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The 2-oxoglutarate dehydrogenase-like protein (OGDHL) is a rate-limiting enzyme in
the Krebs cycle that plays a pivotal role in mitochondrial

metabolism. OGDHL expression is restricted mainly to the brain in humans. Here, we
report nine individuals from eight unrelated families carrying biallelic variants

in OGDHL with a range of neurological and neurodevelopmental phenotypes including
epilepsy, hearing loss, visual impairment, gait ataxia, microcephaly and hypoplastic
corpus callosum. The variants include three homozygous missense variants
(p.Pro852Ala, p.Arg244Trp, p.Arg299Gly), three compound heterozygous single
nucleotide variants (p.Arg673GIn/p.Val488Val, p.Phe734Ser/p.Ala327Val,
p.Trp220Cys/p.Asp491Val), one homozygous frameshift variant (p.Cys553Leufs*16),
and one homozygous stopgain variant (p.Arg440Ter). To support the pathogenicity of
the variants, we developed a novel CRISPR/Cas9-mediated tissue-specific knockout
with cDNA rescue system for dOgdh, the Drosophila ortholog of human OGDHL. Pan-
neuronal knockout of dOgdh led to developmental lethality, as well as defects in Krebs
cycle metabolism, which was fully rescued by expression of wild-type dOgdh. Studies
using the Drosophila system indicate that Arg673GlIn, p.Phe734Ser, and p.Arg299Gly
are severe loss-of-function alleles, leading to developmental lethality, whereas
p.Pro852Ala, p.Ala327Val, p.Trp220Cys, p.Asp491Val, and p.Arg244Trp are
hypomorphic alleles, causing behavioral defects. Transcript analysis from fibroblasts
obtained from individual carrying the synonymous variant (c.1464T>C:p.Val488Val) in
family 2 showed that the synonymous variant affects splicing of exon 11 in OGDHL.
Human neuronal cells with OGDHL knockout exhibited defects in mitochondrial
respiration, indicating the essential role of OGDHL in mitochondrial metabolism in
humans. Together, our data establish that the biallelic variants in OGDHL are
pathogenic, leading to a Mendelian neurodevelopmental disease in humans.
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ABSTRACT

The 2-oxoglutarate dehydrogenase-like protein (OGDHL) is a rate-limiting enzyme in the Krebs cycle
that plays a pivotal role in mitochondrial metabolism. OGDHL expression is restricted mainly to the brain
in humans. Here, we report nine individuals from eight unrelated families carrying biallelic variants in
OGDHL with a range of neurological and neurodevelopmental phenotypes including epilepsy, hearing
loss, visual impairment, gait ataxia, microcephaly and hypoplastic corpus callosum. The variants include
three homozygous missense variants (p.Pro852Ala, p.Arg244Trp, p.Arg299Gly), three compound
heterozygous single nucleotide variants (p.Arg673GIn/p.Val488Val, p.Phe734Ser/p.Ala327Val,
p.Trp220Cys/p.Asp491Val), one homozygous frameshift variant (p.Cys553Leufs*16), and one
homozygous stopgain variant (p.Arg440Ter). To support the pathogenicity of the variants, we developed
a novel CRISPR/Cas9-mediated tissue-specific knockout with cDNA rescue system for dOgdh, the
Drosophila ortholog of human OGDHL. Pan-neuronal knockout of dOgdh led to developmental lethality,
as well as defects in Krebs cycle metabolism, which was fully rescued by expression of wild-type dOgdh.
Studies using the Drosophila system indicate that Arg673GIn, p.Phe734Ser, and p.Arg299Gly are severe
loss-of-function alleles, leading to developmental lethality, whereas p.Pro852Ala, p.Ala327Val,
p.Trp220Cys, p.Asp491Val, and p.Arg244Trp are hypomorphic alleles, causing behavioral defects.
Transcript analysis from fibroblasts obtained from individual carrying the synonymous variant
(c.1464T>C:p.Val488Val) in family 2 showed that the synonymous variant affects splicing of exon 11 in
OGDHL. Human neuronal cells with OGDHL knockout exhibited defects in mitochondrial respiration,
indicating the essential role of OGDHL in mitochondrial metabolism in humans. Together, our data
establish that the biallelic variants in OGDHL are pathogenic, leading to a Mendelian neurodevelopmental
disease in humans.

Key Words: OGDHL, mitochondria, a-ketoglutarate, biallelic, developmental and epileptic

encephalopathy (DEE), exome sequencing, Drosophila, CRISPR-Cas9 gene editing



INTRODUCTION

The Krebs cycle, also known as the tricarboxylic acid (TCA) cycle, plays an essential role in
mitochondrial metabolism in all metazoans. Pathogenic variation in genes encoding enzymes or subunits
of enzyme complexes of the Krebs cycle causes recessive neurometabolic diseases. These diseases and
the genes that underlie their etiology include Leigh syndrome or Leigh-like disease [DLD (MIM:
238331), SUCLG1 (MIM: 611224), SUCLA2 (MIM: 603921), SDHA (MIM: 600857), and FH (MIM:
136850) ], Infantile cerebellar-retinal degeneration [ACO2 (MIM: 100850)°], Infantile
leukoencephalopathy [SDHAF1 (MIM: 612848)], and a specific subtype of developmental and epileptic
encephalopathy [MDH2 (MIM: 154100)%]. These diseases are characterized developmental delay and
neurological manifestations that include seizures, ataxia, optic atrophy and encephalopathy. Onset is

typically in infancy.

All Krebs cycle enzymes and subunits of enzyme complexes have a single copy of genes in
humans, but not the genes encoding the enzymes having 2-oxoglutarate dehydrogenase (OGDH) activity
for the a-ketoglutarate dehydrogenase complex. OGDH (MIM: 613022) and OGDH-like (OGDHL)
(MIM: 617513) appear to have evolved by duplication of a single ancestral gene.®* OGDH and OGDHL
play an essential part in a rate-limiting enzymatic reaction for the conversion of a-ketoglutarate (a-KG)
to succinyl-CoA. Similar to other Krebs cycle enzymes, OGDH is widely expressed in most tissues.'%
Two individuals carrying a homozygous missense variant in OGDH (NM_002541.3; ¢.959A>G;
p.Asn320Ser) presented with developmental delay, seizure and ataxia.!? In contrast to the ubiquitous
expression of OGDH, OGDHL expression is mainly restricted to the brain.! 13 Higher expression of

OGDHL in human brains suggests the involvement of OGDHL in brain development and function.

Here, we report nine individuals from eight unrelated families with biallelic variants in OGDHL.

The individuals presented with diverse neurodevelopmental phenotypes including epileptic



encephalopathy, gait ataxia, hearing loss, optic atrophy, combined with microcephaly and hypoplastic
corpus callosum. Functional studies in Drosophila melanogaster and fibroblasts showed that all nine
single nucleotide variants (SNVs) identified from individuals carrying biallelic OGDHL variants are loss-
of-function (LOF) alleles, indicating that loss of OGDHL function underlies a neurodevelopmental

disease in humans.

