levels and to upregulate
ceramide synthesis.
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Discussion

Despite the discovery of mtFAS in the late 1980s 7879, its contribution to lipid homeostasis
has not been systematically investigated /77 vivo in multicellular organisms. The recent
identification of loss-of-function mutations in MECR as the cause of MEPAN syndrome,

a pediatric-onset neurodegenerative disorder 10, highlights the importance of mtFAS in
neuronal maintenance in humans. To investigate if and how impaired mtFAS affects lipid
homeostasis and leads to neurodegeneration, we generated a fly mutant and characterized
MEPAN patient-derived fibroblasts. In flies, severe loss-of-function alleles of mecr cause
lethality, whereas neuronal knock-down of mecr leads to age-dependent locomotor defects,
visual impairments, and progressive photoreceptor degeneration. Our comparative analyses
between flies and patient fibroblasts revealed elevated ceramide levels and mitochondrial
dysfunction when mecr/MECR is lost or reduced. We propose that loss of meci MECR
affects the Fe-S biogenesis, possibly because the ACP-acyl carbon chain length is severely
reduced, which leads to elevated cellular iron level. Reducing the levels of either iron or
ceramide strongly suppresses the age-dependent phenotypes in flies. These data argue that
low levels of Fe-S clusters, elevated iron and/or increase ceramide play an active role in
the demise of neurons when mecr/MECR levels are reduced. Moreover, they also point to
the functional relationship between these two metabolic pathways implicated in neuronal
maintenance.

To our knowledge, mecri MECR has not been previously implicated in ceramide or iron
metabolism. The de novo synthesis of ceramides occurs in the endoplasmic reticulum

(ER) whereas acidic and neutral sphingomyelinases break down sphingomyelin to produce
ceramides in lysosomes and at the plasma membrane respectively 8%, Our data suggest

that the ceramides and iron metabolomic defects are connected and that MECR/Mecr
plays a central role in maintaining homeostasis between these pathways by regulating
mtFAS. Elevated ceramide levels impair membrane dynamics by reducing the fluidity of
membranes and trafficking of membrane compartments in the cell 4480-83, They also result
in loss of mitochondrial membrane potential, impaired ETC activity, and formation of
ceramide channels on the outer mitochondrial membrane, eventually causing cell death
84.85 |n addition, mtFAS produces long-chain acyl-ACP that participate in the assembly

of respiratory chain complexes, and in mammals acyl-ACP is a structural component of
respiratory complex | as well as mitoribosomes!’. Hence, a reduction in complex | function
and ROS production, in combination with other metabolic issues, may also play a role in the
disease process in MEPAN.

Membrane and mitochondrial defects have been shown to induce the demise of neurons in
neurodegenerative disorders such as Parkinson’s disease (PD) and Friedreich ataxia (FRDA)
53.54.86.87 A partial loss of XN, which encodes the Frataxin protein in humans, causes
FRDA 67:88_ The Frataxin protein is a key component of the Fe-S cluster biosynthesis
complex which also contains acyl-ACP. Loss of mecr (this work) or loss of 89, the

fruit fly ortholog of human FXN, affects the Fe-S cluster synthesis as evidenced by

reduced activity of aconitase. We previously showed that loss of Frataxin in flies as well

as in cardiomyocytes of FRDA patient causes increased levels of dihydrosphingosine,
sphingosine, dihydroceramide, ceramide 3354 and increased ceramide levels have also
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recently been documented in FRDA patient-derived fibroblasts 88. The loss of Fe-S cluster
synthesis should lead to an elevation of iron, which is also observed upon loss of 5354 and
mecr (this work). Hence, elevated iron may play a role in the pathogenesis. Indeed, lowering
the iron levels in both models is beneficial, suggesting that the Fe-S cluster defects may

not account for all the observed phenotypes unless both insults, low Fe-S cluster synthesis
and high iron, synergize to cause severe cellular defects. Restoring one insult may therefore
be sufficient to partially suppress the observed phenotypes. Interestingly, a similar spectrum
of phenotypes including iron metabolism defects and accumulation of ceramides have been
observed in flies that lack pink1 (the fly ortholog of human PINKZ)*290  Elevated levels

of iron and ceramides have also been associated with PD 86:87.91-93 and iron deposition has
been reported in the substantia nigra of the postmortem PD brain 94-96. Based on these data,
we argue that the pathway studied here is relevant to at least some other neurodegenerative
disorders including FRDA and parkinsonism?’.

The elevated levels of iron may lead to the upregulation of ceramides through different
mechanisms. We noted an elevation in citrate levels as well as an upregulation in the
transcript levels for the proteins required for the de novo synthesis of ceramide. Previously
another study reported citrate accumulation in HeLa cells upon knockdown of ACP 23,

A significant increase in citrate due to reductive carboxylation was also observed in
mtFAS deficient C2C12 cells 6. Elevated citrate levels inhibit fatty acid transport to
mitochondria for beta-oxidation and increases palmitoyl-CoA availability for de novo
ceramide synthesis 7677, In addition, other mechanisms facilitating ceramide accumulation
may also be operative due to iron metabolism impairments. For example, impaired iron
metabolism produces ROS %859 which can enhance the activity of both neutral and acidic
sphingomyelinases 98:99. However, given that we observe an elevation of dihydroceramides
and de novo synthesis, the latter two hypothesis seem less likely or may only play a minor
role.

It is worth noting that although the effects of mecrloss-of-function in flies are mostly
consistent with the phenotypes we observe in patient-derived fibroblasts, the fly phenotypes
are typically more pronounced. We argue that the main reason for this difference is the
partial loss of MECR function in patients whereas flies carry null alleles. Indeed, expression
of some MECR variants from MEPAN patients in a fly mutant background suggests that the
variants that affect single amino acids are relatively weak hypomorphic alleles whereas the
truncating variant is a strong loss-of-function allele. Indeed, 12 out of 13 patients including
those reported in the previous studies 1911 as well as those mentioned in Extended Data Fig.
9a of the current study carry at least one allele that is a weak hypomorph (Extended Data
Fig. 2b-d). We argue that stronger allelic combinations in humans may result in embryonic
lethality similar to complete loss of Mecr function results in embryonic lethality in mice 4
and larval lethality in flies (this study). Hence, the fly phenotypes associated with null alleles
are likely more severe than the phenotypes of patient fibroblasts. When we assessed the
rescue potential of these drugs (159 uM of Deferiprone and 20 uM of Desipramine treatment
for 24 hours) in the patient fibroblasts by measuring aconitase activity, a significant rescue
was not observed, but the fibroblasts from patient 2 responded to the treatments better

than the fibroblasts from patient 1 (Supplementary Fig. 1). Since there are many variables
including dosage, treatment time, genetic background, possible other/additional mechanisms
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it is difficult to derive any definitive conclusions from these data. In our assays in flies,

we applied different treatments throughout development. The crosses were set up in food
containing the drugs and the animals are kept on this food continuously. Hence, it is possible
that a 24 hr treatment is insufficient or that the effects are already irreversible.