SUBJECTS AND METHODS

Subjects

Clinical ascertainment included physical examination, medical history interviews, and specialized
consultation by paediatric neurologists and clinical geneticists. This study was approved by local
institutional IRB/ethical review boards, and written informed consent was obtained prior to genetic testing
from the families involved. Clinical details were obtained through medical file review and clinical
examination. Family 1 provided consent according to the protocol of Columbia University (IRB-
AAAS2343) approved by the Institutional Review Board (IRB) at Columbia University. Family 2
provided consent according to the protocol (EC Reference #21, 9/9/15, Project MitMed) approved by the
IRB at University of Milan. Family 3 provided consent according to the IRB protocol (A115/02,
A116/02) at the University of Kiel. Family 4 was consented for the research in accordance with IRB-
approved protocol (15-012226) of Epilepsy Genetics Research Project (EGRP) at Children’s Hospital of
Philadelphia. Families 5, 6, 7, and 8 were consented to the research in accordance with IRB-approved
protocol (REC reference number: 07/Q0512/26; UCLH Project ID Number: 07/N018) of University

College London.

Exome and Sanger sequencing



DNA extracted from venous blood according to standard procedures. Exome sequencing (ES) was
performed on genomic DNA. ES was performed on a DNA sample from individual 1 from family 1 using
libraries prepared with the NimblegenV2 library preparation kit (Roche, Basel, Switzerland),
following the manufacturer’s protocol. Sequencing was performed by 100bp paired-end sequencing
on a HiSeq2500 instrument (Illumina Inc, San Diego, California, USA) with a mean on-target
coverage of 50x. Filtered reads were aligned to the Human genome (Hg19/GRC37) using the
Burrows-Wheeler transform method (BWA-MEM). Reads were sorted, and PCR duplicates were
marked using Picard. Base quality recalibration and insertion/deletion (InDel) realignments were
performed using the Genome Analysis Toolkit (GATK). SNVs and InDel variants were called jointly
with HaplotypeCaller and recalibrated with GATK. Annotation and filtering were performed using
ANNOVAR and custom scripts. Homozygous and potentially compound heterozygous variants with
a population specific minor allele frequency (MAF) <0.005 in the Genome Aggregation Database
(gnomAD) were selected and prioritized based on their annotation. For the affected probands of family
2, exome sequencing was performed as described before.!* For the affected proband of family 3, ES was
performed with Nextera Rapid Capture Expanded Exome Enrichment Kit.*> For family 4, from genomic
DNA from the proband and mother, a duo-ES analysis was performed. The exonic regions and flanking
splice junctions of the genome were captured the Clinical Research Exome kit (Agilent Technologies,
Santa Clara, CA). Massively parallel (NextGen) sequencing was done on an Illumina system with 100bp
or greater paired-end reads. Reads were aligned to human genome build GRCh37/UCSC hg19, and
analyzed for sequence variants using a custom-developed analysis tool. Additional sequencing technology
and variant interpretation protocol has been previously described.*® For families 5, 7 and 8, exome
sequencing and data analysis were performed as previously described.!”: '8 For family 6, exome-coding
DNA was captured with the Agilent SureSelect Clinical Research Exome (CRE) kit (v2) and sequenced
on an Illumina HiSeq 4000 with 150-bp paired-end reads as described before.!® The candidate variants

were confirmed and segregation analysis was performed using traditional Sanger sequencing for families



1,2, 3, 5,and 8 (Figure S1, Supplemental Data). For family 6, trio-whole exome sequencing was

performed at diagnostics.

3D Modeling of Protein Structure

Two homology models were generated using the atomic coordinates of alpha-ketoglutarate decarboxylase
(PDB codes: 2XT6 and 2JGD) as input into Modeller.? Two models were combined to maximize the
predicted ordered region. The final dimer model includes TPP (thiamine pyrophosphate) and magnesium
derived from the coordinated of Mycobacterium smegmatis alpha-ketoglutarate decarboxylase (PDB

code: 2XYT).

Cloning and Transgenesis

PUASTattB-dOgdh®’A-Flag, pUASTattB-dOgdhR®?-Flag, pUASTattB-dOgdh™4*S-Flag, pUASTattB-
dOgdh”3*V-Flag, and pUASTattB-dOgdh"'?*"°-Flag, pUASTattB-dOgdhP*"V-Flag, pUASTattB-
dOgdhR?*W_Flag, and pUASTattB-dOgdh®*!¢C-Flag were generated by site-directed mutagenesis PCR
using pUASTattB-dOgdh (WT)-Flag DNA construct as a template.?t The primers are listed in Table S3
(Supplemental data). A series of pUASTattB - mutant dOgdh constructs were injected into y,w,@C31;

VK37 embryos,?? 2 and transgenic flies were selected.

The plasmid pCFD3.1-w-dU:3gRNA-dOgdh was cloned as follows. pCFD3.1-w-dU6:3gRNA was a gift
from Simon Bullock (Addgene plasmid # 123366; RRID:Addgene_123366). We phosphorylated,
annealed and cloned 20-bp oligonucleotides containing guide RNA (gRNA) targeting dOgdh genomic
locus with 4 nt overhangs for Bbsl site, into the Bbsl site of the pCFD3.1-w-dU:3gRNA vector. The
oligonucleotide sequences used for dOgdh gRNA are dOgdh gRNA-F: GTCG

AGGGATACTTACGGTGTGCA and gRNA-R: AAAC TGCACACCGTAAGTATCCCT. The



pCFD3.1-w-dU:3-gRNAY" construct was injected into y,w,@C31; P{CaryP}attP40 embryos, and

transgenic flies were selected.

Fly Strains and Maintenance

The following stocks were obtained from the Bloomington Drosophila Stock Center at Indiana University
(BDSC): elav©'*-Gal4, elav®**-Gal4; UAS-Cas9.P2 (on I11). All flies were maintained at room

temperature (21° C) and crosses were kept at 25° C.

Western Blot

Fly heads were homogenized in 1x Laemmli sample buffer containing 2.5% p-mercaptoethanol with
pellet pestles (Sigma-Aldrich). After boiling for 10 min, samples were briefly centrifuged. Supernatants
loaded into 4-20% Mini-PROTEAN® TGX Stain-Free™ Protein Gels (Bio-Rad), separated by SDS-
PAGE, and transferred to nitrocellulose membranes (Bio-Rad). The primary antibodies were used for
overnight shaking at 4°C by the following dilution: mouse anti-Flag M2 (Sigma Cat# F1804 RRID:
AB_262044) 1:1000; rabbit anti-OGDHL (Proteintech Cat# 17110-1-AP) 1:1000; rabbit anti-OGDH
(Abcam Cat# ab137773) 1:1000; mouse anti-Actin (MP Biomedicals Cat# 8691002). HRP-conjugated
goat anti-mouse (Thermo Fisher scientific Cat# A-28177 RRID: AB_2536163) and goat anti-rabbit
antibodies (Thermo Fisher scientific Cat# A10547 RRID: AB_2534046) were used at 1:7,000 and

visualized with ECL (Bio-Rad).