A role for mtFAS in Fe-S cluster biogenesis has been recently reported in yeast as well as

in vertebrate cell culture studies 157071, ACP with an acyl chain length of 14 to 18 carbons
(Acyl-ACP) interacts with ISD11 and facilitates the assembly of the Fe-S cluster biogenesis
complex 1571, However, whether a reduction in acyl chain length affects Fe-S cluster
biogenesis was not tested. Our data show that the five-protein complex is not properly
assembled in mecrnull mutants. In contrast, we did not detect an obvious defect in the
complex assembly in patient fibroblasts, possibly because of the partial loss of MECR.

Yet, other data derived from fibroblast are consistent with impaired Fe-S biogenesis. A
defect in Fe-S biogenesis affects the activity of aconitase, a mitochondrial enzyme, which
requires [4Fe-4S] clusters 72. A previous study in mice used a histochemical approach to
measure aconitase in Mecr conditional KO Purkinje cells and did not detect a difference in
aconitase activity 2. Our data show that there is a Fe-S biogenesis defect in the fly mecr
mutants as well as the patient-derived fibroblasts based on aconitase activity. Moreover,

our data show that mecr mutants and patient-derived fibroblasts have elevated iron levels.
Dysregulated iron metabolism has not yet been reported in patients with MEPAN syndrome.
However, in the patients reported in this paper, we noticed low plasma Ferritin levels,

as well as high cellular iron levels and impaired aconitase activity in fibroblasts of some
patients. Interestingly, mRNAs encoding Ferritins contain an Iron Responsive Element (IRE)
in the 5° UTR of the mRNA. In the presence of low Fe-S clusters, the Iron Responsive
Protein 1 binds to the 5’UTR IRE of the ferritin mRNA and reduces its translation leading
to reduced plasma Ferritin levels 4100, Hence, the low plasma Ferritin levels in patients
provides further evidence for a defect in iron metabolism. Reduced Ferritin levels may

also cause increased iron deposition in the cells leading to neurodegeneration as seen in
Neuroferritinopathy 101-103 Finally, the data are also consistent with the observation that
increasing Ferritin levels in flies alleviate neurodegenerative phenotypes associated with
mecrknock-down. Hence, we propose that impaired Fe-S biogenesis results in increased
iron and ceramide levels leading to age-dependent impairment of neuronal function in mecr
mutant flies and MEPAN patients.

Fly Stocks maintenance and survival assay

Flies were maintained in a standard fly food at room temperature and the experiments
were carried out in 25°C unless otherwise noted. The stocks used in this work were either
generated in the lab or obtained from other labs and stock centers including Bloomington
Drosophila Stock Center (BDSC) or Vienna Drosophila Resource Center (VDRC). ywwas
used as the ‘control’ for most of the experiments. For the lifespan assay, newly emerged
flies were collected in fresh vials, and approximately, 10-15 flies were kept in each vial
from each genotype at 25°C with 12h dark/12h light conditions. The flies were transferred
into a new vial every 2-3 days followed by documenting the number of dead flies. The
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significance of survivability was calculated using Log-rank (Mantel-Cox) test and Gehan-
Beslow-Wilcoxon test in GraphPad Prism software.

Generation of CRISPR mutant:

We generated mecr’? mutant flies as described previously 24. In brief, for the
mecrT?AGAL4 |ine, we designed sgRNASs targeting the coding intron of CG16935/

mecr (TATGCAGTTCATGCCGGTTATGG) as well as a homology donor construct

that has the 200 bps left and right homology arms. A construct containing the

homology arms and sgRNA sites to linearize the homology donor construct is

synthesized in pUC57_Kan_gw_OK vector by Genewiz (South Plainfield/NJ). sgRNA
targeting mecris cloned in pCFD3 vector 104, The gRNAs, homology arms, and the
cassette containing attP-FRT-SpliceAcceptor-T2A-GAL4-polyA-3XP3GFP-polyA-FRT-attP
sequence was subcloned in the homology intermediate vector from pM37 vector, creating
the homology donor vector 2. mecr<022k-GAL4 |ine was, we designed as described in Kanca
et al. 2022195, A homology donor intermediate vector encoding sgRNAS targeting upstream
and downstream of the coding sequence of the gene (CCGTCGCTACATTGCTGCCAACT
and CCTCGAGTTACGCATCTAAATGC) and an sgRNA to linearize the homology donor
as well as 200 bps left and right homology arms was synthesized in pUC57_Kan_gw_OK?2
vector by Genewiz/Azenta (South Plainfield/ NJ). Kozak-GAL4-polyA-FRT-3XP3GFP-
polyA-FRT cassette is subcloned in the homology donor intermediate vector. Homology
donor vectors are injected in nosCas9 expressing embryos as described in Kanca et al.
201924, Eclosed flies are crossed with yw flies, and the 3XP3-GFP positive progeny were
selected on the basis of GFP expression in the adult eyes.

Cloning and transgenics

The MECR (NM_016011.2) human cDNA was cloned into the destination vector,
pGW-attB-HA as previously described 106, Briefly, cDNA in the pDONR221 vector

was shuttled to the pGW-attB-HA using Gateway cloning (LR clonase Il, Thermo

Fisher Scientific). For generating the variants, the Q5 site-directed mutagenesis (NEB)

in the pPDONR221 vector was performed using the following primers MECRC1Y232Glu,

For 5’-AAGAGTCTGGAGGCTGAGCAT-3’, Rev 5’-CAGTCTGTCACTCAGCTTC-3’;
MECRA9258TIP For 5°-GCCCCAGCCATGGCTTGCTCT-3’; Rev 5°-
ATGTCCTTAAAGAAGTTTTTCATTTCGGGCC-3’; MECRTP285" For 5°-
TGGTAACCTAGGGGGGGATGG-3’, Rev 5’-TGGTTCCTCCACGCGCTA-3’. All variant
sequences were Sanger verified after LR reaction to the destination vector.

For, the fly UAS-mecr-HA line, the clone from DGRC (Cat — 1660183) was obtained. As
previously described 107, flanking Gateway compatible attB sites were inserted by PCR to
the mecrtemplate and shuttled to the pPDONR223 by BP clonase 11 (Thermo Fisher
Scientific) using the following PAGE purified primers: mecr_attB_For 5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGTTGCGCAGAGGCTTTTTA
TCTC-3’ and mecr_attB_Rev 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAATGCTCATATCCAGTATGTAC-3
. yw @C31 integrase; VK33 (PBac{y[+]-attP}VVK00033) flies were used for injecting the
UAS constructs. For the mecr-GFP line, we obtained the FlyFos construct
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(CBGtg9060C0290D) from the SourceBiosciences and prepared the DNA for injection into
the y1 w*, P{nos-phiC31\int.NLS}X; PBac{y+-attP-3B}VK00033 flies.