Drosophila Bang Sensitivity Assay

Methods were adapted from Howlett et al., 2013.2 Briefly, 20 flies were anesthetized using CO; and were
allowed to rest in fresh food vials for 24 hours at 25°C before the assay. The male and female flies used
were maintained at 1:1 ratio so there would be less chance of gender differences. On the day of the assay,

flies were transferred into empty polystyrene vials without using CO; and left to acclimatize to the
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surrounding for 15 min. They were then vortexed (Vortex-Genie 2 Scientific Industries) for 10 seconds at
maximum strength.?® For data analysis, a 40 seconds video was recorded to measure the number of flies

able to recover and climb at each time point. Five trials were conducted (n = 100 for each genotype).

cDNA analysis

Fibroblasts from individual 3 and two age-matched controls (without any rare variant in OGDHL) were
grown in DMEM supplemented with 1 mM pyruvate, 4.5 g/l glucose, 10% foetal calf serum and 1%
penicillin/streptomycin at 37°C in 5% CO,. For RNA purification from fibroblasts and cDNA
retrotranscription, we used RNeasy mini kit (QIAGEN) and GoTag 2-Step RT-qPCR System (Promega),
respectively, according to the manufacturer's protocols. For OGDHL cDNA amplification
(NM_018245.3), we used the following primer pair: 589F/2413R [589F:
TGGAGAACACCTACTGCCAG; 2413R: CCTCGAAGTCCTTGGTGAATG]. For sequencing of
OGDHL transcript, PCR products were processed with Nextera XT DNA sample preparation Kit
(Illumina). Next-generation sequencing (NGS) was performed on an Illumina MiSeq instrument and reads

were then aligned using BWA and visualized with Integrating Genomics Viewer (IGV).

Metabolite analysis using liquid chromatography/mass spectrometry (LC/MS)

Metabolites in brain tissues were extracted by 45ulL of ice-cold acetonitrile:methanol:water (40:40:20)
solution containing 0.5% formic acid. 4uL of 15% NH4HCOs; (w/v) in acetonitrile:methanol:water
(40:40:20) solution was added to neutralize pH. Following vortexing and centrifugation at 16,0009 for 10
min at 4 °C, extract was loaded to individual vials. Metabolites were analyzed by quadrupole-orbitrap mass
spectrometer (Q-Exactive Plus Hybrid Quadrupole-Orbitrap, Thermo Fisher) mass spectrometers coupled
to hydrophilic interaction chromatography (HILIC) via electrospray ionization. Liquid Chromatography
(LC) separation was on an Xbridge BEH amide column (2.1 mm x 150 mm, 2.5 um particle size, 130 A
pore size; Waters) at 25°C using a gradient of solvent A (5% acetonitrile in water with 20 mM ammonium

acetate and 20 mM ammonium hydroxide) and solvent B (100% acetonitrile). Flow rate was 350 pL/min.
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The LC gradient was: 0 min, 75% B; 3 min, 75% B; 4 min, 50% B; 5 min, 10% B; 7 min, 10% B; 7.5 min,
75% B; 11 min, 75% B. Autosampler temperature was set at 4°C and the injection volume of the sample
was 5 puL. Mass Spectrometry (MS) analysis were acquired in negative ion mode with MS Full-scan mode

from m/z 70 to 830 and 140,000 resolution. Data analysis was performed with MAVEN software.

OGDHL knockout human neuronal cells

Creation of OGDHL knockout SH-SY5Y cell was performed as previously described.?® 2" Briefly, we
selected two guide RNAs targeting exon 2 genomic region of human OGDHL with high activity and
minimum off-target using Synthego prediction tools. Then, we cloned double strand DNA fragments for
gRNA19CPHL  (GCCTGTACCCCAAGACGGGA), gRNA2°¢PHL (TCGCAGCCTGTACCCCAAGA),
scramble (control) (GCACTACCAGAGCTAACTCA) into LentiCRISPRv2 vector. By transfecting these
vectors into HEK293T, lentiviruses were generated, which were used for transduction of SH-SY5Y cells
with puromycin selection. OGDHL knockout were confirmed by Western blot and ICE (Inference of
CRISPR Edits) analysis (Synthego Performance Analysis, ICE Analysis. 2019. v2.0. Synthego;

[6.11.2021]).

Cellular respiration assay

XFe24 analyzer from Seahorse Biosciences was used for measure the rate of oxygen consumption
according to the manufacture’s protocol. Briefly, control and OGDHL knockout cells were seeded at a
density of 8 x 10* cells per each well of a XFe24 cell culture plates (Agilent 100777-004). Next day, the
cells were pre-incubated for an hour with complete XF DMEM medium (Agilent 103575-100) containing
10 mM glucose, 1 mM sodium pyruvate, and 2mM L-glutamine. The complete XF DMEM medium was
used to prepare cellular stress reagents to provide the following final concentration: 1 uM Oligomycin, 1
uM FCCP, and 1 uM Antimycin A. All the reagents were loaded in the ports in cartridge unit. Oxygen
consumption rates were measured for 3 minutes for mixing and 2 minutes of waiting period. Basal

respiration was calculated by subtracting non-mitochondrial respiration rate from last rate measurement
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before Oligomycin injection. Maximal respiration was calculated by subtracting non-mitochondrial
respiration rate from Maximum rate measurement after FCCP injection. ATP production was calculated by
subtracting minimum rate measurement after Oligomycin injection from last rate measurement before

Oligomycin injection.

RESULTS

Clinical findings

We identified nine individuals from eight families carrying biallelic variants in the OGDHL gene
through whole exome sequencing (WES) (Figure 1A). All groups were connected to study the OGDHL
gene through GeneMatcher?: 2°, For recruiting individual 7, we have contacted close collaborators from
genomic centres in Europe and the USA. Parental consanguinity was reported in five of the eight families
(family 1, 5, 6, 7, and 8), all of whom had homozygous variants in OGDHL (Figure 1A). The remaining
three individuals showed compound heterozygous variants (family 2, 3, and 4). The clinical features of
the affected individuals are summarized in Table 1 and Table S1, and are described further in the

Supplementary clinical case reports (Supplemental Data).

The individuals presented between 2 months and 8 years with a median onset of 1.9 years. Eight
of nine individuals presented with mild to severe developmental delay. Feeding difficulties in four
individuals (3, 5, 6 and 8) were noted and excessive laughing/crying was observed in individual 8. Six
individuals (individuals 1, 3, 5, 6, 8, and 9) showed an ophthalmological involvement that included visual
impairment, nystagmus, and optic atrophy. Profound bilateral sensorineural hearing loss was found in
four individuals (individuals 1, 2, 3, and 9). Dysmorphic features were reported in five of nine individuals
(individuals 3, 4, 5, 6, 7, and 9) mainly consisting of distinctive craniofacial features including highly

arched palate, bilateral ptosis, and downward slanting of eyes (Figure 2E and 2F). Neurological
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examination showed gait ataxia, spasticity, neuropathy and hypotonia in seven individuals (individuals 1,
2,3,5,6,8,and 9). Five individuals (1, 4, 5, 6, and 9) experienced seizures at least once in their life with
variable presentations (absences-, tonic-, tonic-clonic-, myoclonic-atonic-, atonic-, focal motor seizures,
and infantile spasms). In addition, one person (individual 4) showed a severe obtundation status.
Electroencephalogram (EEG) for individuals 5, 6, and 9 were available, and their EEGs were variable
with generalized multifocal slowing intermixed with multi-focal sharp discharge (Figure S2-S4,
Supplemental Data). This could be suggestive of a severe bilateral cerebral dysfunction with multi-focal
and generalized epileptiform potential, consistent with a transition from infantile spasms to Lennox-
Gastaut Syndrome. Brain MRI was available in four cases (individuals 3, 6, 7, and 9) (Figure 2A-D). A
diverse spectrum of abnormalities was observed on neuroimaging. Individual 6 in family 5 presented with
microcephaly (<3" percentile of head circumference from age 6.5 to 8.5 years). MRI scan on individual 6
in family 5 showed a slender corpus callosum (Figure 2A3) which is similar to those in the previously
identified person carrying a homozygous p.Ser778Leu variant.? 3 Frank basal ganglia cavitating damage
and cystic leukomalacia was present in individual 6 (Figure 2A). Signal abnormality was noted in the
small brain stem nuclei in both individual 6 (family 5) and 3 (family 2) (Figure 2A and 2B). The MRI
scan on individual 7 in family 6 revealed a low-grade neoplasm with no additional findings (Figure 2C),

and the imaging on individual 9 in family 8 showed subtle cortical dysgyria (Figure 2D).

In summary, our individuals with biallelic OGDHL variants display a broad spectrum of
neurological features including epilepsy, gait ataxia, hearing loss, visual impairment, malformations of

cortical development, microcephaly, hypoplastic corpus callosum, and dysmorphic signs.

Genetic findings

WES in the affected probands revealed 11 novel biallelic variants in OGDHL (Figure 1; Table S2,
Supplemental Data). Five of the identified variants were homozygous: three missense variants

[c.2554C>G; p.Pro852Ala in individuals 1-2 (family 1); ¢.730C>T; p.Arg244Trp in individual 6 (family
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5); ¢.895A>G; p.Arg299Gly in individual 8 (family 7)], a frame-shift variant (c.1658delG;
p.Cysb53Leufs*16 in individual 7 (family 6)], and a stopgain variant (c.1318C>T, p.Arg440Ter in
Individual 9 (family 8)]. Three individuals from families 2, 3 and 4 carry compound heterozygous single
nucleotide variants (SNVs): ¢.2018G>A; p.Arg673GIn/ ¢.1464T>C, p.Val488Val in individual 3,
€.2201T>C; p.Phe734Ser/ c. 980C>T; p.Ala327Val in individual 4 and ¢.660G>C; p.Trp220Cys/
c.1472A>T; p.Asp491Val in individual 5 (Figure 1A). The eight missense variants will be referred to as
P852A, R673Q, F734S, A327V, W220C, D491V, R244W, and R299G, respectively. All of the altered
residues are evolutionarily conserved across species (Figure 1B). Heterozygous F734S variant has been
previously implicated in eosinophilic esophagitis.®* The other variants have not been reported previously
as pathogenic variants. Variants identified in families 1, 2, 3 and 6 (P852A, R673Q, A327V, and
p.Cysb53Leufs*16) were absent in publicly available population databases including gnomAD, Exome
Sequencing Project (ESP), GME Variome and Iranome, as well as in over 16,000 in-house exomes at
Queen Square Genomics, UCL. Based on in-silico predictions, all variants had high CADD scores (Table
S2 in Supplemental Data) with an average CADD score of 31.2, and are thus likely damaging and

deleterious variants.

In silico homology modeling and structural analysis of missense variants identified in affected
individuals

To generate a homology model for human OGDHL, the atomic coordinates for alpha-
ketoglutarate decarboxylase were used as input into Modeller.? In silico structure model suggested that
each variant would alter the predicted protein structure (Figure 3B and 3C). The model showed that
OGDHL forms a homodimer, in which each subunit binds with a TPP (thiamine pyrophosphate) cofactor
to form a substrate-binding pocket for OGDHL (Figure 3C). Importantly, the model shows that the
residues from two variants including F734S and R299G are located in the substrate-binding pocket
(Figure 3C). The side chain of Phe734 forms a part of the binding site for the pyrimidine ring and thiazole

ring of TPP and contributes to the aromatic side-chain relay including the pyrimidine ring of TPP. Serine
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substitution for Phe734 (F734S) would disrupt this interaction. Arg299 forms ionic interaction with the -
phosphate of the bound TPP as shown in Figure 3C. This interaction is critical for TPP binding, thereby
Gly substitution for Arg299 (R299G) is predicted to impair the interaction. Hence, the analysis suggests
that F734S and R299G may lead to substantial defects in OGDHL function.

We examined the other six missense variants including P852A, R673Q, D491V, W220C, R244W
and A327V (Figure 3B). The side chain of Pro852 forms a local aromatic proline interaction. Alanine
substitution for P852 (P852A) would abolish this interaction and affect negatively the structural stability.
Arg673 forms two ionic interactions with the side chains of Glu644 and Glu731, as well as a hydrogen
bond with the main chain carbonyl of Val665. Glutamine substitution for Arg673 (R673Q) is predicted to
destabilize the interaction due to the shorter side chain length and lack of a positive charge. Aspartate 491
side chain forms hydrogen bonds with side chains of Asparagine 430 and histidine 461 of neighboring -
strands, which can contribute to the stability of the B sheet. Thus, Asp to Val substitution (D491V) would
destabilize the B sheet which also includes the next 3 strand connected to the helix containing tryptophan
220. Trp220 form aromatic cluster together with Trp480 and Phe484. Cysteine mutation on Trp220
(W220C) will abolish the T shape pi network of this aromatic cluster. Arg244Trp (R244W) substitution
would cause losing flexible charged surface residue and adding a rigid bulky tryptophan residue, which
may reduce entropy and protein solubility in addition to causing steric clashes with residues in the
neighboring helix. A327 is surface exposed and the alanine to valine mutation may reduce protein
solubility by exposing more hydrophobic side chain to the surface. We also examined the previously
identified pathogenic variant p.Ser778Leu (S778L) that underlies severe neurodevelopmental defects in
humans.?* We found that S778L would disturb the surrounding local structure because there is not enough
space to accommodate the bulky side chain of Leucine, which will affect Pro980 and Thr982,
destabilizing the dimer interface. The structural change caused by S778L mutation would affect the
conformation of His777, resulting in disturbance of the aromatic cluster formed by side chains of Phe734

and Phe737, which would negatively affect the binding of Phe737 with the pyrimidine ring of TPP, dimer
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formation. Collectively, in silico analyses suggest that all these missense variants identified from

individuals carrying biallelic OGDHL variants could impair OGDHL structure and function.

The effects of the missense variants on protein levels

To determine the effects of a series of missense variants identified from individuals with biallelic
OGDHL variants on in vivo protein levels, we generated transgenic flies harboring cDNA of dOgdh, the
D. melanogaster (Dm) ortholog of human OGDHL, that carry homologous mutations to the human
missense variants under the control of Upstream Activating Sequence (UAS) (UAS-dOgdhP®™, UAS-
dOgdhR®8?, UAS-dOgdh™#%, UAS-dOgdh™**?V, UAS-dOgdh*?*¢, UAS-dOgdh®*", UAS-dOgdh®?*", and
dOgdh™*'¢%) (Figure 4B). Using pan-neuronal Gal4 driver (elav®***-Gal4), we expressed each mutant
transgene, wild-type dOgdh (UAS-dOgdh*'") as well as Dm mutation for the pathogenic S778L variant
(UAS-dOgdh®"®*4)?* (Figure 3D). All transgenes have C-terminal Flag for protein analysis. Western blot
for adult fly heads showed that the variants that are predicted to impair TPP-binding including Dm
R316G (human R299G), and Dm F749S (human F734S), caused a substantial decrease in the protein
levels (Figure 3D). In addition, we found that the protein levels of Dm R688Q (human R673Q) is
significantly lower than that in wild-type control and Dm R261W (human R244W) caused deceased
protein levels in lesser extent (Figure 3D). On the contrary, Dm S793L (human S778L) led to a significant
increase in the protein levels. This suggest that S793L may lead to misfolded protein aggregates that
cannot be degraded by the protein quality control system. The protein levels for Dm P867A (human
P852A), Dm A343V (human A327V), Dm W237C (human W220C) and Dm D507V (human D491V)
were not significantly different from protein levels in the wildtype control (dOgdh WT) (Figure 3D).