Quantitative Real-Time PCR

Real time PCR was performed as described previously 198, In short, RNA was isolated
from 2" larva of the indicated genotypes using the RNeasy Plus Mini Kit (Qiagen)
followed by preparation of cDNA using 5% All-In-One RT MasterMix (Applied Biological
Materials Inc.) as per the manufacturer’s protocol. Master Mix for the quantitative
polymerase chain reaction was prepared using 2X Fast SYBR Green Master Mix
(Thermo). Following primers were used for mecr. 5’-ATTCTGGCAGCTCCCATTAAC-3’
(Forward, primer set 1), 5’-CGGCTGGAAACTTGGGCTT-3’ (Reverse,

primer set 1), 5’-CGTGGGCGACAAAGTCAAAG-3’ (Forward,

primer set 2), 5’-CAACCTTCTTGGACACGATCA-3’ (Reverse,

primer set 2); Spt1: 5’-ACCCTACTGCTCATAACCGTG-3’(Forward

primer), 5’-GCGATTATTCGGTCTTCCTCCTC-3’ (Reverse

primer); /ace: 5’-CCGCGTACACTGAAATTCGC-3’ (Forward

primer), 5’-CCGGATGGTAGTTGATCGAGC-3’ (Reverse primer);

SPTLCI. 5’-GGTGGAGATGGTACAGGCG-3’ (Forward primer),
5-TGGTTGCCACTCTTCAATCAG-3’ (Reverse primer); SPTLCZ.
5-TGGGTTCCTACAACTATCTTGGA-3’ (Forward primer), 5’-
CATACGCCATAGCAGCTTCTAC-3’ (Reverse primer). rps13or tubwas used as internal
control for the fly genes and 18s rRNA was used as internal control for the human genes.
Reactions for each genotype was set up in triplicate using Applied Biosystems QuantStudio
6 machine. Relative fold change of the mecrtranscript was calculated using 2722C% method,
statistical outliers were removed from final calculations, and the graph was prepared using
GraphPad Prism software.

Fibroblast culture

Fibroblasts derived from the parent (control) and both patients with MEPAN syndrome
were obtained from Undiagnosed Diseases Network and cultured in Dulbecco’s Modified
Eagle Medium (Gibco, USA) supplemented with 10% fetal bovine serum (Invitrogen, USA)
and 1% Antibiotic-Antimycotic (Gibco, USA). All cells were grown in 5% CO, at 37°C.
Harvested cells were washed with phosphate-buffered saline and stored as pellets at —80°C
until further analysis. All experiments were performed using the same passage number.

S2 cell culture and transfection and immunostaining

S2 cells were cultured on polyD-Lysine coated coverslips in 24 well plates at

room temperature (23°C) using Schneider’s Drosophila medium (Life Technologies)
supplemented with 10% fetal bovine serum (FBS) and Penicillin-Streptomycin (Sigma).
Transfection of S2 cells were carried out with 0.2ug DNA using Qiagen Effectene
Transfection Reagent as per the manufacturer’s recommendation. After 48 hours of
transfection, the cells were used for immunostaining. Briefly, the media was replaced with
500 L of 4% PFA (paraformaldehyde) for 30 min at room temperature. Then, the coverslips
were rinsed with 1X PBS for three to four times followed by treatment with 200 uL of 0.2%
PBT for 15 min and blocking with 1% NGS for 1 hour. Subsequently, primary antibody
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incubation was performed at 4°C overnight. The next day, cells were washed with PBS

4 times, 5 min each, and incubated with respective secondary antibodies and DAPI for
60-90 min at room temperature. Finally, the coverslip with cells was briefly washed with

1X PBS and mounted using vectashield (MVector Labs, Burlingame, CA). The slides were
either imaged immediately using a Leica sp8 (Leica) confocal microscope. The images were
processed using ImageJ and Adobe Photoshop.

Immunostaining of fly tissues

Immunostaining was performed as described previously 106108 | arvae were dissected in
cold PBS followed by fixation in 4% PFA for either 20 min (salivary gland and fat body)

or overnight (brain). Next, the tissues were washed briefly in PBST 3-4 times for 10-15 min
each, blocked in 5% NGS and kept in primary antibody for overnight at 4°C. The following
dilutions of primary antibodies were used: Rat Anti-Elav (1:500), Mouse Anti-Repo (1:50),
Rabbit Anti-MECR (1:100), Mouse Anti-ATP5a (1:500), Mouse Anti-Cer (1:15). The next
day, after washing with PBST 3-4 times for 15 min each, the tissues were incubated in
secondary antibody in 5% NGS and PBT for 90 min at room temperature. All the secondary
antibodies were used at a 1:200 dilution. The secondary antibody was removed followed by
three washes with PBST 3-4 times for 15 min each. Finally, the tissues were mounted in
vectashield (MVector Labs, Burlingame, CA) or RapiClear mounting medium. For the adult
brains, 2% PBT was used for all the washes and the antibody incubations were performed
for 48 hours. Imaging was performed by using either LSM880 (Zeiss) or Leica sp8 (Leica)
confocal microscopes. The images were processed using Zen Blue (Zeiss LSM Image
Browser), ImageJ and Adobe Photoshop.

Electroretinogram

Electroretinograms were performed as described by 106, The flies were glued to the glass
side and kept in complete darkness for at least one minute followed by inserting two glass
electrodes: the ground electrode was placed onto the thorax and the recording electrode
was placed onto the eye. The eyes were exposed to a pulse of light for 1 sec. The
electroretinogram traces were recorded and data analyses were performed using LabChart8
Reader software.

Climbing assay

Climbing assay was performed as described previously 198, Briefly, 3-5 flies were taken

in a plastic food vial and tapped 2-3 times onto the bottom. Next, two parameters were
measured: first, the percentage of flies, who were able to climb ~8 cm in 30 sec. Second,
the average time taken by the flies to reach ~8 cm distance within 30 sec. If the flies are
unable to climb 8cm within the given time, we record them at 30 sec. However, if the flies
can climb prior to the 30 sec timespan, we note that specific time as the climbing time. The
flies that are listed at the 30 sec timepoint are really poor performers.

Transmission Electron Microscopy

Transmission electron microscopy was performed using retina from the adult fly eye as well
as fibroblasts from patients and parental control. The samples were fixed using 4% PFA, 2%
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glutaraldehyde, and 0.1 M sodium cacodylate (pH 7.2) at 4°C for 48 hours followed by a
secondary fixation in 1% OsO,. Subsequently, the samples were dehydrated by treating them
with ethanol grades and propylene oxide. For this, a Ted Pella Bio-Wave microwave oven
with vacuum attachment was used. Next, the samples were embedded in Embed-812 resin
(Electron Microscopy Science, PA) for 72 hours. Then, ultra-thin sectioning was performed
using a Leica UC7 microtome followed by staining with 1% uranyl acetate and 2.5% lead
citrate. Finally, imaging was performed using a JEOL JEM 1010 transmission electron
microscope with an AMT XR-16 mid-mount 16-megapixel camera.

Lipidomic analyses

Lipidomic analyses were performed using the mecr’ mutant larva, adult fly heads and
human fibroblasts.

Lipid extraction—L.ipids were extracted from wild-type, mutant and rescue larva, as
well as control and patient fibroblast pellets using a neutral and acidic lipid extraction

as described previously 199-111 Briefly, deuterated internal standard mixture, described in
the previous method 111 was added with chloroform:methanol (1:2, v/v) to all samples
equally. After the addition of internal standards, the samples were tip-sonicated to disrupt
the cells and extraction solvent was added to extract lipids while removing proteins

and polar metabolites. Extracted lipids were stored at —80°C until mass spectrometry
analysis. For lipid extraction from fly heads, deuterated ceramide LIPIDOMIX standard
containing d18:1-d7/16:0-, d18:1-d7/18:0-, d18:1-d7/24:0- and d18:1-d7/24:1-Cer (Avanti
Polar Lipids, Alabastor, AL) was added to 100 fly heads as an internal standard with 500
ul 1-butanol:methanol (1:1, v/v). Followed by tip-sonication, all samples were sonicated for
60 min at room temperature and centrifuged at 13,000 x g for 10 min. The supernatant
was dried using vacuum centrifuge, reconstituted in 40 pl chloroform:methanol (1:4, v/v)
and centrifuged at 13,000 x g for 5 min to remove any insoluble salt. The supernatant was
collected and kept at —80°C until further analysis by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis.

Liguid chromatography-tandem mass spectrometry for lipidomics—The larva
and human fibroblast lipid extracts were analyzed on a Hypersil GOLD Vanquish Cqg
UHPLC column (150 x 2.1 mm, C1g 1.9 um and 175 A) using a Fourier transform

Orbitrap Fusion Tribrid ID-X mass spectrometer (Thermo Fisher Scientific, USA) coupled
to Vanquish Horizon UHPLC (Thermo Fisher Scientific, USA). Untargeted lipidomics was
carried out as previously described, with modifications 110:111, Briefly, a binary gradient at a
flow rate of 300 uL/min using aqueous phase (water:acetonitrile=6:4, v/v) and organic phase
(isopropanol:methanol:acetonitrile=8:1:1, v/v/v) with 10 mM ammonium formate and 0.1%
formic acid as modifiers was applied to separate the lipids. Organic phase was increased
from 30% to 95% over 15 min, maintained at 95% for 3 min and equilibrated to 30% for 5
min for the next injection. The analytical column was maintained at 50°C. A full scan MS
(250-1600 m/z in positive ion mode and 350-1700 m/z in negative ion mode) was acquired
in the Orbitrap with a resolution of 60,000 at m/z 200. Injection time was set at 50 ms in

MS and dynamic exclusion was enabled with an 8 s exclusion duration time. MS/MS spectra
were obtained at a resolution of 15,000 at m/z 200 with injection time at 60 ms. MS/MS
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scans were acquired for 1.5 sec, followed by a MS scan. In positive ion mode, spray voltage
of 3.5 kV and stepped collision energy of 30, 35 and 40% in higher-energy collisional
dissociation (HCD) were applied. Collision-induced dissociation was triggered only for ions
with detection of m/z 184 in HCD fragmentation. In negative mode, spray voltage of 3 kV
and stepped collision energy of 28, 32 and 40% in HCD were used.

Mass Spectrometry data analysis for lipidomics—The acquired tandem-mass
spectra were processed using LipidSearch 4.2 (Thermo Fisher Scientific, USA) to annotate
lipids. Lipids were annotated by comparing precursor ion masses and corresponding MS/MS
spectra against the database. Precursor ion mass tolerance was set to 5 ppm and fragment
ion tolerance was set to 8 ppm. Annotated lipids were quantified by calculating peak areas
using PyQuant, based on the precursor ion masses and retention times 112, All lipids were
normalized by peak area of internal standard sharing the identical head group of lipids.

Targeted analysis of lipids using LC-MS/MS—L.ipids were analyzed using an Altis
triple quadrupole mass spectrometer (Thermo Fisher Scientific, Waltham, MA) coupled to
Vanquish Horizon UHPLC (Thermo Fisher Scientific, Waltham, MA).

An Atlantis T3 column (1.0 x 50 mm) packed with C18 particles was used to separate the
glucosylceramides and ceramides containing d14:0, d14:1, d14:2, and d16:1 as sphingoid
backbones. Mobile phase A was consisted of water:acetonitrile (9:1, v/v) with 0.1% formic
acid and mobile phase B was made up of isopropanol:methanol:acetonitrile (7:2:1, viviv)
with 0.1% formic acid. At the flow rate of 150 pl/min, mobile phase B was increased from
30 to 40% over 1 min, 70% over 1.5 min, 72.5% over 3.5 min and 95% over 3.5 min.

After maintaining the mobile phase B at 95% for 2.5 min, it was ramped down to 10%

over 0.1 min and re-equilibrated at 30% mobile phase B for 2.9 min. Eight microliters

of reconstituted samples were injected to LC-MS/MS and each sample was analyzed in
triplicate. Scheduled multiple reaction monitoring (MRM) of targeted lipids were acquired
with Q1 resolution at 0.4 FWHM, Q3 resolution at 0.7 FWHM, spray voltage 3.5 kV, sheath
gas at 35, auxiliary gas at 5 and sweep gas at 1 in positive ion mode. Each MRM of lipid had
one quantifier and one qualifier ion.

Peak areas of lipids were calculated using Skyline (MacCoss LabSoftware), normalized to
peak area of deuterated internal standard and protein amount measured from BCA protein
assay. Ceramides and glucosylceramide having d14:0, d14:1, d14:2, and d16:1 sphingoid
bases were quantified using m/z 210.25, 208.25, 206.25, and 236.25 as quantifier ions,
respectively. The total level of lipid for each class was calculated by adding the normalized
peak areas of individual species.

ATP determination:

ATP determination was performed using ATP determination Kit from Thermo (A22066)
as per the manufacturer’s instruction. 25 larvae were homogenized in 100 uL of
homogenization buffer followed by boiling for 5 min and centrifugation at ~21000 x g

for 3 min at 4°C. The supernatant was collected in a separate tube. For the fibroblasts,
~1x104 cells were washed twice with PBS followed by centrifugation to make a cell pellet.
The pellet was resuspended with ATP releasing agent from Sigma (FLSAR-1VL). 10 pL
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of the supernatant was diluted with 90 UL of homogenization buffer and used for further
experiments. Finally, the diluted sample was added into Luciferase-luciferin mix (1:10)
followed by measurement of luminescence. Total protein levels were determined and used to
finally normalize the data.

Mitochondrial Membrane potential analyses:

ETC activity

Mitochondrial membrane potential was performed as described previously 37. Briefly, larvae
were dissected in DSM and stained with 100 nM TMRE for 20-30 min followed by two
brief washes in PBS. Samples were mounted in 1X PBS and immediately imaged using

63X objective of Zeiss880. The images were processed using Zen Blue (Zeiss LSM Image
Browser) and Adobe Photoshop software.

Activities of ETC complexes were measured by kinetic spectrophotometric assays as
previously described 113, Briefly, 150 second instar larva were homogenized in 500 pL

of Mitochondria Isolation Buffer (225mM Manitol, 75mM Sucrose, 10mM MOPS, 1mM
EDTA, 2.5mg/ml BSA in milli-Q water). After homogenization, protein concentration was
determined by Bradford assay. Enzymatic activity of the individual OXPHOS complexes
was measured using a Tecan Infinite M200 microplate plate reader. The assay is based on
the measurement of oxidation/reduction of substrates or substrate analogues of individual
complexes. The enzyme activity of individual complexes was normalized to the protein
concentration.

Seahorse assay

The oxygen consumption rates of fibroblasts were measured using the XF24 extracellular
flux analyzer from Seahorse Bioscience, Agilent as described previously 0. Briefly, the
cells were plated in 4 replicates with ~60000 cells in each well and the XF24 cartridge was
equilibrated using calibration solution at 37°C for overnight. The next day, the media was
replaced with XF assay medium (5mM glucose/5mM glactose, 2mM pyruvate in DMEM
media, pH 7.0) and different mitochondrial stressors, namely Oligomycin (500 nM), FCCP
(500 nM), Rotenone and Antimycin A (100 nM each) were added to the wells containing
the fibroblasts in a sequential manner. A protocol of 3 min mixing followed by 3 min
measurement and 2 min incubation time was followed to measure the oxygen consumption
rates. Different respiratory parameters were calculated by using Seahorse Wave software.
Finally, the protein concentrations of each well were measured and used to normalize the
readings.