Hence, these results suggest that R673Q, R299G, and F734S may cause loss of OGDHL function.

In vivo functional studies for the variants in OGDHL using dOgdh null mutant flies
We sought to determine the functional effects of the missense variants in OGDHL. To this end, in

our previous work, we created a loss-of-function mutant for dOgdh by insertion of a T2A-Gal4 cassette
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into the coding intron of dOgdh using recombination-mediated cassette exchange 232 %, The dOgdh
mutant allele (dOgdh-T2A-Gal4) expresses the GAL4 transgene under control of the endogenous cis-
regulatory elements of dOgdh. The GAL4 protein in turn activates expression of genes downstream of
UAS (Figure 4A). We previously showed that loss of dOgdh (homozygous for dOgdh-T2A-Gal4) caused
lethality, which was rescued by expression of wildtype dOgdh (dOgdh"™) but not by expression of dOgdh
carrying a homologous mutation to human OGDHL (S778L) (dOgdh®"*®%).2 Thus, these results
demonstrated that dOgdh-T2A-Gal4 mutant is a suitable model for functional interpretation of disease
candidate variants in human OGDHL. Using the dOgdh-T2A-Gal4 mutants and transgenic flies harboring
UAS-dOgdh cDNA carrying homologous mutations to new OGDHL variants (Figure 4B), we performed
the lethality rescue assay. Flies carrying UAS-dOgdh"™ and UAS-dOgdh®"®*" served as controls for the
assay. We found that expression of none of eight new missense variants rescued the lethality caused by
dOgdh loss (Figure 4C). Thus, the results indicate that all eight missense variants are loss-of-function

alleles.

Functional studies for the variants in OGDHL in neurons.

In humans, OGDHL is mainly expressed in the brain, whereas OGDH is expressed
ubiquitously.®* The single Dm ortholog, dOgdh for human OGDHL and OGDH, is ubiquitously
expressed in tissues including nervous and muscular systems.'? Hence, the study from the dOgdh null
mutant (dOgdh-T2A-Gal4) (Figure 4) would not determine the functional effects of the variants
specifically on the nervous system. To determine the effects of the identified variants specifically in the
nervous system, we developed a novel CRISPR-Cas9-mediated method for tissue-specific knockout (ko)
with cDNA rescue (Figure 5A). The current CRISPR-Cas9 method in the Drosophila field permits tissue
specificity, but most guide RNAs (JRNAS) target exons and thereby target both genomic loci and cDNA
transgenes.® As such, the current system prevents rescue of ko phenotypes by cDNA transgene
expression. We overcame this technical obstacle by developing a strategy that selectively targets genomic

loci but not UAS transgenes using gRNAs that are complementary to the exon-intron junctions of target
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genes. Fig. 5A and 5B illustrate how we applied this new method to study the functional effects of the
OGDHL variants on the nervous system. To determine the effect of neuronal ko of dOgdh, we generated
transgenic flies harboring the gRNA for dOgdh (gRNA" that is ubiquitously expressed by U6:3
promotor, and UAS-Cas9.P2 that is expressed by a pan neuronal Gal4 (elav®***-Gal4). Neuronal ko for
dOgdh (elav***-Gal4; U6:3-gRNAY"/UAS-empty; UAS-Cas9.P2) resulted in lethality, which was fully
rescued by expression of wildtype dOgdh cDNA (Figure 5C). By performing Sanger sequencing for fly
heads, we demonstrated that gRNA?"" and Cas9.P2 efficiently targeted the genomic locus of dOgdh, but
not dOgdh cDNA in the UAS transgene (Figure 5B). The expression of the known pathogenic dOgdhS"®:
mutant failed to rescue the lethality caused by neuronal dOgdh ko (Figure 5C). Hence, the results
demonstrated that our new system enables determining the functional effects of the missense variants in
OGDHL identified from our cohort in neuronal context.

Unlike the dOgdh-T2A-Gal4 assay, the CRISPR-Cas9-mediated neuronal ko with cDNA rescue
system revealed various allelic strength for eight missense variants. We first found that three missense
variants including dOgdh®®®<, dOgdh™"**, and dOgdh®*!¢© failed to rescue the developmental lethality
caused by neuronal ko of dOgdh. The results indicate that these three variants are severe loss-of-function
alleles. This result is consistent with our 3D homology model that predicted the important role of the
residues in TPP-binding (human F734S and R299G) (Figure 3C), as well as reduced protein levels (Dm
R688Q, Dm F749S, and Dm R361G) (Figure 3D). On the contrary, the other five missense variants
including dOgdh®™, dOgdh”**®V, dOgdh*“*¥’¢, dOgdhP**"", dOgdnh®?**¥ rescued the lethality (Figure 5C).
We confirmed that the dOgdh proteins with these five missense variants were expressed in adult brains by
performing Western blot (Figure S5). To determine the effects of the five variants in adult stage, we
performed bang-sensitivity assay. We found that flies carrying dOgdhR?™" exhibited a recovery defect
from mechanical stress at both day 5 and day 10, whereas flies having the other four variants including
dOgdh™¢" dOgdh®**Y, dOgdh"?*"¢, or dOgdh®**"V did show comparable recovery to wild-type controls
at day 5, but exhibited delayed recovery at day 10 (Figure 5D). Hence, the data indicate that R261W has

more defective gene function compared to the other four variants (P867A, A343V, W237C, and D507V).
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Collectively, the results from our new CRISPR/Cas9-mediated neuronal ko system indicate that three
missense variants (R688Q, F749S, and R361G) are severe loss-of-function alleles, and the other five

missense variants (P867A, A343V, W237C, D507V and R261W) are hypomorphic alleles.

The splicing effect of missense variant p.vV488V

Individual 3 in family 2 carries compound heterozygous variants (¢.2018G>A; p.Arg673GIn/ ¢.1464T>C,
p.Val488Val). Since the synonymous ¢.1464T>C:p.VV488V variant was predicted to cause splice site
changes, we assessed its effect on OGDHL transcript. RNA was extracted from fibroblasts of individual 3
and retrotranscribed into cDNA. Despite very low expression of OGDHL in this specimen, we were able
to amplify a large portion of the OGDHL transcript (exons from 5 to 19) which showed a single band in
controls and a faint double band in individual 3. By performing NGS, besides the full-length transcript we
detected an alternative transcript corresponding to exon 11 skipping, A exon 11 (Figure 6B and 6C).
Interestingly, the A exon 11 transcript is present also in controls, but at low percentages (=15%) (Figure
6D). Contrariwise, in individual 3, the A exon 11 transcript is ~50%, suggesting that this

overrepresentation of the A exon 11 transcript is favored by the presence of the synonymous variant.

Defective mitochondrial metabolism in neurons lacking OGDHL
To determine whether loss of dOgdh in neurons affect Krebs cycle metabolism, we performed metabolite
profiling for Drosophila larval brains with dOgdh ko and control brains by LC/MS. We found that a-KG,
the substrate of DOGDH, is significantly elevated in the dOgdh ko brains (Figure 7A). In contrast, the
levels of other Krebs cycle metabolites including citrate, malate, and fumarate are decreased in the dOgdh
mutant brains compared to those from controls (Figure 7A), indicating that dOgdh is required for normal
Krebs cycle metabolism in the brains.