Ferrozine assay

Ferrozine assay was performed following the slightly modified protocol from Missirlis et
al., 2006; Schober et al., 2021114115 Briefly, 10 larvae, 25 fly heads, or cell pellets were
homogenized in lysis buffer followed by centrifugation at 16000xg for 10 min. Concentrated
HCL was added to the supernatant followed by heating for 20 min at 95°C. Then, the

tube was centrifuged at 16000xg for 2 min. 20 uL of 75 mM Ascorbate and 20 pL

of 10 mM Ferrozine were added to 50 pL of supernatant and mixed. Finally, 40 pL of
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saturated ammonium acetate was added to the mixture followed by absorbance measurement
at 560nm using FLUOstar OPTIMA microplate reader (BMG Labtech). Results were
normalized with the protein concentrations.

Iron staining

Iron staining was performed as described previously >*. In short, larval brains were dissected
in ice-cold PBS followed by fixation in 4% PFA for 20 min. Subsequently, the brains were
washed quickly in 0.4% PBT and incubated in Perls solution (1% K4Fe(CN)g and 1% HCL
in PBT) for 10-15 min. After incubating with Perls solution, brains were again washed
quickly with 0.4% PBD and incubated for 3-5 min with DAB solution (10 mg DAB in
0.07% H,0, and 0.4% PBT) for enhancing the signal. Lastly, the brains were washed briefly
in 0.4% PBT, mounted in (Vector Labs, Burlingame, CA) and imaged with a Zeiss SteREO
Discovery.V20 microscope equipped with Omax 18.0 MP Camera. Images were processed
using ImageJ and Adobe Photoshop software.

Aconitase assay

Aconitase assays were performed using Aconitase Activity Assay Kit from Sigma
(MAKO051) 116, Briefly, ~50 larva or fibroblast pellets were homogenized in 100 pL ice-cold
assay buffer and the homogenate were centrifuged at 800xg for 10 min. 65 pL of supernatant
taken in a fresh tube and centrifuged at 20000xg for 15 min. Pellets were resuspended in

100 pL assay buffer and used for the subsequent steps following manufacturer’s protocol.
The absorbance was measured using FLUOstar OPTIMA microplate reader (BMG Labtech).
Finally, the readings were normalized with protein concentrations.

Citrate Assay

Citrate assays were performed using Citrate Assay Kit from Sigma (MAKO057). In brief,
~50 larva or fibroblast pellets were homogenized in 100 pL assay buffer followed by
centrifugation at 15,000xg for 10 minutes at 4°C. Supernatant was used for the subsequent
steps following manufacturer’s protocol with slight modifications. After 15 min incubation,
absorbance was measured using FLUOstar OPTIMA microplate reader (BMG Labtech).
Finally, the readings were normalized with protein concentrations.

Protein Isolation and Western Blot

Larvae or cell pellets were homogenized in ice-cold RIPA buffer with 1X liquid protease
inhibitor (Gen DEPOT) followed by centrifugation for 10 min at ~16000 x g at 4°C.

The supernatant was collected in a separate tube, where 4X Laemmli Buffer containing
B-mercaptoethanol was added. After mixing well, the samples were heated at 95°C for 10
min followed by keeping them in ice until loaded. The proteins were separated using 4—20%
gradient polyacrylamide gels (Bio-Rad Mini-PROTEAN® TGX™) at 90-100 volts. After
electrophoresis, western blot was performed using a polyvinylidene difluoride membrane
(Immobilon, Sigma) followed by blocking in either skimmed milk or 5% BSA for 60-90
mins. Finally, the membranes were incubated in the primary antibody overnight. The
following dilutions were used for the primary antibodies: Anti-MECR (1:1000), Anti-4HNE
(1:1000), Anti-Iscu (1:1000), Anti-NFS1 (1:1000), Anti-Lipoic Acid (1:1000), Anti-Actin
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(1:10,000). The next day, the membrane was washed briefly followed by incubation in
horseradish peroxidase-conjugated secondary antibody in blocking solution (1:5000) for 90
min at room temperature. Next, the membrane was washed three times and Fixer-Developer
(1:1) solution from Western Lightning Chemiluminescence Reagent Plus (PerkinElmer,
NEL104001EA) enhanced chemiluminescence (ECL) was used to develop the signal, which
was visualized using Bio-Rad ChemiDoc MP Imaging System.

Co-Immunoprecipitation

Co-immunoprecipitation was performed as described previously 117. Briefly, the protein
samples from larvae, adult fly heads, or fibroblasts containing 1-2 mg proteins were mixed
with Protein A/G beads (SCBT) and the respective antibodies in an end-over-end rotator at
4°C overnight. The next day, the samples were briefly centrifuged and washed in IP buffer
three to four times followed by denaturation, PAGE separation and western blotting.

Preparation of low iron fly food and drug administration

For preparing the low iron food for flies, dry yeast (10% w/v), agar (0.6% w/v) and sugar
(10% wi/v) were mixed in mili-Q water, microwaved and aliquoted in vials. After the food
was solidified, the vials were used immediately or stored at 4°C for future use. For testing
the effects of reduced ceramide or iron levels, fly food with different drugs was prepared
and administered along with corresponding control food. Myriocin (100 mM in ethanol),
Desipramine (1.126 mM in milli-Q water) and Deferiprone (163 uM in milli-Q water) were
mixed in regular food and used immediately or stored at 4°C for future use. The treatments
were applied to the flies developmentally. The crosses were set up in the foods with different
treatments so that the larva can fed upon the modified food. For all the experiments, the flies
were transferred into a fresh vial in 2 to 3-day intervals.

Statistical analyses and data quantification

The data used for quantification were obtained in at least three biological replicates, and
GraphPad Prism (GraphPad Software Inc., CA, U.S.) was used for the statistical analyses
and quantification. For comparing two groups, unpaired t-test (two-tailed) and for comparing
more than two groups, analysis of variance (ANOVA) was used. All the data are represented
as bar plots and the error bar represents + SEM. P-value less than 0.05 is considered
significant (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) and less than 0.05 is
considered nonsignificant (ns).

Ethics oversight Statement

Our research complies with all relevant ethical regulations. Consent of the MEPAN
patients/their legal guardians were obtained, and the ethics oversight is carried out by the
Undiagnosed Diseases Network with an IRB from the NIH that is accepted by BCM.
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Extended Data

mtFAS and its products
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Extended Data Fig. 1: The mitochondrial fatty acid synthesis pathway and generation of mecr
mutants.

(a) Mitochondrial fatty acid synthesis pathway and its products. Briefly, an acetyl and
malonyl moiety are condensed to make a four carbon long keto-acyl species, which remains
attached to the mitochondrial Acyl Carrier Protein (mtACP), a protein that holds the growing
acyl chain during the fatty acid synthesis within the mitochondria. Subsequently, this four-
carbon long keto-acyl ACP undergoes a reduction-dehydration-reduction cycle to produce
a butyryl-ACP (C4). C4 enters into the cycle, and two carbons from the malonyl moiety

are attached to the butyryl species to make an acyl chain of six carbon length. This cycle
continues until the carbon length of the growing acyl chain reaches up to 16-18 carbon.

(b) Schema showing the mecr mutants used in this study. (c) Schema showing the Primers
used for quantitative real-time PCR and the graphs showing the relative levels of mecr
transcripts in mecr’©# mutants. Each dot represents data from three technical replicates.

(d) Western blot showing lipoic acid (LA) levels linked to Muc (ortholog of yeast Latl

and a component of PDH complex in fruit fly) and CG5214 (ortholog of yeast Kgd2 and

a component of OGDH complex in fruit fly) in mecr mutants. (e) Effects of a transgene
containing mecr-GFP (Fosmid clone, CBGtg9060C0290D) 36 or of ubiquitous expression
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of HA-tagged fly mecron mecr’®# homozygous mutants. One-way ANOVA followed by a
Tukey’s post-hoc test was performed for the statistical analyses. Error bars represent SEM
(****p < 0.0001).
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Extended Data Fig. 2: Thevariants observed in patients are conserved in the fly Mecr protein
and homozygous mecr mutants are not fully rescued by expressing these MECR variants.

(a) Protein alignments of Mecr proteins. Red boxes indicate the amino acid that are variant
in MEPAN patients. Schema shows the relative position of the patient variants in MECR
protein. (b) Effects of ubiquitous expression of human MECR variants when driven by
aa-GAL4in mecrmutants. (c) Percentage of 15-day-old flies that are able to climb 8

cm within 30 seconds. Each dot represents the percentage of flies from three independent
experiments. (d) Average time taken by 15-day-old flies to climb 8 cm. Each dot represents
the time taken by one fly in each of the three experiments. n = 93 (MECRR®f), n = 86
(MECRA9258TMP) 1 = 84 (MECRC!Y232Gu) flies. One-way ANOVA followed by a Tukey’s
post-hoc test was performed for the statistical analyses. Error bars represent SEM (****p <

0.0001).
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Extended Data Fig. 3: Loss of mecr causes a reduction in lifespan aswell asin climbing ability.
(a-b) Western blot and quantification showing relative levels of Mecr protein upon neuronal

knockdown (elav-GAL4) with two different RNAI lines at 25°C. Each dot represents

the data from three independent experiments. For statistical analyses, one-way ANOVA
followed by a Dunnett’s multiple comparison test is carried out. Error bars represent SEM
(**p < 0.01). (c) Lifespan of flies with neuronal knockdown of mecr. (d) Percentage of
25-day-old flies that can climb 8 cm within 30 seconds. Each dot represents the percentage
of flies from three independent experiments. (e) Average time taken by 25-day-old flies to
climb 8 cm. n = 128 (/uci-RNAIJ) and n = 55 (mecr-RNA)J) flies. For statistical analyses,
two-tailed Student’s t-test is carried out. Error bars represent SEM (*p<0.05; ****p <
0.0001). (f-h) Quantification of ERG traces from 3-5 day-old flies. Each dot represents the
data from one fly. n = 8 (Controland mecr®; GR), n = 10 (mecr?) flies. For statistical
analyses, one-way ANOVA followed by a Tukey’s post-hoc test is carried out. Error bars
represent SEM.
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a mecr®> UAS-mCherry.NLS

(Larval Brain)
mCherry MERGED

Adult Brain

Extended Data Fig. 4: mecr isexpressed in neuronsand glia, and Fly Mecr and Human MECR
proteins are localized to mitochondria.
(a) Expression of mCherry driven by mecrXG4 (mecr02k-GAL4 \yhere we replaced the

coding region of the gene with a Kozak sequence followed by a GAL4 gene) in larval brains.
Elav-positive cells are neurons and Repo-positive cells are glia. (b) Expression of mCherry
driven by mecr0zak-GAL4 i the adult brain. Note that /mecrexpression is sparse in the

adult brains. However, a few cells including the prospective medial neurons, which typically
produce insulin-like peptides express it abundantly. Scale bar 50 um. (c) Colocalization of
Mecr-GFP and ATP5a in 3 instar larval fatbody tissue. Scale bar 10 um. (d) Colocalization
of human MECR and ATP5a in S2 cells. Scale bar 3.5 pm. Immunostaining was performed
using an antibody against human MECR protein and an antibody against ATP5a.. All
experiments were carried out at least 2 times.
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Extended Data Fig. 5: RNA levelsof MECR arereduced in MEPAN patients and relative levels
of phospholipids are differentially altered in patient-derived fibroblasts and mecr mutants.

(a) Pedigree of the two patients with MEPAN syndrome identified through UDN. (b)
RNA-seq from blood showing reduced levels of MECR transcripts in both patients.

(c-g) Relative phospholipids levels in MEPAN patient-derived fibroblasts compared to

the parent-derived control fibroblasts: phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine (PS) and phosphatidylglycerol (PG).
The dots represent values of technical replicates from one set of biological replicates. For
statistical analyses one-way ANOVA followed by a Tukey’s post-hoc test are carried out.
Error bars represent SEM (*p < 0.05) (h-I) Relative levels of different phospholipids in the
mecr’@% larvae compared to control. The dots represent values of technical replicates from
one set of biological replicates (n = 350 2"d instar larva). For statistical analyses, two-tailed
Student’s t-test are carried out. Error bars represent SEM (*p < 0.05; ***p < 0.001).
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Extended Data Fig. 6: Altered ceramide levelsin mecr mutants and human fibroblasts.
(a) Graph showing the ceramide species in the mecr’ ¢4 fly mutant larvae. Data

are presented as mean values +/— SEM (b) Graph showing the relative levels of
ceramidephosphoethanolamine (CPE) in the mecr’¢4 fly mutant larvae. For statistical
analyses, two-tailed Student’s t-test are carried out. Error bars represent SEM (***p <
0.001). For a and b, the dots represent values of technical replicates from one set of
biological replicates (n= 350 2nd instar larva). (c) Graph showing the ceramide species in
both patient fibroblasts. The dots represent values of technical replicates from one set of
biological replicates. Data are presented as mean values +/— SEM.
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Extended Data Fig. 7: Desipramine and Deferiprone treatment lower s glucosylceramide levelsin
the fly headsin which mecr isreduced in neurons.