We anticipate that dOgdh loss in the brain leads to a decrease in the levels of succinate, the
product of DOGDH reaction. The levels of succinate in the dOgdh mutant brains, however, are

comparable to those in controls, suggesting that succinate could be replenished with amino acids
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including methionine, isoleucine, valine, and threonine by anaplerotic reactions.® Interestingly, while the
levels of threonine, valine, and isoleucine are similar in the mutants and controls, methionine are
markedly decreased in the dOgdh ko brains (Figure 7B). This suggests that methionine catabolism likely
replenishes succinate pools as a compensatory mechanism.

Given that Krebs cycle metabolism is required for mitochondrial respiration, we hypothesize that
OGDHL loss in human neurons leads to defects in mitochondrial respiration. To test this, we generated
SH-SY5Y, human neuroblastoma cell line, with mutations in OGDHL by using CRISPR/Cas-9-mediated
gene editing.?% 2" Lentivirus-mediated transduction of two gRNAs that target OGDHL exon 2 caused
significant fraction of cells to carry in/del mutations (95% in/del by gRNA1; 98% indel by gRNA2)
(Figure 7C). In contrast, scramble gRNA did not lead to gene-editing in OGDHL exon 2 (Figure 7C). We
confirmed that SH-SY5Y cells carrying mutations in OGDHL exhibited a decrease in the protein levels of
OGDHL, but not OGDH (Figure 7D). We measured oxygen consumption and found that OGDHL ko
cells had significantly lower oxygen consumption rates (OCR) as well as ATP production compared to
the control cells (Figure 7E), indicating that OGDHL is required for normal mitochondrial respiration and
energy production in human neurons. Hence, the critical role of OGDHL in mitochondrial metabolism in
neurons suggests that defects in Krebs cycle and mitochondrial respiration contribute to the etiology of

persons carrying biallelic variants in OGDHL.

DISCUSSION

We previously identified a single individual carrying a recessive variant (p.S778L) in OGDHL
with neurodevelopmental phenotypes.?* % However, with only a single individual, the causality of this
OGDHL variant to human disease was not firmly established and the definition of the associated
phenotypes was incomplete. Here, we reported nine individuals from eight unrelated families with
biallelic variants at the OGDHL locus primarily presenting with developmental delay accompanied with

variable neurological and neurodevelopmental phenotypes. The following evidence supports the causality
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of the biallelic variants in OGDHL to the human neurological disease. First, nine families have been
identified in our manuscript with the same consistent genetic defect, derived by independent filtration of
WES variants in different neurological centres. Second, all the identified variants are likely to have
damaging effects. Indeed, two nonsense variants predict the formation of truncated proteins and a
synonymous variant affects splicing. The Drosophila models showed that three missense variants are
LOF, whereas five missense variants are hypomorphic alleles. Moreover, all eight missense variants hit
highly conserved residues of OGDHL. In addition, we would like to stress the fact that all individuals
belong to pedigrees compatible with a recessive trait, harbor biallelic variants in OGDHL and the
deleterious effects of the identified variants have been experimentally proven.

The clinical findings included developmental and epileptic encephalopathy (DEE) defined by
early onset seizures and developmental delay, hearing loss, visual impairment, intellectual disability, gait
ataxia, and dysmorphic features (Table 1 and Table S1). Individual 6 in family 5 presented with
hypoplastic corpus callosum and microcephaly (Table S1, Figure 2A and 2E), which are similar to
clinical manifestations found in a previously reported single individual carrying a homozygous variant in
OGDHL (p.S778L).2! Several of the clinical features found in our cohort overlap with phenotypes
associated with a pathogenic variant in OGDH (c.959A>G: p.N320S) including gait ataxia, tonic-clonic
seizures, and brain atrophy.? Pathogenic variants in Krebs cycle genes and other mitochondrial genes
including AIFM1 (MIM: 300169) also lead to overlapping features found in individuals carrying biallelic
OGDHL.*¢-% Mutations in MDH2 resulted in DEE (MIM: 154100)8, while mutations in DLD, SUCLG1,

SUCLA2, SDHA, and FH lead to Leigh syndrome or Leigh-like disease.l®

OGDHL variants p.R299G (individual 8, family 7), p.F734S (individual 4, family 3), and
p.R673Q (individual 3, family 2) had more deleterious in silico prediction scores (CADD >30, predicted
to be the 0.1% most deleterious substitutions in the human genome), which were consistent with the
Drosophila functional studies demonstrating these three variants as severe LOF alleles (Figure 5C).

Importantly, these results were also predicted by the 3D protein structure modeling (Figure 3B-C), and
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the protein level test in Drosophila neurons (Figure 3D). Indeed, individual 8 homozygous for p.R299G
exhibited severe limb and facial muscle weakness and hypotonia as well as severe intellectual disability
(Table 1, Clinical report in Supplemental Data). On the contrary, the other five missense variants
including p.P852A, p.A327V, p.W220C, p.D491V, and p.R244W, had lower CADD prediction scores
>20 (predicted to be the 1% most deleterious substitutions in the human genome) compared to the three
severe LOF alleles (CADD >30) (Table S2). Consistent with the in silico prediction, Drosophila
functional studies demonstrated that these 5 alleles are hypomorphic (Figure 5C-5D). Similarly, the
synonymous variant p.\V488V, which had a partial impact on the splicing process, may be considered an
hypomorphic allele. Individuals 3 and 4 who carry a combination of severe LOF alleles and mild alleles
(individual 3 - p.R673Q/p.V488YV; individual 4 - p.F734S/p.A327V) were the only cases in our cohort
presented with a later disease onset (after 8 and 6 years of life in individuals 3 and 4 respectively)
compared to others who presented the disease either at birth or within 6 months of life. A milder
phenotype without seizures in individual 3 or drug-controlled epileptic encephalopathy in individual 4 has
been reported. The latter has been seizure-free and his cognitive functions have recovered in the last 7
years (Table 1, Clinical case reports in Supplementary data). This suggests that alleles in individuals 3
and 4 are still associated with a residual production of functional protein. The frameshift variant in
individual 7 (p.Cysb53Leufs*16) and nonsense variant in individual 9 (p.Arg440Ter) lead to early stop
codons which could underlie the cause of disease in early infancy (2-3 months of age), the severe
phenotype comprised of visual impairment, bilateral hearing deficit and seizures in individual 9 as well as
the growth retardation and presence of glioma on the brain imaging of individual 7. In families 1 and 5
with functional data suggestive of hypomorphic alleles, we hypothesize that different levels consanguinity
in these pedigrees might add difficulty to deduce single disease-causing genes. Overall, the studies on
Drosophila strongly supported the pathogenicity of the variants, which correlates well with the severity of

clinical manifestations in humans.
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While Drosophila has a single dOgdh gene, humans have two paralogs carrying OGDH activity
including OGDHL and OGDH. These two genes appear to have evolved by gene duplication of a single
ancestral gene during early vertebrate evolution.® Interestingly, it was inferred from a large-scale
Drosophila genetic screen combined with Mendelian disease study that essential fly genes with two or
more human homologs have a higher likelihood of being associated with Mendelian diseases than those
that only have a single human homolog because redundant function of duplicated genes may cause genes
to be more susceptible to pathogenic mutations.* In contrast to ubiquitous OGDH expression, brain-
specific expression of OGDHL suggest that deleterious genetic variants in OGDHL result in human
disease phenotypes more frequently than those in OGDH. Neuronal expression of OGDHL also suggests
the pivotal role of OGDHL in neuronal development and function, which is in agreement with diverse
neurodevelopmental phenotypes observed in our cohort of patients. Besides, our analysis of single-cell
RNA sequencing results of the cochlear epithelium in several stages of early postnatal mouse
development showed that OGDHL is expressed in the hair cells, inner pillar cells, and the inner border
cells/inner phalangeal cells (Figure S6).4% % This data is consistent with hearing loss found in four

individuals of our cohort.