(a-b) Graphs showing the fold changes in different glucosylceramide species upon treatment
with Desipramine and Deferiprone at 15- and 25-day timepoints. Each square indicates the
average value of three technical replicates.
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Extended Data Fig. 8: Loss of mecr/MECR leadsto arespiratory deficit.
(a) Relative activity of ETC complexes (CI-1V) in mecr’@# mutants and controls. mecr’#

mutant larvae display reduced activity of Complex-I, I+111, and 1V and increased activity

of Complex-11. Each dot represents data from three technical replicates (n = 150 2" instar
larva). For statistical analyses, two-tailed Student’s t test are carried out. Error bars represent
SEM (**p < 0.01; ***p < 0.001****p < 0.0001). (b) Relative levels of ATP in fibroblasts
from patients and parental control. Each dot represents the values from four experiments.
For statistical analyses, one-way ANOVA followed by a Tukey’s post-hoc test are carried
out. Error bars represent SEM (***p < 0.001). (c-e) Relative oxygen consumption rates

in control and patient derived fibroblasts as measured by Seahorse analyses. (c) Basal
respiration, (d) maximal respiration, and (e) spare respiratory capacity are reduced in the
patient-derived fibroblasts compared to fibroblasts derived from parent control. Each dot
represents the values of replicates in each well from one set of biological replicates. For
statistical analyses one-way ANOVA followed by a Dunnett’s multiple comparisons test are
carried out. Error bars represent SEM (*p < 0.05; **p < 0.01; ***p < 0.001). (f) Co-IP
from one set of biological replicates shows the interaction between NFS1 and ISCU in the
fibroblasts. After performing immunoprecipitation using Mouse Anti-ISCU antibody, the
blot was probed for NFS1, stripped, and reblotted for ISCU.
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a Detail of other MEPAN patients including Serum Ferritin levels
: Variants Ferritin (Range
Ratient in MECR Symptoms in ng/ml)
C.695G>A .
Movement disorders, 19.54
I (%.géyo2+322lﬁslu ' | Basal Ganglia lesions on MRI (9.50-110)
C.695G>A Movement disorders, 12.0
Il (p-Gly232Glu), Basal Ganglia lesions on MRI, (10-291)
€.830+2Ins Optic atrophy
C.695G>A Movement disorders, 15.7
m (p.Gly232Glu), | Basal Ganglia lesions on MR, (22-322)
€.830+2Ins Optic atrophy
C.695G>A Movement disorders, 18.6
v (p.Gly232Glu), Basal Ganglia lesions on MRI, (10-291)
€.830+2Ins Optic atrophy
C.695G>A Movement disorders, 12.9
\' (p.Gly232Glu), Basal Ganglia lesions on MRI, 10391
€.830+2Ins Optic atrophy (10-291)
C.695G>A Movement disorders, 38.8
\'| (p.Gly232Glu), Basal Ganglia lesions on MRI, (11-233)
€.830+2Ins Optic atrophy
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Extended Data Fig. 9: Ferritin levelsarelow in the additional MEPAN patients and the ATP
levels, iron levels and aconitase activity are affected in the fibroblasts of Patient 111.

(a) Table showing MEPAN patients including mutations, symptoms, and ferritin levels in
blood. Out of these six patients described in the table, one patient (Patient 111) was described
earlier by Heimer et al., 2016. The other five patients are newly identified individuals who
have not been reported elsewhere. (b) Graph showing relative ATP levels in fibroblasts

from patient 111 compared to the fibroblasts from unrelated controls. Each dot represents

the values of replicates from three experiments. (¢) Graph showing the relative iron levels

in the fibroblasts from patient 111. Each dot represents the values of replicates from three
experiments. (d) Graph showing the relative aconitase activity in the fibroblasts from patient
I11. Each dot represents the values of replicates from three experiments. For statistical
analyses, one-way ANOVA followed by a Tukey’s post-hoc test are carried out. Error bars
represent SEM (**p < 0.01).
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Extended Data Fig. 10: Reducing iron levels alleviates age-dependent locomotor defectsin flies
with neuronal knockdown of mecr.

(a-b) Average percentage and climbing time to reach 8 cm of 25-day-old flies with neuronal
knockdown of mecr (elav-GAL4>mecr-RNAJ) and expressing ferritins. n = 81 (luci-RNAJ),
n =76 (mecr-RNAJ), n= 14 (mecr-RNAi and FerlHCH-Fer2l CH) flies. (c-d) Average
percentage and climbing time of 25-day-old flies upon neuronal (by e/av-GAL4) knockdown
of mecrtreated with and without low iron food as well as deferiprone. n = 62 (/uci-RNAJ),
n = 155 (mecr-RNAIJ), n = 105 (mecr-RNAJ with low iron food), 7= 55 (mecr-RNAJ with
deferiprone) flies. For a and c, each dot represents the percentage of flies from at least

three independent experiments. For b and d, each dot represents the time taken by one

fly in at least three independent experiments. (e) Relative amount of iron in the untreated,
desipramine and deferiprone-treated fly heads with neuronal knockdown of mecr. Each dot
represents the values of replicates from three experiments each using 25 fly heads. (f) Co-IP
shows the interaction between Nfs1 and Iscu in the fly heads with neuronal knockdown of
mecr. One-way ANOVA followed by a Tukey’s post-hoc test is carried out for statistical
analyses. Error bars represent SEM (***p < 0.001; ****p < 0.0001).
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Figure 1: Loss of mecr causes an age-dependent locomotor impairment, ERG defects and
photoreceptor loss.
(a) Phenotypes of mecrmutants and complementation with an 80 kb P[acman] rescue

construct (GR)?" containing the mecr gene or ubiquitous expression of human MECR.
(b-c) Climbing ability of 25-day-old flies upon neuronal knockdown (by elav-GAL4) of
mecrwith two independent RNAI lines. (b) Percentage of 25-day-old flies that are able

to climb 8 cm within 30 seconds. Each dot represents the percentage of flies from three
independent experiments. (c) Average time taken by 25-day-old flies to climb 8 cm. Each
dot represents the time taken by one fly in each of the three independent experiments. Note
that if the flies are unable to climb 8cm within the given time, we record them at the 30
sec, and these flies are poor performers. n = 54 (Juci-RNAJ), n = 35 (mecr-RNAI #1), n=
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46 (mecr-RNAi#2) flies. (d) ERG traces of controls and mecr”® mutant clones of 15-day-old
flies. ERG recordings are induced by a light pulse and exhibit “on” and “off” transients
(arrow and arrowhead), indicative of synaptic communication between the PR neurons

and postsynaptic cells. They also exhibit a decreased amplitude which corresponds to the
depolarization of PR neurons (dashed line). (e-g) Quantification of depolarization amplitude
as well as “on” and “off” transients for the respective genotypes. Each dot represents the
data from one fly. n = 12 (Control), n = 10 (mecr® and mecr®; GR) flies. (h) Retinal sections
and (i) quantification of PRs per ommatidium from control and /mecr® mutant clones in
15-day-old flies. The scale bar is 10 um. The red line marks the mutant clone area. In i, each
dot represents the data from the retinal sections of flies. n = 51 ommatidia from at least 5
independent samples. All the flies were maintained at 25°C. For statistical analyses between
two samples, two-tailed Student’s t test, and for three samples, one-way ANOVA followed
by a Tukey’s post-hoc test are carried out. Error bars represent SEM (***p < 0.001; ****p <
0.0001).

Nat Metab. Author manuscript; available in PMC 2024 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

Page 40

a | mecr gene >

Mecr Protein

Figure2: Mecr isenriched in a subset of glial cellsin larval brain and is present in mitochondria
in salivary glands.
(a) Schematic diagram showing the mecr-GFP transgene (Fosmid clone,

CBGtg9060C0290D)36 used in this study. (b) Expression of Mecr-GFP in Elav-positive
neuronal and Repo-positive glial cells of the 3" instar larval brain. Scale bar: 25 um. (c)
Salivary gland cells from 3rd instar larva and colocalization of Mecr-GFP with ATP5a, an
inner mitochondrial membrane protein, Scale bar: 10 um. All experiments were carried out
at least 2 times.
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Figure 3: Loss of mecr/MECR leadsto an increase in ceramide levels.
(a-c) Relative amounts of ceramides and hexosylceramides in /mecr’ ¢4 mutants. The dots

represent values of technical replicates from one set of biological replicates (n = 350 2
instar larva). (d-e) Relative amounts of ceramides in fibroblasts from patients. (f-h) Relative
amount of hexosylceramides in patient-derived fibroblasts. The dots represent values of

technical replicates from one set of biological replicates. For statistical analyses, one-way
ANOVA followed by a Tukey’s post-hoc test is carried out. Error bars represent SEM (*p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 4: Reducing Ceramide levels alleviates the age dependent phenotypesin fruit fly.
(a-c) Relative amounts of ceramides and glucosylceramides in fly heads with neuronal

knockdown of mecr. The dots represent values from technical replicates. n = 100 fly heads.
(d-e) Average percentage of flies climbing 8 cm and climbing time of flies with and without
Myriocin and Desipramine treatment. In d, each dot represents the percentage of flies

from three independent experiments, and in e, each dot represents the time taken by one

fly in three independent experiments. n = 84 (/uci-RNAJ), n = 51 (mecr-RNAJ), n =51
(mecr-RNAiwith Desipramine), n = 51 (mecr-RNAi with Vehicle), n = 57 (mecr-RNAi with
Myriocin) flies. (f-h) ERG traces and quantification showing the effects of Myriocin and
Desipramine treatment on 25-day-old flies with neuronal knockdown of mecr. For g-h, each
dot represents the data from one fly. n = 12 (Juci-RNAJ), n = 16 (mecr-RNAJ, mecr-RNA7I
(Desipramine), mecr-RNAi (Vehicle), mecr-RNAJ (Myriocin) flies. For statistical analyses
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between two samples, two-tailed Student’s t test, and for three samples, one-way ANOVA
followed by a Tukey’s post-hoc test are carried out. Error bars represent SEM (**p < 0.01;
***p < 0.001; ****p < 0.0001).
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Figure 5: RNAi-mediated knockdown of mecr elevates ceramide levels which arelowered upon
treatments with Desipramine or Deferiprone.

(a-b) Graph showing relative levels of ceramide and glucosylceramide in 25-day-old brains
upon neuronal knockdown (by eflav-GAL4) of mecr. The dots represent values from
technical replicates. n = 100 fly heads. (c) Ceramide levels in 25-day-old brains. Scale bar
100pm. (d) Quantification of relative ceramide intensity in 25-day-old brains upon neuronal
knockdown (by elav-GAL4) of mecr. Each dot represents the data from one adult heads (7=
11 and 10 biologically independent samples from /uci-RNA7and mecr-RNAI, respectively).
(e-f) Graphs showing the relative changes in different ceramide species upon treatment with
Desipramine (2) and Deferiprone (3). Each square indicates the average value from three
technical replicates. For statistical analyses between two samples, two-tailed Student’s t test
is carried out. Error bars represent SEM (*p < 0.05; **p < 0.01).
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Figure 6: L oss of mecr/MECR impairs mitochondrial function and mor phology.
(a) Relative levels of ATP in mecr’? mutants and controls. Each dot represents the values

of replicates from two independent experiments using 25 2"d instar larva. (b) Levels of
mitochondrial membrane potential as measured by TMRM in larval muscle. Scale bar is 5
um. (c) Graph showing relative quantification of TMRE. Each dot represents the data from
one larva (n = 5 and 6 biologically independent samples from mecr’¢4; GR and mecr’?,
respectively). (d) Transmission Electron micrographs showing mitochondrial morphology in
photoreceptor neurons of 15-day-old flies. Inset: Single mitochondrion showing the extent
of severity in mitochondrial morphology in mecrmutant clones (right) compared to control
(left). Scale bar is 0.8 pm. At least six flies from two independent experiments were used for
TEM imaging. (e) Transmission Electron micrographs showing mitochondrial morphology
in control and MEPAN patient derived fibroblasts. Inset: Enlarged area from the indicated

Nat Metab. Author manuscript; available in PMC 2024 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dutta et al.

Page 46

regions shown in e. Scale bar 0.6 um. Cells from two plates for each patient were used for
TEM imaging. For statistical analyses between two samples, two-tailed Student’s t test, and
for three samples, one-way ANOVA followed by a Tukey’s post-hoc test are carried out.
Error bars represent SEM (**p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 7: Loss of mecr/MECR impairsiron metabolism.
(a) Relative amount of iron in whole body of mecr’? mutants. Each dot represents the

values from three experiments with two independent sets of biological replicates (n =50 2nd
instar larva). (b) Iron staining in the larval brains of mecr’4 mutants. Scale bar: 2.54 mm.
(c-d) Western blot and quantification showing 4-HNE levels in control and mecr’%4 mutant.
Each dot represents the values of replicates from at least three independent experiments. (e)
Relative amount of iron in fibroblasts from patients and parental control. The dots represent
the values of technical replicates from one set of biological replicates. (f) Table showing
patients' serum ferritin levels. REF indicates the normal range of Ferritin levels in the control
population. (g-h) Quantification of ERG traces showing the effects of ferritin overexpression
in 25-day-old flies with neuronal knockdown (efav-GAL4) of mecr. n = 13 (luci-RNAJ),

n = 14 (mecr-RNAJ and mecr-RNAR FerlHCH-Fer2L CH) flies. (i-j) ERG quantification
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showing the effects of low iron food and Deferiprone treatment on 25-day-old flies with
neuronal knockdown (efav-GAL4) of mecr. n = 12 (luci-RNAI), n = 15 (mecr-RNAJ and
mecr-RNA/7with low iron food, and mecr-RNA7with Deferiprone) flies. For statistical
analyses between two samples, we performed two-tailed Student’s t-test, and for three
samples, one-way ANOVA followed by a Tukey’s post-hoc test are performed. Error bars
represent SEM (**p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 8: Loss of mecr/MECR reduces aconitase activity and promotes ceramide synthesis.
(a) Diagram of the proteins of Fe-S biogenesis complex. (b) Relative aconitase activity

in mecr’4 mutants. Each dot represents the values from three experiments with two
independent sets of biological replicates (n = 50 2nd instar larva). (c) The interaction
between Nfs1 and Iscu in mecr’®? mutants is reduced. (d) Relative citrate levels in the
mecr’@% mutants. Each dot represents the values from three independent experiments (n =
50 2nd instar larva). (e-f) Relative fold changes in the transcript levels of SptZ and /ace

in mecr’ mutants. Each dot represents the values from two (for SptZ) or three (for /ace)
independent experiments. (g) Proposed mechanism of neurodegeneration upon loss of mecr.
(h) Relative aconitase activity in the fibroblasts from patients and parental control. Each dot
represents the values from two independent experiments. (i) Relative citrate levels in patient-
derived fibroblasts. Each dot represents the values from three independent experiments. (j-k)
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Relative fold changes in the transcript levels of SPTLCZ and SPTLCZin patient-derived
fibroblasts. Each dot represents the values of replicates from three independent experiments.
For statistical analyses between two samples, two-tailed Student’s t test, and for three
samples, one-way ANOVA followed by a Tukey’s post-hoc test are carried out. Error bars
represent SEM (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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