OGDHL is involved in the decarboxylation of a-KG to succinyl-CoA during the Krebs cycle, and
its impairment is expected to cause a mitochondrial metabolic defect. Indeed, we found that o-KG is
significantly elevated while other Krebs cycle metabolites including citrate, malate, and fumarate are
decreased in the dOgdh ko brains compared to those from controls (Figure 7A). Notably, succinate levels
were comparable to controls despite dOgdh loss in the brain should lead to a decrease in the levels of
succinate, the product of OGDH and OGDHL reaction. This finding suggests that succinate could be
replenished with some amino acids by anaplerotic reactions®. While threonine, valine, and isoleucine
levels are similar between mutants and controls, methionine levels are significantly decreased in the

dOgdh ko brains, suggesting succinate is mainly replenished with methionine.
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The recessive variant in OGDH (NM_002541.3; ¢.959A>G; p.Asn320Ser) was previously
reported to lead to a neurodevelopmental phenotypes?? similar to those carrying biallelic variants in
OGDHL. The findings suggest that OGDHL in the brain cannot compensate defects of OGDH in spite of
their common role in o-KG decarboxylation.!* * Why does the brain need both OGDHL and OGDH for
its normal development and function? The brain needs sustained energy production obtained from
mitochondrial respiration to maintain electrochemical gradients, and synaptic transmission, which is
essential for development and function of the brain. Hence, it is possible to speculate that both isozymes,
OGDHL and OGDH, are required for sustained energy production in neurons in response to a wide-range
of a-KG concentration. This idea is supported by the following evidence. First, OGDHL and OGDH in
rat brain extract exhibited biphasic substrate saturation kinetics with higher o-KG concentration for full
saturation (Km. = 0.4 mM), and lower a-KG concentration (Kmz =0.07mM).= In contrast, OGDH from
heart exhibited a standard Michaelis-Menten kinetics with Km (0.2mM).*2 Hence, having two isozymes
(OGDHL and OGDH) with the two distinct binding affinities (Kmi1 = 0.4 mM and Kz =0.07mM) for the
substrate enables the brain to utilize a wide range of a-KG levels for running the Krebs cycle for energy
production. Importantly, we showed that OGDHL ko human neuronal cells had significantly lower
oxygen consumption rates as well as ATP production compared to the control cells (Figure 7E),

suggesting that both OGDHL and OGDH are required for mitochondrial metabolism in human neurons.

One individual (Individual 7 in family 6) exhibited low-grade astrocytoma. In our previous study,
we showed that reduction in OGDH activity leads to hyperactive mTORC1 activity in Drosophila and
mouse embryonic fibroblasts.?> OGDHL silencing was also shown to induce mTORC1 signaling in
hepatocellular carcinoma.*® Interestingly, hyperactivation of mTOR signaling has been associated with
other human diseases including tuberous sclerosis complex-associated subependymal giant cell
astrocytomas.** mTOR inhibitors have been shown to improve the clinical status of subependymal giant
cell astrocytomas and tuberous sclerosis patients.* Hence, it is tempting to speculate that treatment with

mTOR inhibitors may be a therapeutic avenue for individual 7 with low-grade astrocytoma.
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In summary, we have identified nine individuals in eight unrelated families with biallelic variants
in OGDHL showing diverse neurological phenotypes including DEE, visual impairment, hearing loss,
intellectual disability, and hypoplastic corpus callosum. Functional study using a hovel CRISPR-Cas9-
mediated tissue knockout with cDNA rescue system revealed that eight missense OGDHL variants are
loss-of-function alleles. Further, the analysis of the transcripts from fibroblasts showed that the
synonymous variant in family 2 impairs splicing in OGDHL. Taken together, we establish OGDHL as a
disease gene, whose impairment leads to a distinct Mendelian mitochondrial disease with mainly

neurological phenotypes.
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FIGURE LEGENDS

Figure 1. Identification of individuals with neurodevelopmental phenotypes with SNVs in OGDHL
(A) Eight pedigrees drawings, indicating biallelic variants in OGDHL identified in 9 individuals from 8
families. Homozygous missense variants were identified in families 1, 5, and 7, homozygous a frame-shift
variant, a homozygous frameshift variant in family 6, a homozygous stopgain variant in family 8, and
compound heterozygous variants in family 2, 3, and 4. (B) Multiple-sequence alignment confirms

evolutionary conservation of the 8 missense variants in the animal kingdom.

Figure 2. Clinical findings of affected individuals

(A) MRI of family 5 (individual 6). Coronal T2 (Al) and axial FLAIR (A2) scans show extensive
scarring involving the white and grey matter structures of the brain with frank cavitation involving the
caudate nuclei and the adjacent deep white matter of the cerebral hemispheres (arrows-Al). Sagittal T1
(A3) shows a slender corpus callosum (arrow) and axial T2 (A4) image shows symmetric involvement of
brain stem nuclei (black arrow). (B) MRI of family 2 (individual 3). Axial T2 sections showing
symmetric involvement of the brain stem nuclei (arrows-B2) and the thalamo-capsular regions bilaterally
(black arrow-B3). (C) MRI of family 6 (individual 7). Axial FLAIR (C1) and post-contrast T1 (C2)
images show a low-grade astrocytoma adjacent to the lateral ventricle on the right (arrow-C1). (D) MRI
of family 8 (individual 9): Axial T2 (D1) and sagittal T2 (D2) images show cortical dysgyria (arrows). (E)
Individual 6 in family 5 presents with microcephaly. He has a highly arched palate. He has no visual
interaction but makes roving eye movements. (F) Individual 9 in family 8 presents with macrocephaly and

mild dysmorphic features, including bilateral ptosis, highly arched palate and eye downslanting.

Figure 3. Protein modeling of OGDHL dimer and the effects of 8 missense variants on protein levels
(A) Schematic representation of protein domains of human OGDHL and positions of the 8 missense

variants together with the previously identified p.S778L variant. Pink indicates a TPP-binding domain.
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Green indicates a transketolase domain. (B) In silico protein structure prediction of human OGDHL dimer
and position of mutated residues. Dimer of OGDHL is shown in ribbon (left). Each monomer is colored
with green and white. Bound TPP is shown in stick model and mutation sites are in CPK model. One
monomer is shown for clarity (right). (C) Only thin section of substrate binding pocket was shown with
surface rendering for clarity. Amino acid residues involved in missense variants in the pocket are shown
in stick model together with TPP. Residues from cis subunit are shown in green and residues from trans in
gray. Bound Magnesium is shown in magenta ball. (D) Western blots for Drosophila heads expressing
wildtype dOgdh-Flag, or dOgdh-Flag carrying the homologous missense variants identified from
individuals with biallelic OGDHL variants. Three biological replicates were quantified. Error bars

represent SEM. P values were obtained by performing ANOVA. **P<0.01, ***P<0.001.

Figure 4. Functional studies for OGDHL missense variants using dOgdh null mutant

(A) Schematic of dOgdh-T2A-Gal4 allele and the Gal4/UAS system. (B) The table shows missense
variants in OGDHL and the Drosophila Ogdh variants homologous to the human variants. (C) The
lethality caused by loss of dOgdh was rescued by expression of wildtype dOgdh, but not by those
carrying any missense variants homologous to those identified from individuals with biallelic OGDHL

variants.

Figure 5. CRISPR/Cas9-mediated neuronal dOgdh knockout model shows various strength of
OGDHL missense variants

(A) Schematic of CRISPR-Cas9-mediated neuron-specific dOgdh knockout and cDNA rescue system.
(B) Sanger sequencing from fly heads carrying elav®***-Gal4, U6:3-gRNA™%" UAS-Cas9.P2, together
with UAS-dOgdh"'™ showed that the gRNA targets the genomic locus of dOgdh, but not for the UAS-
dOgdh transgene. (C) The lethality caused by neuronal knockout of dOgdh was rescued by wildtype
dOgdh, and dOgdh carrying P867A, A343V, W237C, D507V, and R261W, but not by those carrying

R668Q, F749S, and R361G. (D) Flies with neuronal knockout for dOgdh expressing P867A, A343V,
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W237C, D507V or R216W, exhibited progressive defects in recovery from bang stress compared to flies
expressing WT dOgdh. Six to seven biological replicates (20 flies per genotype) were quantified. Error
bars indicate SEM. P values were obtained by performing the Student’s t-test. *P <0.05, **P <0.01,***P

<0.001. N.S. indicates not statistically significant.

Figure 6. NGS analysis of OGDHL transcript for individual 3

(A) Schematic structure of the OGHDL transcript (NM_152416.3). The arrows indicate the variants
identified in individual 3. The dotted line corresponds to the analyzed PCR amplicon (exons from 5 to
19), and highlights the exon 11. (B) Profiles of depth of coverage obtained through NGS

on OGDHL transcript PCR products encompassing exons from 5 to 19. RNA was extracted from
fibroblasts of individual 3 (Pt), and two control samples (CT). The drop in coverage depth corresponds
to the alternative transcript with exon 11 skipping (Aex11). (C) OGDHL Sashimi plot of exon skipping in
individual 3’s and control fibroblasts. The number of split reads spanning the given intron is indicated on
the exon-connecting lines. The involved exons are depicted at the bottom. (D) Quantification of exon 11
skipping (Aex11). Graphs of the coverage ratio (in percentage) between the OGDHL Aex11 isoform and
the full-length isoform, calculated for all the samples analyzed by NGS (individual 3, PT3, and two

controls, CT).

Figure 7. Neurons lacking functional OGDHL leads to defects in mitochondrial metabolism

(A) Relative levels of the indicated Krebs cycle metabolites in larval brains of neuron-specific dOgdh
knockout (elav®*®*-Gal4, U6:3-gRNA%" UAS-Cas9.P2) and controls (elav®**-Gal4, U6:3-gRNAN)
(B) Relative levels of the indicated amino acids in larval brains of neuron-specific dOgdh knockout
(elav®'*-Gal4, U6:3-gRNA " UAS-Cas9.P2) and controls (elav©'®-Gal4, U6:3-gRNA%") . (C) Sanger
sequencing results for genomic region for exon 2 of OGDHL of SH-SY5Y cells with or without gene-
editing. Target sites of gRNAL and gRNA 2 were highlighted with red box. PAM sites were labeled with

blue box. Arrows indicate Cas-9 cleavage sites. (D) Western blots for protein levels of OGDHL, OGDH
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and Actin in SH-SY5Y cells with or without Cas-9-directed gene editing. (E) Oxygen consumption rate
(OCR) of SH-SY5Y cells with or without CRISPR/Cas-9-directed editing for OGDHL. The cells were
treated sequentially (vertical lines) with 1 uM Oligomycin, 1 uM FCCP, and 1 uM Antimycin A.
Quantification of basal respiration, maximal respiration, and ATP production were shown in bar graphs.
Error bars indicate SEM. P values were obtained by performing the Student’s t-test. *P <0.05, **P <0.01,

***pP <0.001. N.S. indicates not statistically significant.
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Table 1: Summary of the clinical and genetic information of the analysed cohort

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Individual 8 Individual 9 Individual 10
(Family 1) (Family 1) (Family 2) (Family 3) (Family 4) (Family 5) (Family 6) (Family 7) (Family 8) (Yoon et al.
2017)

Variant €.2554C>G, €.2554C>G, ¢.2018G>A, €.2201T>C, ¢.660G>C, c.730C>T, ¢.1658delG, €.895A>G, c.1318C>T, €.2333C>T,

NM_018245 p.P852A p.P852A p.R673Q; p.F734S; p.W220C; p.R244W p.C553Lfs*16 | p.R299G p.R440Ter p.S778L
c.1464T>C, €.980C>T, C.1472A>T,
p.V488V p.A327V p.D491V

inheritance Hom. Hom. Com. Het. Com. Het. Com. Het. Hom. Hom. Hom. Hom. Hom.

AoO birth ly 8y 6y 6m 5m 3m 3-4m 2m ly

DD/ID mild DD mild DD mild DD no global DD global DD and ID | mild ID moderate to global DD and Severe DD and

severe ID ID ID

Seizures (onset) IXTC No No Abs, MA, TC, IS, TC (6m) focal-motor, TC No No Yes (12m) No

SE (NA) (2y)

Neuro. Exam. mild GA mild GA GA, axonal normal Hyp., no walking | Spastic, normal Hyp., walk Hyp., GA, walk | Hyp.,
neuropathy, quadriplegic, no with help with help hypertonicity,
spasticity walking spasticity, GA

EEG features NA NA normal NA hypsarrhytmia, Diffuse spikes, NA mild slowed T-R spikes NA

multifocal/gen. slowed background
Spikes background
activity

Hearing profound bi. profound bi. profound no no no no no Bi. hearing no

involvem. deficit

Ophthalm. Vi no Retinopathy no VI, nystagmus Bi. optic atrophy no mild poor vision no

involvem. nystagmus

Dys. features no no hypomimia, no Bi. hip dysplasia, | high arched Scapho- no Bi. ptosis, some synophrys,
scoliosis, pes clonus with palate, scoliosis, cephaly highly arched large mouth,
cavus extension of Micro-cephaly palate, down Microcephaly

right foot slanting of eyes

MRI NA NA Bi. unspecific T2 | normal Global atrophy, periv. R-F glioma normal normal Hypo plastic
lesions diffuse T2 Leukomalacia, corpus callosum,

hyperintens., corpus callosum global atrophy
focus frontal hypoplasia

Main phenotype Hearing Hearing Dysmorphic DEE DEE DEE 1D ID Hearing and Dysmorphic

deficit deficit features vision deficit, features, ID
DEE

Abs Absence, AoO age of onset, bi bilateral, Com Het Compound Heterozygous, DD developmental delay, Dys Dysmorphic, GA gait ataxia, Hom Homozygous, Hyp Hypotonia,
hyperintense hyperintensity, ID intellectual disability, involvem Involvement, IS infantile spasms, m months, MA myoclonic-atonic, DEE developmental and epileptic
encephalopathy, NA not available, Neuro Exam Neurologic examination, Ophthalm Ophthalmological, periv Periventricular, R-F right frontal, SE status epilepticus, TC tonic-
clonic, VI visual impairment, y year
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